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Effects of Zebra Mussels (Dreissena polymorpha) on Bacterioplankton:
Evidence for Both Size-Selective Consumption and Growth Stimulation
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ABSTRACT. Zebra mussels had significant direct and possible indirect effects on heterotrophic bacte-
ria in two contrasting sites in Saginaw Bay. At a eutrophic site in the inner portion of Saginaw Bay, mus-
sels fed directly on bacterial-sized particles and had a negative impact on bacterial abundances. Mussels
removed large bacteria (> 0.9 um) more effectively than small bacteria at this site. Individual mussels
cleared from 37-89 ml per day. Results using different sizes of fluorescent microspheres suggest that
zebra mussels have a lower limit for particle size removal that is less than 0.4 pm. Contradictory to inner
bay results, mussels at an outer bay oligotrophic site had a positive impact on heterotrophic bacterial
abundance, perhaps as a result of indirect effects, such as nutrient or organic carbon excretion by the
mussels. Differences in the impact of mussels on the bacterial communities of the inner bay and outer bay
probably result from differences in trophic state and bacterial community structure. A hypothesized
smaller size of bacteria at outer bay sites may enable them to escape heavy predation pressure from mus-
sels and the high rates of mussel nutrient excretion may facilitate their growth in these nutrient depleted
conditions.
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INTRODUCTION

Zebra mussels (Dreissena polymorpha) were first
found in North American waters in 1988 (Hebert et
al. 1989) and have been reproducing prolifically in
many regions of the Laurentian Great Lakes as well
as other systems where they have been introduced.
In addition to the profound effects these bivalves
have had on industries and public water intake sys-
tems in the Great Lakes region, they are also having
significant impacts on the aquatic foodweb. With
particle filtration rates as high as nearly 300 mL
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mussel~'h~! (Kryger and Riisgidrd 1988), typical
rates near 50 mL mussel~'h~! (Reeders and bij de
Vaate 1990) and abundances as high as 350,000 in-
dividuals m~2 in some regions (Griffiths 1993),
there have been some major ecological changes. In
fact, in the most heavily impacted region, the west-
ern basin of Lake FErie, it has been estimated that
zebra mussels are presently processing 39-96% of
the entire water column daily in various regions
(Bunt er al. 1993). Over the period of zebra mussel
invasion in this region, Secchi disk transparency



518 Cotner et al.

has increased by 85% and chlorophyll a values
have declined by 43% (Leach 1993).

It is clear that zebra mussels are having the most
severe impact on those flora and fauna that are in
the size ranges that they remove most efficiently.
Recent studies indicated that these mussels can fil-
ter particles in a size range from 0.7 um to 450 um
(Jgrgensen et al. 1984, Sprung and Rose 1988).
This broad filtration range would include every-
thing from bacteria to rotifers. Not all particles in
this range are retained and ingested with the same
efficiency, however, so considerable selectivity may
occur. Maximum filtration of particles occurs in the
size range from 5-35 pum (Sprung and Rose 1988)
and therefore the organisms most severely impacted
would be small phytoplankton and protozoans.
However, in another study, zebra mussels removed
particles as small as 1 um with a high efficiency, as
well (>90%) (Jgrgensen et al. 1984) and therefore,
may have important impacts on heterotrophic bacte-
ria. Few studies, however, have examined the im-
pact of bivalves on heterotrophic bacterial biomass
and productivity.

In a study of three marine mussels, Mytilus,
Geukensia, and Mya, only Geukensia removed a
significant quantity of bacteria from the water col-
umn (Wright er al. 1982). Although the other two
species of bivalves removed significant amounts of
chlorophyll, there was little change in bacterial
abundance in their presence. Geukensia was able to
filter bacteria at an efficiency nearly half of that for
phytoplankton. This species removed some portions
of the heterotrophic bacterial community with dif-
ferent efficiencies than others. Particles less than
0.4 um were only removed at about 30% of the effi-
ciency of particles larger than this, suggesting that
large bacteria were being removed more rapidly
than small bacteria. Because of differences in parti-
cle abundance between phytoplankton and bacteria
in the salt marshes where Geukensia occurs natu-
rally, it was concluded that bacteria may be the
most important food resource for this species in its
natural habitat.

The purpose of the present study was to deter-
mine the impact of zebra mussels on water-column
bacterial abundance. It is the first attempt to quan-
tify the effects of zebra mussels on bacterial dy-
namics in the Great Lakes. Specifically, we
attempted to answer these questions: (1) are zebra
mussels capable of removing bacterial-sized parti-
cles from the water?, and (2) do zebra mussels im-
pose a significant impact on bacterial-sized
particles in regions where they are most abundant?

