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Experiments fromMay to Decembermeasuring selective grazing and egestion of different phytoplankton taxa in
natural Saginaw Bay (Lake Huron) seston by shallow-water morph quagga mussels (Dreissena bugensis
rostriformis) showed that the mussels were highly selective filter feeders and that their net clearance rates on
different species rangedwidely, resulting in food consumption that was strongly driven by seasonal phytoplank-
ton dynamics. Overall, net clearance rates by quagga mussels on the entire phytoplankton assemblage were
similar to those observed for zebra mussels (Dreissena polymorpha) during the 1990s. Phytoplankton taxon,
rather than size, was more important to food selection since quagga mussels cleared similar sized but different
species of algae at very different rates. In contrast to many studies with zebra mussels, larger-sized algae such
as Dinobryon divergens, Aulacoseira italica, Fragilaria crotonensis, and Anabaena were cleared at high rates and
rejected at lower rates than many smaller species within the same broad taxonomic group. We suspect that
these differences between dreissenid species do not stem from species differences but methodological factors
and phytoplankton composition of systems studied. Small-sized diatoms, green algae with thick cell walls
(Scenedesmus and Oocystis), and colonial cyanobacteria with gelatinous sheaths (Aphanocapsa, Chroococcus,
and Microcystis) were cleared at low rates and rejected in high proportion in pseudofeces or feces during all
seasons. We describe the likely mechanisms of pre- and post-ingestive behavior that explain these differences,
which relate to phytoplankton size, morphology, cell wall characteristics, and chemical composition. Changes
in the Great Lakes phytoplankton communities are consistent with mussel grazing preferences.

© 2013 Published by Elsevier B.V. on behalf of International Association for Great Lakes Research.
Introduction

The zebra mussel, Dreissena polymorpha, and the quagga mussel,
Dreissena rostriformis bugensis, were introduced into the Great Lakes in
the late 1980s (Carlton, 2008; Mills et al., 1999). Zebra mussels spread
to all of the Great Lakes within four years of their initial introduction
(Griffiths et al., 1991), while quagga mussels were much slower to
spread (Nalepa et al., 2010). Recently, quagga mussels have displaced
zebra mussels in the Great Lakes (Nalepa et al., 2009). Both species are
suspension feeders that filter water to extract their food. Due to their
high densities and clearance rates, dreissenid mussels can be major
consumers of phytoplankton and exert significant top down control
on phytoplankton (Caraco et al., 1997; Nicholls and Hopkins, 1993;
Vanderploeg et al., 2001, 2002, 2010). Declines in chlorophyll a (Chl)
attributed to zebra mussels were 50% in western Lake Erie (Barbiero
and Tuchman, 2004), 59% in Saginaw Bay, Lake Huron (Fahnenstiel
et al., 1995), and 85% in the Hudson River (Caraco et al., 2006). Quagga
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mussels are thought to be responsible for the loss of the spring phyto-
plankton bloom in Lake Michigan, causing a major reduction of large
(N53 μm) diatoms (Vanderploeg et al., 2010).

Mussels draw water through their incurrent siphon into their man-
tle cavity but select only a portion of the seston particles for ingestion
and subsequent digestion while the excess or unpalatable particles are
bound inmucus and ejected as pseudofeces through the same incurrent
siphon in which they came (Baker et al., 2000; Vanderploeg and
Strickler, 2013; Vanderploeg et al., 2001, 2013; Ward and Shumway,
2004). Living algae are loosely bound in mucous of pseudofeces and
can be easily dispersed back into the water column (Vanderploeg
et al., 2001, 2013 and videos in Vanderploeg and Strickler, 2013)
where they can continue to grow (Baker et al., 2000). It is also theoret-
ically possible that some algae could pass through the digestive tract in-
tact, but this has never been shown for dreissenids. Vanderploeg et al.
(2001) asserted that changes in phytoplankton composition of Saginaw
Bay, specifically shifts toward greater abundance of Microcystis and
other cyanobacteria, mainly were due to the selective rejection of
cyanobacteria (Microcystis aeruginosa) in pseudofeces by zebramussels.
Vanderploeg et al. (2001, 2009, 2013) demonstrated in experiments
with natural seston thatMicrocystis colonies in the N53 μm size fraction
were rejected; whereas, small algae were ingested. Mussel abundance
sociation for Great Lakes Research.
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was sufficient so that grazing pressure had an effect on algal composi-
tion (Vanderploeg et al., 2001). Subsequentmodeling exercises showed
that selective grazingwas a necessary condition for the observed shift to
Microcystis dominance (Bierman et al., 2005; Fishman et al., 2009).

However, in the Hudson River, M. aeruginosa–appearing as
unicells or small colonies–was preferred over a variety of green
algae (Micractinum sp., Crucigenia tetrapedia, and Scenedesmus
quadricauda) and the diatom Cyclotella meneghiniana. This preference
and intensity of grazing by the large population of zebra mussels in the
Hudson River were enough to explain the large decrease in Microcystis
after the mussel invasion there (Bastviken et al., 1998; Smith et al.,
1998). Therefore, selective feeding by zebra mussels may play an
important role in the changes in phytoplankton communities in differ-
ent ecosystems; and, at least for Microcystis, effects of grazing can vary
among systems.

Many studies suggest that the zebra mussel is capable of sorting
particles by size. Ten Winkel and Davids (1982) concluded from the
composition of phytoplankton in the seston and in the stomach
contents that Dreissena possibly selects particles of 15–40 μm in diame-
ter and rejects larger particles by producing pseudofeces. In laboratory
studies, Sprung and Rose (1988) found the maximum clearance rate
occurred in the size range of 5–35 μm. Using flow cytometry, Dionisio
Pires et al. (2004) showed that zebra mussels preferred seston particles
in eutrophic Lake Zwemlust in the 0–1 and 30–100 μm size range
(Dionisio Pires et al., 2004), possibly because between 10 μm and
30 μm, the seston consisted mainly of detritus. Vanderploeg et al.
(2001) showed that phytoplankton N53 μm, containing mainly toxic
Microcystis, was filtered less efficiently than phytoplankton b53 μm;
but, when colonial diatoms were present, they were cleared at a high
rate (Vanderploeg et al., 2009, 2013). They also found that when
phytoplankton were similar in size (Cryptomonas vs. Microcystis),
zebra mussels appeared unable to selectively feed on the preferred
alga (Cryptomonas). Naddafi et al. (2007) found that phytoplankton
N50 μm and phytoplankton b7 μm were found in zebra mussel
pseudofeces.