MATERIALS AND METHODS

Study Sites

We conducted experiments at three sites in Sagi-
naw Bay, Lake Huron, and one site in Lake St.
Clair. Bottle experiments were performed to exam-
ine the impact of zebra mussels on bacterial abun-
dance with water collected at an inner bay site
(Station 5; 43°53°43” N, 83°51’38”” W) and an
outer bay site (Station 20; 44°07°34” N, 83°30’00”
W), both located in Saginaw Bay (Fig. 1). These
sites were chosen because of the contrasting trophic
conditions. Station 5 (hereafter referred to as “inner
bay site”) is classified as meso- to eutrophic,
whereas Station 20 (hereafter referred to as “outer
bay site”) is classified as oligotrophic. The inner
bay site was 3-m deep and had a spring maximum
chlorophyll level of 16 pug L1 before zebra mussels
became abundant (prior to 1991) and the outer bay
site was 16-m deep and has typical chlorophyll val-
ues of 1-3 pg L1 (Fahnenstiel ez al. 1995). A meso-
cosm experiment was conducted in Tawas Bay,
Lake Huron, which is also located in the outer bay
near Station 21 (44°15°10” N, 83°30°00” W). This
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FIG. 1. Locations of sampling sites within Sagi-
naw Bay, Lake Huron. Dashed lines differentiate
the inner bay from the outer bay and the outer bay
Jrom Lake Huron.
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station was comparable in trophic state to Station
20 (oligotrophic). In June 1991 a bottle experiment
was also conducted with water collected from a site
in the southwestern portion of Lake St. Clair
(Nalepa et al. 1993). Water samples and mussels
were collected from Station 19 (42°22’ 30" N,
82°42’30” W) which had a chlorophyll value of 3.7
pug L1 and is 6-m deep. Overall, Lake St. Clair is
classified as a mesotrophic lake (Herdendorf et al.
1986).

Bottle Experiments

We examined the effects of mussels on bacterial
abundance by incubating lake water with and with-
out mussels present in 4-L bottles. Water was col-
lected from the two Saginaw Bay sites in June,
August, and September 1993. Bottles were incu-
bated in waterbath incubators that were designed to
maintain in situ temperature and light conditions.
Water in the incubators was maintained at ambient
temperature by circulation through a Neslab Model
110D Digital Refrigerated Bath Circulator equipped
with an external temperature control probe sus-
pended in the bath (Gardner et al. 1995a). Water
was mixed by pumping air bubbles into the bottom
of the water bath. Light levels were maintained at
approximately 75% of incident solar radiation with
a blue polycarbonate filter (Acrylite 625-5). Half of
the treatments were covered with aluminum foil to
exclude all light.

In Saginaw Bay, water and mussels were col-
lected from the inner bay site and water only was
collected from the outer bay site. Mussels used in
outer bay water incubations were collected from the
inner bay site with an epibenthic sled (Nalepa et al.
1995). Fifteen mussels (mean size ca. 10—-15 mm
length) were removed from their natural substrate
by cutting the byssal threads, rinsing with lake
water, and removing periphyton before being
placed in the 4-L polycarbonate bottle with water
collected from either site. Duplicate bottles for each
treatment (light/dark, with/without mussels) were
placed in the incubators.

Because we found no significant differences in
the dark and light treatments with respect to bacter-
ial abundances over the summer (t-test, p >0.05),
we pooled the results from both of these treatments
and made comparisons only between treatments
with and without mussels. Samples were removed
with a pipette from the bottles initially and at ap-
proximately 48 h for measurements of bacterial
abundance. Samples were preserved with formalin

(2% final concentration), stained with acridine or-
ange and counted with a epifluorescence micro-
scope after filtration onto 0.2 wm pore-size filters
that had been pre-stained with Irgalan black (Hob-
bie et al. 1977). Duplicate preparations were made
for each sample and a minimum of 10 fields or 300
cells was counted.

On 25 June 1991, water was collected from Lake
St. Clair (Station 19) to examine the impact of mus-
sels on bacterial abundance and growth rates. Zebra
mussels and water were collected, transported to
Ann Arbor, where the experiments were set up sim-
ilar to the Saginaw Bay 4-L bottle experiments ex-
cept that the incubations were performed in lighted
environmental chambers (Percival) at ca. 100 pEin-
steins m~2s~! light levels instead of outdoor incuba-
tors with ambient sunlight. Water samples were
removed at various time intervals over a 24-h pe-
riod and bacterial abundance and thymidine incor-
poration measurements (see below) were
performed.

Fluorescent Microspheres

A similar set of experiments was conducted in
summer 1992 to examine zebra mussel removal of
fluorescent microspheres that were similar in size to
heterotrophic bacteria. Different sizes of micros-
pheres were used to determine whether zebra mus-
sels were filtering bacterial-sized particles. We
added polystyrene microspheres of different sizes
and corresponding different-colored fluorescent la-
bels (Polysciences, Inc.) at a final concentration of
2 x 10° mL"! in 4-liter polycarbonate bottles filled
with water collected from the inner Saginaw Bay
site. Natural abundances of bacteria at this site vary
from 1-4 x 10% mL-! so the microspheres were
added at approximately 10% of the ambient com-
munity abundance. Bottles were incubated at 100
uEinsteins m~2s~1 light levels and ambient tempera-
ture in a Percival Model 130B environmental cham-
ber. Three fluorescently-labeled bead sizes were
used: 0.91, 0.36 and 0.22 um diameters. The differ-
ent fluorescent labels on the beads enabled experi-
mental treatments to be run in pairs in the same
bottles, i.e., a set of mussels with 0.91 and 0.36 pm
beads or 0.36 and 0.22 um beads, etc. Control treat-
ments (no zebra mussels present) were performed
and no decrease in bead abundance was observed in
any of these treatments. Samples were removed
from the bottles at 0.2—-10 h intervals over a 24-h
period and preserved with formalin. Beads were fil-
tered onto a black polycarbonate filter with a 0.2
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um pore-size and counted with a epifluoresence mi-
croscope. We examined the possibility that a signif-
icant fraction of the 0.22 pm beads may have
passed through the 0.2 um pore-size filters. A com-
parison of retention efficiency was made with 0.1
and 0.2 um pore-size filters and there was no differ-
ence between the two sizes. With the 0.2 um beads,
we had a retention efficiency of 92% on 0.2 um
pore-size filters. Furthermore, the mean value for
the y-intercept of all the experiments with 0.22 um
beads was 1.95 x 105 mL-!, indicating that we were
counting nearly all of the beads that were added in
the experiment. Counting procedures were the same
as those used in counting heterotrophic bacteria
(300 beads, a minimum of 10 fields).

The natural log of bead abundance was plotted
against time for fitting data into a least-squares re-
gression model. If a significant (p <0.05) regression
was obtained, we calculated clearance rates of the
mussels as: (slope*volume of the container)/(#
mussels), after Vanderploeg et al. (1995).

Mesocosm Experiments

From 28 August—5 September 1991 we examined
the effects of zebra mussels on bacterial processes
in some large (1,600 L) mesocosms, anchored at a
nearshore site close to Station 21. These enclosures
were made of nylon reinforced vinyl, were closed
to the sediments at the bottom and had a floating
collar at the top to prevent exchange with bay
water. Each enclosure was 2-m deep and had a 1-m
diameter. Water from the site was pumped into the
enclosures until they were full. There were two
control enclosures without mussels and two treat-
ment levels of zebra mussels (unreplicated) for a
total of four enclosures. One of the zebra mussel
treatments contained 892 mussels (4.2 g ash-free
dry weight; hereafter, referred to as the low zebra
mussel treatment) and another enclosure contained
2,928 mussels (16.1 g ash-free dry weight, hereafter
referred to as the high zebra mussel treatment) per
enclosure. The mussels were collected from Lake
St. Clair (Station 19 in Nalepa et al. 1993) and had
settled on unionid clam shells. They were sus-
pended at mid-depth in the enclosures by drilling
holes in these shells, drawing a line through the
holes, and tying both ends to the collar of the enclo-
sure. These abundances are typical of what one
might find in western Lake Erie (Heath et al. 1995).

Samples were removed daily from a 1-m sam-
pling depth with a Van Dorn water sampler for
measurements of bacterial abundance and thymi-

dine incorporation. Abundance measurements were
made as in bottle experiments. Radiolabelled
thymidine incorporation into DNA was used to esti-
mate the effects of various treatments on bacterial
growth rates. Duplicate or triplicate samples were
incubated at ambient temperature with 20 nM
[methyl-3H]thymidine (Amersham). Nucleic acid
and protein fractions were separated with a
trichloroacetic acid extraction procedure (Chin-Leo
and Benner 1992). Killed blanks were used to cor-
rect for abiotic adsorption to filters. Prior to all fil-
tration procedures, filters were soaked in 10 mM
cold thymidine to saturate these adsorption sites
(Cotner and Gardner 1993).

Bacterial samples from the fourth day of these
experiments were examined using scanning electron
microscopy. Bacterial samples were preserved with
formalin and successively washed with solutions of
40, 60, 80, 90, and 100% ethano! on 0.2 um poly-
carbonate filters. Samples were critical-point dried,
sputter-coated with a thin gold solution and exam-
ined with an Amray 18201 electron microscope at
6,000x magnification. Three photomicrographs
were taken of randomly selected fields containing
8-20 cells in all treatments. Images were examined
using Bioscan Optimas (version 3.01) image analy-
sis software. We measured the axial length and
width of all cells in each photomicrograph.