Other studies indicated that zebra mussels can filter a broad size
range of particles at relatively high and similar rates. Horgan and Mills
(1997) found that zebra mussels, feeding on seston from Oneida Lake,
NewYork (USA), generally cleared particles smaller than their incurrent
siphon diameter at similar rates. The Oneida Lake seston included
filamentous cyanobacteria, such as Aphanizomenon and Anabaena,
which apparently did not interfere with grazing. Also, Roditi et al.
(1996) found that zebra mussels removed all particle size classes of
the Hudson River seston with equal efficiency.

The complex and often contradictory results of size selection for
phytoplankton or other seston in dreissenids suggest that food quality
mediated through pre-ingestive selection (pseudofeces production) or
post-ingestive selection (in the stomach) is likely present and discrimi-
nate against algae with gelatinous layers (Ten Winkel and Davids,
1982), thick cell walls (Dionisio Pires and Van Donk, 2002), and toxicity
(Vanderploeg et al., 2001), as has been observed in marinemussels and
other bivalves (e.g., Ward and Shumway, 2004).

Despite many studies measuring dreissenid mussel grazing on
phytoplankton, direct grazing impact has been measured mainly on
laboratory-cultured algae rather than on the natural phytoplankton
community (Baldwin et al., 2002; Dionisio Pires and Van Donk, 2002;
Dionisio Pires et al., 2005; Sprung and Rose, 1988); this is also true
for studies with marine mussels and other bivalves (e.g., Ward and
Shumway, 2004). Moreover, due to time constraints or lack of experi-
ence in identifying species, direct counting of phytoplankton through
light microscopy has rarely been used in grazing experiments to assess
the clearance rate on specific species, particularly in natural seston.
Similar to studies with marine bivalves (Ward and Shumway, 2004),
other techniques such as flow cytometry (Baker et al., 1998; Dionisio
Pires et al., 2004), delayed fluorescence microscopy (Naddafi et al.,
2007), and most of all, chlorophyll a (Chl a) measurement were used
Please cite this article as: Tang, H., et al., Quagga mussel (Dreissena rostrif
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(Bastviken et al., 1998; Dionisio Pires and Van Donk, 2002; Fanslow
et al., 1995). However, only light microscopy can provide details of
species and sizes of individuals or colonies grazed. In addition, the
technique of flow cytometry, often used in marine studies to charac-
terize seston and phytoplankton, is severely limited in terms of sam-
ple volume and the maximum particle size.

Not only are there very few studies of quagga mussel feeding
(Baldwin et al., 2002; Diggins, 2001; Vanderploeg et al., 2010, 2013),
there are no studies that report grazing rates on specific species of phy-
toplankton in the natural phytoplankton community. Quagga mussels
have a greater potential for affecting algal composition, because unlike
zebra mussels, they are able to colonize soft substrates, thus allowing
them to dominate in both profundal and littoral habitats (Nalepa
et al., 2010).

The aim of this study was to gain insight into selective feeding of
quagga mussels and assess the effect of quagga mussel grazing on the
natural phytoplankton community in Saginaw Bay. We determined
clearance rates and ingestion rates on different phytoplankton taxa
and investigated what phytoplankton were egested relative to their
abundance in the environment using direct counting with light micros-
copy. We describe the likely mechanisms of pre- and post-ingestive
behavior that explain these differences, which relate to phytoplankton
size, morphology, cell wall characteristics, and chemical composition.
Lastly, we use our results to help explain the marked changes in
observed phytoplankton composition in the Great Lakes after the intro-
duction of both zebra and quagga mussels.

Materials and methods

Mussels and study sites

Shallow-water morph quagga mussels–which appear superficially
similar to zebra mussels–and water were collected from Saginaw Bay
from or near station SB5. This station is located within the inner bay
section of Saginaw Bay (mean depth = 5.1 m), is 3.5-m deep with
substrate of cobble, sand, and gravel. The water column is generally
isothermal and well mixed (Vanderploeg et al., 2001). This is the same
site used by Vanderploeg et al. (2001, 2009) when zebra mussels
were the dominant dreissenid mussel in Saginaw Bay. Grazing experi-
ments were conducted five times during spring–autumn 2010: 7 May,
27 May, 3 July, 23 September, and 1 December.

Collection and handling of mussels

On each sampling date (between 11:00 and 13:00 h local time)
mussels were collected by bottom trawl. Mussel clusters were wrapped
in moist paper towels and placed in coolers for transport back to an
environmentally controlled room at the Great Lakes Environmental
Research Laboratory (GLERL). In hot weather, a tray containing ice or
cold gel packs was placed above (but not on) the mussels to keep
them cool. At the same time, a large volume of surface water (~350 L)
was collected in 14 clear 25-L polycarbonate carboys, placed in coolers,
and transported back to the lab. Travel time from collection sites to the
laboratory was 4–5 h.

Reacclimation of mussels to natural seston

Upon arrival at GLERL, carboys were placed next to cool white
fluorescent lights (80 μmol quanta/m2/s at carboy surface) at ambient
temperature and a light/dark cycle to keep the algal community in
good condition for the experiments that would start on the next
morning. Analysis of chlorophyll a (Chl a) upon arrival and at the time
of the experiment the next day showed no appreciable changes. We
cut byssal threads of 100–120 medium–large mussels (16–22 mm)
with a razor blade and gently brushed off periphyton and other attach-
ments. This size range was chosen because it was abundant at our site
ormis bugensis) selective feeding of phytoplankton in Saginaw Bay,
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andwas roughly comparable to earlier work with zebra mussels in Sag-
inawBay, Lake Erie, andGull Lake (Vanderploeg et al., 2001, 2009, 2013)
and profunda-morph quagga mussels in Lake Michigan (Vanderploeg
et al., 2010). All the mussels used were verified as quagga mussels; we
selected only those mussels that had a rounded ventral surface with a
curved valve hinge.