Statistics

Experimental results of bead and bottle experi-
ments were analyzed using the MGLH module of
Systat (version 4.0) for analysis of variance
(ANOVA) (Wilkinson 1989). Two-way ANOVA
(w/without mussels; month) was performed on bac-
terial abundance measurements in bottle experi-
ments where zebra mussel presence/absence was
manipulated. The R x C test for independence was
performed on log-transformed bacterial size class
data in samples collected in the enclosures after 4 d
to determine if there were any differences in the
abundance of large (>1 um) bacteria in different
treatments (Sokal and Rohlf 1981).

RESULTS

We examined the impact of mussels on ambient
bacterial abundance in the summer of 1993 in bottle
experiments with water and mussels collected from
inner and outer Saginaw Bay. A 2-way ANOVA
was used to examine differences between treat-
ments (with and without mussels added) and
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months. There was a significant (ANOVA; p <0.05)
impact of mussel treatments on bacterial abundance
over the three months that we conducted experi-
ments (Fig. 2a). In all of the treatments where inner
Saginaw Bay water was exposed to mussels, the
bacterial abundances were lower than those in the
control treatments (Fig. 2a). Bacterial abundance
was, on average, 41% greater in the control treat-
ments than in the zebra mussel treatments in the
inner bay over the entire growing season (range
20-68%). Furthermore, there was much less vari-
ance among months in the treatments where mus-
sels were added to the lake water.

Surprisingly, zebra mussels had the opposite ef-
fect on bacterial abundance at the outer bay site
(Fig. 2b). In the experiments conducted in June,
August, and September, adding mussels to the bot-
tles resulted in a net increase in bacterial abundance
(ANOVA; p <0.05). On average, the bacterial abun-
dance in the mussel treatments was 50% higher
than controls over the growing season (range
28-73%).

To determine the minimum threshold of particle
sizes for filtration, we used fluorescent micros-
pheres of various sizes in zebra mussel treatments
in experiments with water collected at the inner bay
site. Three sizes of beads were used in July and Au-
gust 1992 (0.22, 0.36, and 0.91 pm) and two sizes
were used in September 1992 (0.22 and 0.91 pum).
In time series measurements, there was a significant
decrease in bead abundance with the two largest

Bacterial Abundance (108 mi'!)
Bacteral Abundance (105 m'")

Control ~zM Control 2z

FIG. 2. The effect of zebra mussels on bacterial
abundances in 4-L bottle experiments at the
eutrophic inner bay station (A, Station 5) and the
oligotrophic outer bay station (B. Station 20),
summer 1993. Error bars (here and in all the fig-
ures) represent one standard error of the mean.
Control treatments were incubated without mus-
sels present and “ZM” treatments were incubated
in the presence of 15 adult mussels.

bead sizes at various times. In July, there was not a
significant change in the abundance of the 0.22 ym
beads but there were significant changes (p <0.05)
in both the 0.36 and 0.91 um beads (Table 1). These
results suggest that the lower limit for mussel parti-
cle size removal was in the range of 0.22-0.36 pum.
In the 0.36 and 0.91 um bead treatments, the beads
were removed at similar rates, suggesting that there
was no discrimination of these different particle
sizes at this time (Table 1).

In August, the same bead sizes were removed as
in July. These mussels filtered the 0.36 and 0.91 pm
microspheres at similar rates (43.5 and 36.5 ml
mussel~1d-1 respectively; Table 1). However, the
clearance rates of the mussels were only about half
as great as those measured in July.

In September, rates were only measured with the
smallest and the largest bead sizes. Unlike other
months, there was not a significant effect of mus-
sels on bead removal rates at this time (Table 1). Ei-
ther the mussel filtration rates had decreased
relative to rates in the other months or they were
not removing bacterial-sized particles at this time.

In all significant treatments, we calculated clear-
ance rates for the bottles (Table 1). These values
ranged from 0.5-1.3 L day~!. These results imply
that mussels could have a major impact on bacteria
in their local environment, removing as much as
30% day~! in the 4-L bottles.

In August-September 1991 we conducted similar
experiments in some large (1,600 L) enclosures in
Tawas Bay. Mussels were added at abundances sim-
ilar to what would be found in mesotrophic and eu-
trophic regions of Saginaw Bay. Over the 6 days
that the experiment was conducted, there were great
fluctuations in both the bacterial abundance and
thymidine incorporation rates of bacteria in the high
zebra mussel treatments (Figs. 3 and 4). Bacterial
abundance was comparable to control treatments
initially but increased significantly on the second
day (Fig. 3). On subsequent days bacterial abun-
dance decreased below that of the control and low
zebra mussel treatments. Bacterial abundance in the
low mussel treatment also increased on the second
day and subsequently decreased below the level of
the controls but these variations were not statisti-
cally different from the controls (p <0.05)(Fig. 3).
Bacterial thymidine incorporation showed a similar
trend to bacterial abundance in the high zebra mus-
sel treatment (Fig. 4). Growth rates in this treatment
were highest on the second day and decreased
below the level of the control treatments thereafter.
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TABLE 1. Clearance rates of zebra mussels feeding on spherical poly-
styrene beads of various sizes. Beads were inoculated into 4-L polycarbon-
ate containers and abundances were monitored for approximately 24 h. Log
bead concentrations were plotted against time and significant regressions
were used to estimate clearance rates. Bacterial removal rate is the clear-

ance rate multiplied by the number of mussels in the bottle.

Bacterial
Bead Size Clearance Rate  Removal Rate y-Intercept

Date (uM) (mL mussel-'day~!)  (Lday!) (beadsx 105 mL!)
July 92 0.22 n.s. n.s. —

0.36 77.9 1.2 1.1

0.91 88.6 1.3 0.6
August 92 0.22 n.s. n.s. —

0.36 43.5 0.7 2.9

0.91 36.5 0.5 1.5
September 92 0.22 n.s. n.s. —

0.91 n.s. n.s. —

All rates significant at p = 0.05 unless designated n.s. (not significant).
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FIG. 3. The effect of zebra mussels on bacterial
abundance in mesocosm experiments in the outer
bay. Mussels were suspended in 2,000-L enclo-
sures. AODCs were performed at various times
during the experiment. There were two control
enclosures (CON; no mussels added), one low
zebra mussel treatment (Low ZM), one high zebra
mussel treatment (High ZM), and the ambient
lake water (Lake).

This trend was not observed in the low zebra mus-
sel treatment.

To examine the effects of mussels on the size
composition of the bacterial community, we mea-
sured the longest axial distance of bacterial-sized
particles in these mesocosm treatments on the
fourth day of the experiment (Fig. 5). There was a
decrease in the relative abundance of bacteria
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FIG. 4. The effect of zebra mussels on thymidine
incorporation in mesocosm experiments in the
outer bay. Legend shorthand notations are the
same as in Figure 3.

greater than 1 pm in length in the zebra mussel
treatments (Fig. 5). In the control treatment, 31% of
the bacteria counted were greater than 1 um in
length and zebra mussel treatments had a higher
proportion of smaller cells. Only 11% of the bacte-
ria in the high zebra mussel treatment were greater
than 1 um in length whereas 23% were at least this
large in the low mussel treatment, suggesting that a
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H Control
Low ZM
[] Highzm

FIG. 5. Percent of bacteria larger than 1 m in
control, low zebra mussel and high zebra mussel
mesocosm treatments.

greater abundance of mussels results in a greater
decrease in the abundance of large bacteria. How-
ever, we were not able to detect significant differ-
ences in the various treatments using the R x C test
of independence, probably because of the few num-
ber of cells analyzed. The total number of cells ana-
lyzed in control, low and high zebra mussel
treatments was only 38, 42, and 12, respectively.

In one set of short-term bottle experiments with
water and mussels collected from mesotrophic Lake
St. Clair in June of 1991, we examined the dynam-
ics of mussel impact on bacterial abundance and
thymidine incorporation simultaneously. Unlike the
mesocosm experiments where bacterial abundance
and thymidine incorporation rates paralleled each
other (Fig. 3), these short-term experiments demon-
strated that there was an initial decrease in bacterial
thymidine incorporation but no change in bacterial
abundance (Fig. 6).
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DISCUSSION

Particle Sizes Removed by Zebra Mussels

The maximum clearance rate that we observed
with fluorescent polystyrene beads was 89 mL mus-
sel"! day~! with the 0.9 pum beads in July 1992. The
lowest rates observed were about half of this value.
There was little effect of the mussels on the small-
est particle size used (0.22 um) and few differences
were observed between the 0.9 and 0.36 pm beads.
Measurements of clearance rates of chlorophyll at
this same inner bay station on the same dates indi-
cated that phytoplankton were removed at rates of
240-720 mL mussel~lday~! (Fanslow et al. 1995).
These data indicate that the clearance rate for 1 um
diameter particles was 5-37% of the total phyto-
plankton clearance rate.