Mussels were re-acclimated for ~17 h in 153-μm screened lake
water at ambient lake temperature to re-establish natural feeding
behaviors (and achieve digestive equilibrium with their food) in two
steps: (1) cleaned mussels were immediately placed in a wide mesh
(0.8 cm) polyethylene basket (7 cm H × 15 cm W × 34 cm L) on the
bottom of a 100 L polypropylene drum filled with 85 L of water for
~14 h overnight; (2) the nextmorning, all themussels were transferred
to a 50-L aquarium filled with fresh 153-μm screened water for 2–3 h
before being used in the feeding experiments to insure that they
received a fresh supply of water identical to what they would experi-
ence in the feeding experiment. A larger container (the drum) was
used for the 14-h acclimation to account for the longer period of time
mussels were left unattended and to remove particles from the water
column. It was during this initial acclimation period that the mussels
re-established normal feeding behavior (as observed by siphon
extension).

At the time of transfer from the drum to the aquarium, the mussels
were sorted into 4 small wide-mesh baskets (2.5 cm H × 13 cm W ×
15 cm L) to facilitate a smooth transition from the aquarium to the
feeding experiment later. An additional ~20–30 mussels, to be used in
the egestion experiments described below and in a related nutrient
excretion experiment to be reported elsewhere, were also transferred
from the drum to same aquariumwithmussels to be used in the feeding
experiments.

General design of grazing experiments

The set-up of feeding experiments was similar to the standard
methods described by Vanderploeg et al. (2001). The experiments
were conducted in 20-L buckets in a climate room at the in situ lake
temperature, except for the experiment carried out on 7 May, which
was conducted in 4-L beakers.

To set up the experiments in buckets, six buckets were filled with
16 L of 153-μm screened water distributed evenly among buckets
from a large drum with a spigot to ensure homogeneity of seston
among buckets. A similar procedure was used with the beakers, except
theywere filled to 4 L. Screeningwas done to removemesozooplankton
and had little effect on algal abundance including colonial algae. Gentle
bubbling provided agitation to assure mixing in four experimental
(with mussels) and two control (without mussels, three controls in
December experiment) buckets to keep particles suspended during
the 3–4 h experiments. Light intensity during the experiments was
b8 μmol quanta/m2/s to minimize algal growth during the experi-
ment. Immediately before adding baskets of mussels to the experi-
mental buckets, 200 mL was taken for Chl a analysis; and 100 mL
was taken for phytoplankton analysis. At all the sampling stages
described below, the same amount of water was sampled. Empty bas-
kets were also added to control containers to ensure that circulation
patterns were similar in control and experimental containers. The
experiment started once the mussels' valves opened and the inhalant
and exhalant siphons were extended, which was generally within
5–10 min.

In December, we performed a feeding experiment with a cultured
cryptomonad (Cryptomonas oblonga), which is considered an ideal,
preferred food (Vanderploeg et al., 2001, 2009, 2010), the day following
the feeding experiment with natural seston to compare seston results
with those of an ideal food (Vanderploeg et al., 2001, 2009, 2010). The
acclimation procedure was identical to that with seston. Immediately
up completion of the seston experiment Cryptomonas was added to
0.2-μm filtered lakewater in the acclimation drumat the approximately
Please cite this article as: Tang, H., et al., Quagga mussel (Dreissena rostrif
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the same Chl concentration used in the natural seston experiment, and
the next morning transferred as usual into the acclimation aquarium
and experimental buckets using a fresh culture of Cryptomonas. Culture
methods followed those of Vanderploeg et al. (2010). Clearance rates
were measured only by the Chl a method.

The standard equations and protocol (Vanderploeg et al., 2001,
2009) for monitoring initial samples, final water column (above the
mussels), and final mixed sample of water remaining in buckets (with
biodeposits) were used to provide mass balance estimates of net and
gross feeding rate variables using information from both experimental
and control containers. In brief, gross clearance rate (F)–the removal
of food from the water column–was calculated as:

F ¼ V=ntð Þ ln Cwt=Zwtð Þ; ð1Þ

where:

V volume of water in container (mL),
n mussel biomass in the experimental container (mg),
Cwt and Zwt meanphytoplankton concentration inwater column (μg/L)

of the control containers and phytoplankton concentration in
an experimental container, respectively at end of experiment,
and

t time (h).

The capture rate (CR) of food is givenby theproduct of clearance rate
and average concentration of food in the water column Cwt

� �
:

CR ¼ FCwt; and ð2Þ

Cwt ¼ Zwt−C0ð Þ= lnZwt− lnC0ð Þ; ð3Þ

where:

C0 phytoplankton concentration in initial samples.

To calculate assimilation rate and clearance rate for assimilated
material, we used equations analogous to Eqs. (1) and (3), and calculated
a filtering rate (FT) and “average” concentration for total phytoplankton

CT

� �
in the containers whether in the water column or on the bottom.

In a fashion analogous to Eq. (2), we calculated assimilation rate (A) as:

A ¼ FTCT : ð4Þ

To calculate the clearance rate for assimilated phytoplankton (FA), we

used A given by Eq. (4) and average concentration Cwt

� �
in the water

column and the basic definition of clearance rate as follows:

FA ¼ A=Cwc: ð5Þ

This assimilation (or digestion) rate should be nearly identical to the
ingestion rate, assuming no significant viable gut passage (Vanderploeg
et al., 2001, 2009). We put Chl a in parentheses following the variables
to indicate feeding results using Chl a as a surrogate for phytoplankton
concentration: F(Chl a), FA(Chl a), CR(Chl a), and A(Chl a).

Clearance rates were calculated for each species of phytoplankton as
well as the aggregate of all species from the phytoplankton counts. To
calculate clearance rates for the aggregate of all species, carbon repre-
sented by each species (using appropriate conversions below) was
determined and summed to get the total carbon. This aggregate clear-
ance rate was compared with that determined by Chl a.

All clearance rates were normalized to ash-free dry weight (AFDW)
of themussels used in the experiments (Vanderploeg et al., 2001, 2009).
To calculate the assimilation (A) or capture rate (CR) as a percent of
ormis bugensis) selective feeding of phytoplankton in Saginaw Bay,
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mussel body carbon, AFDWofmussels was converted to carbon content
by multiplying AFDW by 0.524 (Nalepa et al., 1993).

We also explicitly compare results of this study to the results of
Vanderploeg et al. (2009; Fig. 3), who reported clearance rates of
zebra mussels in terms of gill surface area. No gill area information
is available for quagga mussels; therefore, in making this comparison,
we converted the clearance rates for zebra mussels to a per weight
basis. For this comparison, we assumed that a 15-mm zebra mussel
(mean size used by Vanderploeg et al., 2009) would have a dry weight
of 6 mg, which is the seasonal average weight in the inner bay
(Vanderploeg et al., 2009: Fig. 7) and used a gill area of 1.72 cm2

as predicted by the length–gill area relationship for zebra mussels
(Lei et al., 1996).

Egestion experiments
In parallel with the feeding experiments, we measured soluble

nutrient excretion usingmethods of Johengen et al. (2013) and egestion
of phytoplankton (Pires et al., 2005) byplacingfivemussels from the ac-
climation aquarium or from the feeding experiment in each of four 100-
mL bottles filled with a salt solution that closely approximated the
major ions in Saginaw Bay. In all experiments, except for those in July,
mussels were taken from the acclimation aquarium, and the experi-
ments were run at the same time feeding experiments were carried
out, and the experiments lasted 2 h. In the July experiment, we took
animals from the experimental buckets at the end of the feeding exper-
iment, and the egestion experiment lasted 1 h. At the end of the time
period, overlying water was sampled for ammonia and soluble reactive
P, the results of which will be reported elsewhere, and remainingwater
with biodeposits was preserved in 1% Lugol solution for later examina-
tion by microscopy.

The egestion method of Pires et al. (2005) used 0.5-h incubations,
and they assumed that all biodeposits produced were pseudofeces.
There is no doubt that pseudofeces are produced, however, if some
algae pass through the gut undigested, they could show up in feces,
therefore, we speak of our experiments as egestion experiments.

Selective rejection of egested material was quantified by use of the
selectivity coefficient W′ (Vanderploeg and Scavia, 1979), which for
the case of egestion we call the rejection coefficient (R′) as follows:

R′ = (ei/pi)/(ei/pi)max, where p and e are relative concentration of
the algae in environment (control water) and excretion water, respec-
tively; and (ei/pi)max is the maximum value of (ei/pi). R′ varies between
0 and 1, and by definition the most rejected item, that is, the item with
the maximum value of (ei/pi), has a value of 1. To estimate the relative
concentration of algae available to the mussels in the experiments, we
used the initial algal concentration of water in the buckets, which
should be very similar to those in the acclimation aquarium since the
same source water was used.

Phytoplankton and Chl a analysis
Samples for phytoplankton counting (100 mL)were preserved in 1%

Lugol solution. Subsamples of 5–50 mL (depending on algal concentra-
tion) were filtered onto 1.2-μmnitrocellulose membrane filters for per-
manentmounting on slides (Dozier and Richerson, 1975).Wehr (2002)
and Hu et al. (1979) were used as the main reference books to identify
species or genus. The phytoplankton were counted and identified to
genus and when possible to species by light microscopy under 400×
magnification when counting small-sized algae (nanophytoplankton,
2–20 μm) and 100× magnification when counting large-sized algae
(microphytoplankton, N20 μm) and colonies (e.g. Dinobryon divergens,
Microcystis colonies, F. crotonensis colonies, etc.), but the number of
cells per colony were checked under 400× magnification. For the
large-sized algae or colonies, the whole slide was counted, and for the
small-sized algae, 3–5 strips of the slide were counted. For colonial
algae, both the number of colonies and average cells per colony were
counted to calculate the total number of the cells. Most colonies
appeared as somewhat spherical or amorphous, filamentous, or ribbon
Please cite this article as: Tang, H., et al., Quagga mussel (Dreissena rostrif
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like. At least 100 plankton units (cells for single algae and colonies for
colonial algae) of the most abundant were counted in each sample.
The phytoplankton sizes were measured using image analysis software
(Image-Pro Plus, Media Cybernetics) as the greatest linear dimension
(GLD) for 15–100 randomly selected individuals of each common
species. Size of filaments and colonies were alsomeasured. Phytoplank-
ton biomass (biovolume) was estimated by determining average cell
dimensions of a minimum of 100 cells for each dominant taxon and at
least 10 cells for rare taxa, and then applying these dimensions to
appropriate geometric shapes. Phytoplankton biovolume (μg/L)
was converted to carbon units (μg C/L) using the relationships from
Verity et al. (1992) for non-diatoms. Carbon content of diatoms
was calculated according to Strathmann (1967). Water for Chl mea-
surements was filtered onWhatman GF/F glass fiber filters (effective
pore size: ~0.7 μm) and extracted in N,N-dimethylformamide and
analyzed fluorometrically (Speziale et al., 1984; Vanderploeg et al.,
2001).
Statistical methods

A one way ANOVA was carried out to test whether significant
differences occurred among the gross and net clearance rates of differ-
ent phytoplankton taxa within one experiment. A Bonferroni test was
performed formultiple comparisons of the adjustedmeans. A one tailed
T-test was used to compare the difference of F, FA, CR, and A of total
or different phytoplankton taxa to zero. The difference in size of
F. crotonensis (FC) and Microcystis (MC) in excretion to that in initial
water during July and Sept. experiments was also compared with a
two-tailed T-test. The computer software package SPSS Statistics 17.0
was used to perform all statistical tests. Statistical significance was
accepted at the P b 0.05 level.
Results