Bacteria could be an important supplemental car-
bon source to mussels in the summer. Given ambi-
ent Saginaw Bay summer bacterial abundances at
ca. 1.5 X 10® mL~!, bacterial carbon content at ca. 2
x 10713 g cell! (Bratbak 1985) and the measured
clearance rates reported here, bacterial consumption
could account for about 2.2 umol C mussel~! d-1.
Zebra mussels comparable in size to the ones used
in the present study (10~15 mm) had respiration
rates in Lake St. Clair of 36 mg O, mussel~! d-L.
This represents a respiratory carbon demand of 11.3
pmol C mussel~'d~! assuming a respiratory quotient
of 1. Therefore, heterotrophic bacteria could pro-
vide about 20% of the mussel’s respiratory require-
ment in summer. However, similar calculations
based on phytoplankton chlorophyll concentrations
and clearance rates show that phytoplankton can
satisfy all of the mussel metabolic requirements in
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FIG. 6. Effect of mussels on bacterial abundance (A) and thymidine incorporation rates (B) in short-
term experiments performed in Lake St. Clair, June 1991.
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summer. The relative importance of these two
trophic groups to zebra mussel nutrition would also
depend on the assimilation efficiency of the carbon
biomass from bacteria and algae.

In laboratory experiments with pure cultures, het-
erotrophic bacteria may not be as nutritious to mus-
sels as small phytoplankton. Zebra mussels were
able to grow for 2-3 months on a monoclonal bac-
terial food, but growth occurred over a longer pe-
riod when Chlamydomonas was used as the sole
food (Nichols 1993). Nothing is known about how
nutritious a natural bacterial community is to zebra
mussels. Perhaps, the diversity of flora and associ-
ated biochemical constituents could make them as
nutritious as Chlamydomonas.

In bivalves the efficiency of bacterial-sized parti-
cle removal is species dependent. In a study of
three species of marine bivalves (Wright et al.
1982), only the ribbed mussel (Geukensia demissa)
removed bacterial-sized particles. This species re-
moved bacteria from seawater at an efficiency that
was 42% of the chlorophyll clearance rate. The
greatest efficiency observed was for particles
greater than 0.6 um diameter. However, the blue
mussel (Mytilus edulis) did not remove a significant
amount of bacterial biomass from the water (Wright
et al. 1982). In another study, the blue mussel re-
moved only about 10% of 1 um latex beads relative
to 6 um beads (Jorgensen 1975). Both the blue mus-
sel and the American oyster (Crassostrea virginica)
are most efficient at removing particles in the 3-5
pum range (Mghlenberg and Riisgird 1978).

Dreissena and other bivalves with gills having
latero-frontal cirri typically can retain particles of at
least 1 um diameter and less (Mghlenberg and Riis-
gard 1978). At similar filtration rates mussels can
remove varying amounts of differing particle sizes
by inactivating groups of latero-frontal cirri, shift-
ing their beat trajectory or widening the ostia (Mgh-
lenberg and Riisgard 1978). Zebra mussels are one
of the most efficient bivalves in terms of removing
small particles, and, as our data indicate, they can
remove particles very effectively in the 0.4-1.0 pm
range. Other workers have demonstrated that zebra
mussels can remove particles effectively down to
0.7 um diameters (Sprung and Rose 1988). Jgrgen-
son et al. (1984) measured a 90% efficiency of
zebra mussels feeding on particles 1 pm in diameter
and noted that they retained the smallest particles
among the bivalves examined.

Our clearance rates measured with 0.9 um beads
were probably underestimated. Although we added
beads at a concentration of 2 x 10° beads mL"!, the

y-intercept with the 0.36 and 0.9 um beads was less
than this value (0.6 and 1.5 x 103 beads mL™! in
July and August, respectively; Table 1). Either the
beads were not added at the calculated concentra-
tion or the mussels were filtering the beads so
rapidly that this intercept was underestimated, i.e.,
by the time the initial set of samples were taken, a
measurable portion of the beads had been removed.
In all cases, the intercept for the control treatment
was higher than the zebra mussel treatment for the
large beads, and the largest bead size always had
the smallest intercept, suggesting that clearance
rates may have been progressively underestimated
with increasing bead size and is consistent with our
observations that large beads were removed more
effectively than small beads. Furthermore, the inter-
cept deviated most from the calculated concentra-
tion in July when filtration rates were most rapid.
Alternatively, the larger beads may have settled out
of the containers, but the bottles were mixed vigor-
ously prior to removing each sample.

Impact on the Bacterial Community

What is the potential impact of zebra mussels on
heterotrophic bacterial abundance and growth rates
in Saginaw Bay? At Station 5 where measurements
of clearance rates were estimated in 1992, zebra
mussel abundances were estimated with diver-de-
ployed transects to be about 75,000 m~2 (Nalepa et
al. 1995). Using our mean estimated clearance rate
of 62 mL mussel~'day~! and assuming that the mus-
sels filtered water from the entire 3 meters of the
water column, the entire bacterial biomass would be
removed 1.6 times per day. Even if we use our
lower estimated clearance rate of 37 mL
mussel 'day~!, the water column would be cleared
of bacteria slightly less than one time per day. Loss
rates in the bottle experiments performed at this site
(Fig. 2a) indicate an average decrease in abundance
of ca. 14% per day over the 2-day experiments.