The phytoplankton community and experimental conditions

Fifteen phytoplankton taxa were abundant enough to calculate
feeding rates (Table 1). They were represented by a broad array of
taxa, cell sizes, colony sizes, and shapes. Conditions varied considerably
among the experiments (Table 2). Temperature ranged from 5 to 23 °C
during the experimental period. The highest temperature was observed
on May 27 rather than on July 2, probably as result of the water and
mussels being collected at a somewhat shallower location near SB5
(~3 m) than at other times. Initial Chl a concentration, phytoplankton
biomass (Table 2), and species composition (Table 3) showed strong
seasonal variation as would be expected in north temperate lakes and
Saginaw Bay in particular (Vanderploeg et al., 2001). The small-sized
Cyclotella and Rhodomonas minuta dominated in early May, and a
dramatic clear-water phase was seen in late May, as evidenced by low
phytoplankton biomass and low Chl concentration. During the clear-
water stage, phytoplankton was still dominated by R. minuta (68% of
the total C biomass) and Cyclotella (14% of the total C biomass). Domi-
nance shifted to colonial F. crotonensis in early summer (July 2), with
Aulacoseira italica, Microcystis, Aphanocapsa, and Scenedesmus as
secondary dominants. In late summer (September 23), the dominance
shifted from diatoms to Microcystis, which contributed 73.5% of the
total C biomass; colonial Aphanocapsa and Chroococcuswere secondary
dominants. The December phytoplankton was mainly composed of
centric diatoms (Aulacoseira and Cyclotella) and Microcystis.

The initial Chl a concentration and phytoplankton biomass of the
experimental water did not parallel each other across experiments.
The highest phytoplankton biomass occurred on September 23 when
the phytoplankton was dominated by Microcystis. However, the maxi-
mum Chl a concentration occurred in the beginning of December.
ormis bugensis) selective feeding of phytoplankton in Saginaw Bay,
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Table 1
Characteristics of the dominant algae in the experiments. Abbreviations used in figures follow the taxon name.

Shape/form Cells/colony Mean cell volume
(μm3)

Colony or cell size
(μm)

Range Mean Range Mean

Blue green
Aphanocapsa sp. (AP) Colony 50–500 161 4.0 14–187 65
Anabeana sp. (ANA) Filament 10–500 47.3 46 30–174 95
Chroococcus sp. (CH) Colony 2–64 12 120 8–163 57
Microcystis sp. (MC) Colony 20–10000 500 46.8 20–460 120
Merismopedia glauca (MG) Colony 8–64 31.7 33.2 6–77 43

Diatom
Cyclotella (CYC) Single 118 4–15 7
Cyclotella comta (CC) Single 500 15–48 32
Cocconeis placentula (CO) Single 450 16–30 24
Fragilaria crotonensis (FC) Ribbon 2–200 41 516.3 4–1000 200
Aulacoseira italica (AI) Filament 1–60 14.45 540 24–1380 348

Green
Oocystis (Oo) Colony 1–64 12 369 8–90 28
Scenedesmus (SC) Colony 2–16 4 448 4.3–82 15

Flagellates
Dinobryon divergens (DD) Colony 3–16 7 188.5 40–174 96
Peridinium sp. (PER) Single 2000.1 15–25 20
Rhodomonas minuta (RHO) Single 125.4 6.1–9.2 7.9
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Grazing experiments

The values of the clearance rate estimated by Chl a and total phyto-
plankton carbon biomass on natural seston showed similar broad trends
especially for the gross clearance rate (Table 4). Both methods showed
the highest values in late May, intermediate values in early May, early
July, and December, and the lowest values in September, when
Microcystis was dominant. As expected, net clearance rates based on
carbon (FA) were almost always lower than gross clearance rates (F)
and often much lower. The results for the Chl-based FA(Chl a) and
carbon-based FA sometimes departed from each other. In early and
late May and in early December, FA(Chl a) was lower than FA. In July,
theywere about the same, and in September, FA(Chl a) wasmuch larger
than FA.

The experiment in Decemberwith natural seston showed high F and
F(Chl a) values, a moderately high FA, and a low FA(Chl a). Both F(Chl a)
and FA(Chl a) were identically high in experiments with Cryptomonas,
and similar to values for F, F(Chl a), and FA in the seston experiment.
The similarity of these values–especially the gross clearance rates–
suggests that mussels were processing the seston at a maximal rate.

Algal biomass expressed as Chl a or as total carbon from algal
counting was an important driver of CR and A because algal abundance
varied greatly from experiment to experiment (Table 2), and these
“consumption” variables are the product of the algal abundance and
clearance rate. In almost all cases, A was less than or much less than
CR, particularly for the Chl a results. The late May and July experiments
showed consistent results for CR(Chl a), CR, A(Chl a), and A in that these
variableswere all low in lateMay and high in July. Themost noteworthy
discrepancywas the results for September: both CR(Chl a) and A(Chl a)
were relatively high, but CR and A, respectively were high and low.
Table 2
Temperature and mean (±SE) mussel length, mussel ash-free dry weight, initial chlorophyll
experiments with seston and in the experiment with cultured Cryptomonas on December 2.

Date Temp
(°C)

Length
(mm)

AFDW
(mg)

Init
(μg

7 May 13 20.70 ± 0.31 17.73 ± 0.53 1.37
27 May 23 17.71 ± 0.09 14.39 ± 0.17 0.77
2 July 20 22.81 ± 0.36 21.66 ± 0.67 6.50
23 Sept 19 18.30 ± 0.17 13.59 ± 0.29 5.62
1 Dec 5 17.93 ± 0.41 10.98 ± 1.36 8.00
2 Dec (Cryptomonas) 5 18.80 ± 0.36 12.03 ± 0.34 5.12
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Viewing the results in terms of algal biomass, the highest CR was
seen during September, but A was low and not significantly different
from zero. The next highest CR was seen in July, and highest A was
seen at this time, indicating relatively high assimilation efficiency, that
is, low egestion. The third highest CR was seen in May, with A being
not much lower than CR. Somewhat lower CR and A values were seen
in December. The lowest values of CR and A were seen in late May
because of the low algal concentration at that time.

The mean F of quagga mussels on different phytoplankton taxa
ranged from 0 to 28.5 ml/mg/h, and FA ranged from 0 to 16.6 ml/mg/h
(Fig. 1). FA of quaggamussels varied among phytoplankton taxa season-
ally. The Bonferroni test revealed a significantly higher FA on two flagel-
lates, the colonial D. divergens and large armored Peridinium sp.,
indicating preferential feeding on these large species in late May and
July, when they were present. Looking across all the experiments, F
for the small-sized Rhodomonaswas lower than that of the larger flagel-
lates, especially in September when Microcystis blooms occurred.

Large colonies of the ribbon-shaped diatom F. crotonensis and the fil-
amentous A. italica were cleared at high net rates. Curiously, the small
(~7 μm) centric diatom Cyclotella was cleared at a low rate. Relatively
lower clearance rates were consistently observed for chlorophytes
(gelatinous chlorococcales: Oocystis and Scenedesmus) and most
cyanobacteria (Aphanocapsa, Chroococcus and Microcystis). However,
the filamentous Anabaena and the colonial Merismopedia were cleared
at a higher rate than other cyanobacteria. Most species in September
were cleared at rather low rates, and FA was often much lower than F.

CR and A for different phytoplankton taxa reflect both species clear-
ance rates and abundance (Fig. 2). CR and A for Rhodomonas at the
beginning of May and F. crotonensis in July were high because of both
high biomass and a relatively high clearance rate. Although the
a concentration, and phytoplankton biomass expressed in C and wet weight units in the

ial Chl a
/L)

Initial phytoplankton biomass
(μg C/L)

Initial phytoplankton biomass
(μg/L)

± 0.022 88.26 ± 2.62 530.5 ± 13.44
± 0.045 5.09 ± 0.68 25.8 ± 1.32
± 0.244 84.59 ± 5.01 718.7 ± 40.76
± 0.163 235.37 ± 13.78 727.8 ± 42.78
± 0.098 42.23 ± 2.02 216.4 ± 16.09
± 0.04 – –
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Table 3
Composition of phytoplankton taxa in the initial lake water (as % of carbon biomass).

7-May 27-May 2-Jul 23-Sep 1-Dec

Blue green
Anabeana sp. 2.644 0.407
Aphanocapsa sp. 0.007 10.155 10.805
Chroococcus sp. 0.049 1.348 5.228
Merismope dia sp. 0.020 0.011
Merismopedia glauca 1.853
Microcystis sp. 13.013 73.550 21.884
Oscillatoria sp. 0.091

Green
Cosmarium sp. 1.111 0.010 0.032
Coelastrum spp. 0.132 0.014 1.024
Kirchneriella sp. 0.037
Oocystis sp. 0.539 1.350 1.877
Pediastrum spp. 0.301 0.257 0.074 1.810
Selenastrum sp. 0.074
Scenedesmus spp. 1.900 0.729 2.548 2.463 12.214
Staurastrum sp. 0.084 0.014 0.202

Diatom
Asterionella formosa 0.372 2.069
Aulacoseira italica 0.374 4.040 0.581 12.766
Ceratium hirundinella 0.158
Cocconeis placentula 0.936 0.128 0.030 1.339
Cyclotella comta 0.107 0.009 9.121
Cyclotella spp. 44.520 14.507 1.200 0.823 9.362
Cymatopleura sp. 0.128
Cymbella spp. 0.352 0.052 0.056 0.440
Epithemia spp. 0.004 0.428
Fragilaria capucina 0.070 0.087 0.708 0.315 2.842
Fragilaria crotonensis 0.451 51.914 0.012 2.853
Fragillaria pinnata 0.099
Gomphoneis sp. 0.094 0.003 0.006
Gyrosigma spp. 0.003 0.378
Navicula spp. (big) 1.240 0.319 0.040 0.017
Navicula spp. (small) 0.640 0.302 0.031 0.614
Nitzschia sp. 0.044
Rhoicosphenia curvata 0.610 0.017 0.014 0.011 0.004
Stephanodiscus binderanus 11.810
Synedra spp. 1.070 0.138 0.037 0.005 1.020
Surirella spp. 0.033 0.033 5.181
Tabellaria fenestrata 7.615 0.005 0.546

Flagellates
Crypromonas erosa 2.062 0.072
Dinobryon divergens 0.427 1.423
Peridinium sp. 10.646 0.095
Rhodomonas minuta 49.500 68.199 0.017 2.225
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clearance rate on Microcystis was low, it was captured and ingested at
relatively high rates in September because of its high abundance;
however, the assimilation rate was not significantly different from
zero because of high variance. Except the three species mentioned
above, the values of CR and A for other species were much lower no
matter the clearance rate, because all had a relatively lower biomass.

Egestion experiments

Quaggamussels showed the obvious rejection of some algae (Fig. 3).
The relative composition (in carbon biomass) of the dominant species
Table 4
Gross and net clearance rate on total chlorophyll (F(Chl a), FA(Chl a)), gross and net clearance ra
phytoplankton in different experiments. Values represent means ± SEs, values labeled with as

Date F(Chl) FA(Chl) F FA

(mL/mg/h)