One might expect, therefore, that bacterial abun-
dance should have decreased in Saginaw Bay with
increased zebra mussel abundance. Although our
sample size is not very large, we have not detected
any long-term changes in mean bacterial abundance
at this site in the last three years, suggesting that
over long time intervals, bacteria are compensating
for losses. Perhaps Dreissena does not filter the en-
tire water column effectively and/or losses are
being compensated by increased growth rates. In
western Lake Erie, the chlorophyll concentration
was depleted to <1 pg L~! above zebra mussel beds,
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whereas concentrations higher in the water column
were near 4 ug L~! (Maclsaac et al. 1992). Al-
though we did not routinely perform thymidine
measurements in 1992, a July 1992 estimate of bac-
terial production, based on thymidine incorporation
rates, bacterial abundance, and conversion factors
of 2 x 10!% cells produced per mole of thymidine
incorporated (Fuhrman and Azam 1982), an aver-
age cell volume of 0.04 um3, and 2-5.6 x 1013 g C
um'3 (Bratbak 1985, Wetzel and Likens 1991), indi-
cates bacterial community growth rates were ca.
0.8-2.3 per day which is similar to the estimates of
bacterial removal rates by mussels and would sug-
gest that bacterial growth rates could compensate
for zebra mussel filtering, assuming mussels were
the main grazers of bacteria.

Evidence from the mesocosm experiments also
suggests that heterotrophic bacterial growth is able
to compensate for the increased loss rates, i.e., in
addition to the direct negative effect of the mussels,
they may also stimulate bacterial growth through
indirect effects such as nutrient or organic carbon
excretion. In the mesocosm experiments, we ob-
served an increase in bacterial thymidine incorpora-
tion 1.5 days after introduction of mussels in the
high zebra mussel treatment. Initial increases in
bacterial abundance in the presence of mussels also
suggest mussels may have stimulated bacterial pro-
duction. Decreased abundance and thymidine incor-
poration rates later in the experiment may be the
result of increased direct removal of bacteria by
mussels. However, these results seem to contradict
observations that mussels decreased thymidine in-
corporation rates in Lake St. Clair in short-term ex-
periments. These different results could arise out of
the different time-scales over which the measure-
ments were made, different experimental protocols
(enclosures versus bottle experiments) or differ-
ences in the bacterial community size composition
and mussel filtration.

Although zebra mussels may be removing bacte-
rioplankton, they may also stimulate growth by in-
creasing the turnover of organic matter and
inorganic nutrient recycling rates. In these experi-
ments, we also measured significant increases in
ammonium concentrations in the presence of zebra
mussels (Gardner et al. 1995b). In another bottle
experiment study, zebra mussels excreted ammo-
nium at rates of 1-5 ng-atom N mg dry weight™!
hr-!(Quigley et al. 1993). There is also evidence
that zebra mussels are excreting dissolved inorganic
phosphorus compounds, (Heath et al. 1995; M.
Vanni, personal communication, Miami Univer-

sity). Zebra mussels only assimilate about 50% of
the phosphorus that they ingest (Stanczykowska
and Planter 1985) and therefore may be an impor-
tant regenerator of this nutrient. There is increasing
evidence that inorganic nutrients, especially phos-
phorus, can limit bacterioplankton growth in lakes
(Toolan et al. 1991, Coveney and Wetzel 1992,
Morris and Lewis 1992). We have not observed in-
creased dissolved organic carbon or amino acids in
the presence of mussels, but this has been observed
in other bivalves (Tupas and Koike 1990), suggest-
ing that these components may be released by these
organisms. These compounds could stimulate het-
erotrophic bacterial growth, but may not accumu-
late because they are rapidly metabolized or
incorporated into bacterial biomass.

Our data provide two pieces of evidence support-
ing the view that mussels are removing primarily
the largest bacteria from the community. Experi-
ments with fluorescently labeled beads indicated
that mussels removed the 0.36 and 0.9 um beads
more effectively than 0.22 pm beads (Table 1).
Also, data from the mesocosm experiment (Fig. 5)
indicated that only about 30 percent of the bacterial
community, on a cell-abundance basis, was greater
than 1 um in diameter in the control treatments, and
a smaller percentage (10-23%) was found in zebra
mussel treatments.

A likely consequence of removing the largest
bacteria is that mussels may have the greatest im-
pact during periods when the bacterial community
“blooms.” In August 1992, we observed a peak
abundance of bacteria of 4.5 x 10° cells mL~! but
the maximum abundance that we observed in all of
1993 was only 1.9 x 10° cells mL-!. Although other
factors certainly could explain this change, as the
mussels became more established in the bay, they
may have been able to harvest the increased bacter-
ial production that occurs in mid-summer. This ar-
gument is further supported by evidence that the
most rapidly reproducing bacteria are larger than
slowly reproducing bacteria (Ammerman et al.
1984, Letarte er al. 1992).