7 May 4.15 ± 0.40⁎ 2.18 ± 0.63⁎ 5.50 ± 0.37⁎ 4.95 ± 0.40⁎

27 May 13.49 ± 0.48⁎ 3.61 ± 0.77⁎ 8.22 ± 0.94⁎ 7.89 ± 1.99⁎

2 July 7.05 ± 0.34⁎ 4.25 ± 0.53⁎ 8.12 ± 0.94⁎ 5.61 ± 0.70⁎

23 Sept 3.66 ± 0.60⁎ 3.29 ± 0.55⁎ 4.08 ± 1.40⁎ −0.91 ± 0.9
1 Dec 6.70 ± 0.40⁎ 1.85 ± 1.07 8.87 ± 1.4⁎ 4.62 ± 1.31⁎

2 Dec (Cryptomonas) –a 6.60 ± 1.07⁎ – –

a Water column sample not taken; Cryptomonas culture used.
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in egested material increased for Cyclotella, Scenedesmus, Oocystis,
Chroococcus, Aphanocapsa, and decreased for D. divergens, Peridinium,
Rhodomonas, Fragilaria, Aulacoseira, and Anabaena when compared
with the relative abundance in food. Rhodomonas was never found in
the excretion water, which indicated that it was always ingested
when captured, while some of another small sized alga, Cyclotella, was
always rejected as indicated by high R′ values (May 27, September,
and December). The large elongated colonies of F. crotonensis, A. italica,
Anabaena, and the large colonial D. divergens had low R′ values. The
large colonial Microcystis was highly rejected in July, but showed low
rejection in September (R′ = 0.1) and December (R′ = 0.03). In the
latter case, the low R′ value may be a result of the presence of
other algae such as Cyclotella, Scenedesmus, Oocystis, Chroococcus, and
Aphanocapsa that had even a higher probability of rejection. Algae that
had a high probability of being rejected generally had a low clearance
rate and vice versa.

The colonial size ofMicrocystis and F. crotonensiswas analyzed in the
egesta and in the food in July and September experiments (Fig. 4). In
July, the colonial size of F. crotonensis decreased significantly in egestion
water relative to that available as food (P b 0.00001), but theMicrocystis
remained almost the same (P N 0.05).Microcystis colony size decreased
significantly in excretion water in September (P b 0.01), however, the
size shift was not all that appreciable. There were many broken pieces
of F. crotonensis cells in the excretion water in July, which strongly
suggests that these colonies were ingested and were fragmented by
the digestive machinery in the stomach of the mussels. The modest
decrease in size of the excretion water relative to the initial water prob-
ably implies thatMicrocystiswas rejected as pseudofeces (Vanderploeg
et al., 2001, 2009).

Discussion

Our study is thefirst to determinequaggamussel clearance rates and
selectivities on different phytoplankton taxa in natural phytoplankton
assemblages through direct examination of phytoplankton community
change under light microscopy. Moreover, we are not aware of any
such studies with marine mussels or bivalves. We believe that such
studies are necessary to define the impact of bivalves on natural phyto-
plankton communities, since laboratory cultures often do not have
representative species of natural phytoplankton communities; strains
of species found in culture collections are not necessarily representative
of common strains in nature; and strain characteristics can change in
culture (Vanderploeg et al., 1988, 2013).

Technical considerations

Selectivities were determined by measuring net clearance rates
of the individual species and by measuring selective egestion by
direct comparison of egested phytoplankton composition with
phytoplankton composition available in their feeding suspension.
Formally speaking, relative clearance rates may be regarded as selectiv-
ities (e.g., Vanderploeg and Scavia, 1979) and our use of R′, which is
analogous to the selectivity coefficient W′ (Vanderploeg and Scavia,
te on total phytoplankton (F, FA), mean capturerate (CR) and assimilation rate (A) on total
terisks indicate results different from zero as defined by a one tailed T-test, P b 0.05.

CR(Chl) A(Chl) CR A

(μg/mg/h) (%C/day)

0.0040 ± 0.0001⁎ 0.0026 ± 0.0004⁎ 0.73 ± 0.055⁎ 0.685 ± 0.058⁎

0.0048 ± 0.0003⁎ 0.0024 ± 0.0005⁎ 0.063 ± 0.013⁎ 0.061 ± 0.018⁎

0.0301 ± 0.0023⁎ 0.0234 ± 0.0037⁎ 1.118 ± 0.137⁎ 0.859 ± 0.097⁎

0 0.0167 ± 0.00⁎ 0.0156 ± 0.0028⁎ 1.742 ± 0.655⁎ 0.298 ± 0.289
0.0332 ± 0.0023⁎ 0.0139 ± 0.0019⁎ 0.675 ± 0.092⁎ 0.391 ± 0.087⁎

–a 0.0277 ± 0.0038⁎ – –
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Fig. 1.Gross andnet clearance rate (F and FA) (mL/mg/h) of quaggamussel ondifferent phytoplankton taxa. Taxa labeledwith different letters (a, b, c) indicates significant differences from
one another within one experiment (significance at P b 0.05, One-way ANOVA, Bonferroni test). For species abbreviations refer to Table 1. Values represent means ± SEs. FA of CYC
on May-27, F of AI on Jul-3, FA of MC, CH, CYC and SC, and F of SC on Sep-23, FA of AI, CO, MC and CYC, and F of AI and MC on Dec-1 are not significantly different from zero (one tailed
T-test, P b 0.05).
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1979), allowed for correct, unambiguous quantification of selective
rejection. However, we do note that if viable gut passage occurs, there
will be a bias associated with the time frame, as material rejected from
the gills will begin and end relatively quickly, while feces production
could occur for some time after removal from a food source.

In theory, if all egested materials (both feces and pseudofeces) sank
to the bottom of the container after production, we would have obtain-
ed not only higher gross clearance rates than net feeding rates for all
phytoplankton taxa, but also all gross clearance rates would have been
identical for all species within an experiment, assuming that all the
algae were small enough to pass through the inhalant siphon of the
mussel. However, some egested materials–particularly pseudofeces–
can be fragile and potentially could have broken up before sinking to
the bottom of our large aerated buckets. Vanderploeg and Strickler
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(2013) observed that not only can pseudofeces be quite fragile, but
also that pseudofeces containing buoyant species like Microcystis can
be positively buoyant. Consistent with expectations, gross clearance
rates were generally larger than net clearance rates; however, not all
species had uniformly high gross clearance rates, therefore suggesting
that some of the egested material was re-suspended into the water
column above the mussels.