If bacteria were smaller (and not consumed as ef-
ficiently as inner bay bacteria) and more nutrient-
limited in the outer bay than the inner bay, it could
explain why opposite results were observed in these
two locations. Nutrients released by mussels could
stimulate growth without leading to an increased
grazing rate if the bacterial cells produced were
below a threshold size that the mussels filtered. It is
obvious, however, that as the community continues
to grow in average size toward a threshold that is
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effectively removed by zebra mussels, a larger pro-
portion is likely to be grazed, and may contribute to
a decline in abundances and growth rates. This con-
tention was supported by data from the mesocosm
experiments where, in the high zebra mussel treat-
ment, there was an initial increase in bacterial abun-
dance and growth rate followed by decreased
abundance and growth rate (Figs. 3 and 4). In the
short-term bottle experiments with outer bay water
where there was a significantly positive effect of
mussels on bacterial abundance, the experiments
may not have been run long enough to observe a
subsequent decline in bacterial abundance as mean
cell size increased.

It is possible that increased bacterial abundance
in the outer bay bottle treatments may have been
imported into the bottles with the mussels used in
the treatments. Ambient bacterial abundance in the
outer bay is only about 30-50% of that in the inner
bay so this contamination effect would be more ob-
vious in these treatments. However, time-course
measurements of bacterial biomass in mesocosm
treatments (Figs. 3 and 4) suggest that bacterial
abundance and growth rates only increased 0.5-1.5
days after placement of mussels in the enclosures.
These results indicate that the increased abundance
was the result of bacterial growth rather than import
of bacteria with the mussels.

We believe that the relative importance of direct
and indirect impacts may explain the differences
observed in the inner bay and outer bay experi-
ments. At the inner bay site, direct effects of the
mussels on bacteria through grazing activities is
more important, whereas, indirect effects of the
mussels on bacteria through nutrient enrichment is
more important in the outer bay. In water from the
inner bay, there was a decline in bacterial abun-
dance in the zebra mussel treatments relative to the
control but in water from the outer bay station,
where no zebra mussels occurred naturally (Nalepa
et al. 1995), there was an increase in bacterial abun-
dance in the zebra mussel treatments relative to the
control (Fig. 2). In the inner bay, the indirect effect
of the mussel increasing nutrient availability may
be of less significance than their direct effects
through grazing because of the higher ambient nu-
trient concentrations and loading rates. The poten-
tial impact of the mussels on bacterial productivity
is further accentuated by the fact that they are prob-
ably grazing the most actively growing, larger cells.
A similar impact on rapidly growing, large bacteria
has been observed for bacterivorous protists in estu-
aries (Sherr et al. 1992).

Our data from Lake St. Clair also support this ob-
servation. These data suggest that mussels may
have been removing a disproportionate amount of
the bacterial production (thymidine incorporation)
but had little impact on bacterial abundance in the
short-term (Fig. 6). This result would occur if most
of the production was dominated by large cells and
these cells were selectively grazed.

However, in the outer bay, the possible increased
nutrient regeneration rates that are facilitated by
mussels may be the most important factor in this
more nutrient-poor habitat. Furthermore, potential
differences in the size-distribution of the bacterial
community in these two habitats may accentuate
these effects. Heterotrophic bacteria growing in
oligotrophic conditions are typically smaller than
bacteria growing in eutrophic conditions. In
nearshore regions of the Georgia continental shelf,
50-80% of bacterial respiration and thymidine in-
corporation was >1 pm in diameter, whereas, in off-
shore regions, 80—99% of these parameters was in
particles less than 1 pm. In a survey of eight Danish
lakes of various trophic states, bacteria greater than
1 um in diameter composed 65% of the total bacter-
ial community in eutrophic lakes and only 17% of
the total bacterial community in oligotrophic lakes
(Letarte et al. 1992). Smaller bacteria are less likely
to be grazed by protozoans (Andersson et al. 1986,
Monger and Landry 1992, Sherr ef al. 1992, Simek
et al. 1994) as well as zebra mussels (this study)
and therefore can compensate for slower growth
rates by decreased predation rates.

It seems clear that mussels have a negative effect
on the bacterial communities but may also have a
positive indirect effect on bacterial growth rates. The
net effect is dependent on the size-structure of the
bacterial community and the degree of nutrient limi-
tation. Neither direct nor indirect effects work exclu-
sively in either environment, but rather, direct effects
were more important in the inner bay and indirect ef-
fects may be more important in the outer bay.
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