It is important to note that it is likely that at most or all times during
our study, phytoplankton concentration was below the incipient limit-
ing concentration based on the phytoplankton biovolume concentration
measurements (~2 mm3/L ≈ 2000 μg wet weight/L for zebramussels;
Sprung and Rose, 1988; Vanderploeg et al., 2001) or Chl concentration
(~9 μg/L for zebra and quagga mussels; Baldwin et al., 2002). Below
the incipient limiting concentration, it is unlikely that any high quality
ormis bugensis) selective feeding of phytoplankton in Saginaw Bay,
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Fig. 2. Capture and assimilation rate (CR andA) (%C/d) of quaggamussel on different phytoplankton taxa. Asterisks next to the column indicate significant differences of CR andA from zero
(one tailed T-test, P b 0.05). For species abbreviations refer to Table 1. Values represent means ± SEs.
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food would be rejected in pseudofeces or cleared at low rates; thus, net
clearance rates and egestion reported here are most likely responses to
food quality not quantity. Vanderploeg et al. (2001) noted the difficulty
in drawing conclusions from studies–particularly those with laboratory
cultures–that presented individual species or mixtures of phytoplank-
ton above the incipient concentration. This applies to most studies on
feeding mechanisms in marine and freshwater bivalves, reviewed for
example in Ward and Shumway (2004).

Overall clearance rates

We found that Chl a and phytoplankton carbon concentration
derived from phytoplankton counts of the Saginaw Bay assemblage did
not always parallel each other, sometimes showing large discrepancies.
One might expect different Chl/C ratios associated with light climate,
phytoplankton species, nutrient status, and physiological condition of
Please cite this article as: Tang, H., et al., Quagga mussel (Dreissena rostrif
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the phytoplankton (Kruskopf and Flynn, 2006). In addition, there can
be significant Chl a in the picophytoplankon size fraction (b2 μm).
Conroy et al. (2005) showed that phytoplankton biomass from counts
and Chl a concentration in long-term time series data in Lake Erie were
poorly correlated (R2 = 0.04) with each other. Considering how poor
Chl a can be as a surrogate for phytoplankton biomass, it is reassuring
that clearance rates based on Chl and phytoplankton C were generally
similar.

We found a similar broad range of clearance rates for quagga
mussels as was observed by Vanderploeg et al. (2001, 2009) for a
seasonal study of zebra mussel feeding in Saginaw Bay during the
1990s. Average net clearance rate of quagga mussels for total phyto-
plankton ranged from 0.0 to 7.9 mL/mg/h, which is well within the
range of zebra mussel clearance rates (~0–8 mL/mg/h) previously
reported by Vanderploeg et al. (2009; Fig. 3) using the Chl a method
at the same site.
ormis bugensis) selective feeding of phytoplankton in Saginaw Bay,
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Fig. 3.Comparison of the relative content (% of total phytoplankton biomass) of the dominant species in food (crosshatching bars), egestion (white bars), and rejection coefficient (R, lines)
of different species. Asterisks above the columns indicate significant differences between % of phytoplankton biomass in food and egestion (T-test, P b 0.05). Values of the relative content
represent means ± SEs. For species abbreviations refer to Table 1.
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These widely varying rates, as Vanderploeg et al. (2001, 2009) noted,
were strongly driven by the composition of the algal community, with
high clearance rates associated with an algal community dominated by
flagellates, and low clearance rates associatedwith coccoid cyanobacteria
colonies. Vanderploeg et al. (2001, 2009) used Cryptomonas as a bench-
mark for comparison in these studies. That F(Chl a), F, and FA for seston
was about the same as F(Chl a) and FA(Chl a) for the Cryptomonas exper-
iment the next day in the experiments in December suggests that quagga
mussels were processing water at maximal rates in experiments with
seston in December despite rejecting some of the phytoplankton species.
However, the assimilation rate (A) in our study was generally much
lower most of the time than zebra mussels because of a much lower
phytoplankton concentration (as seen by Chl a) than in previous years.

Contradictory results are found in other studies as to differences of
clearance rates between zebra mussels and quagga mussels. Diggins
(2001) found that quagga mussels cleared (gross clearance) sediment
suspensions faster than zebra mussels of the same length during most
seasons whether expressed on a per capita or per weight basis. For
Fig. 4. Comparison of colony size (greatest linear dimension) ofMicrocystis and Fragilaria
in food and egesta in July (Jul.) and September (Sep.). Asterisks above the column indicate
significant difference between colonial size in food and egestion (T-test, P b 0.05). Values
represent means ± SEs.

Please cite this article as: Tang, H., et al., Quagga mussel (Dreissena rostrif
J Great Lakes Res (2013), http://dx.doi.org/10.1016/j.jglr.2013.11.011
20-mmmussels, F ranged between 4 and 11 mL/mg/h for quagga mus-
sels, and 3–7 mL/mg/h for zebra mussels. In contrast, Baldwin et al.
(2002) found similar per capita clearance rates for quagga and zebra
mussels (~210 and 230 mL/h, respectively, both in length range of
19–22 mm) fed the laboratory-cultured chlorophyte Nannochloris, but
lower rates for quagga mussels when expressed on a per weight basis
(~6 mL/mg/h for 36 mg animals) than for zebra mussels (~10 mL/mg/h
for 24.6 mg animals) because of the heavier biomass of the quagga
mussels.

With regard to weight, Vanderploeg et al. (2009) reported a four-
fold difference in zebra mussel weight per unit for zebra mussels across
seasons associatedwith algal food quality and reproduction, and for this
reason, reported rates on a per unit filter area basis. It would be interest-
ing to know the length–filter area relationship for quaggamussels to see
if differences similar to per capita rates for a similar-sized animal reflect
similar filter areas because clearance rates are usually proportional to
filter area, which varies with the square of mussel length (e.g., Lei
et al., 1996). It would also be of interest to know whether, in general,
quagga mussels have higher tissue weight per unit length.

Selection and feeding mechanisms

As noted above overall clearance rates were strongly driven by spe-
cies composition. Knowledge of generalmechanisms of food selection in
mussels and other bivalves (e.g. review ofWard and Shumway, 2004) is
helpful for understanding phytoplankton selection in dreissenids. Our
results provide some insight into how these mechanisms interact with
natural phytoplankton assemblages for dreissenids as well as other
suspension-feeding bivalves, particularlymussels, since feedingmecha-
nisms can vary somewhat among bivalve groups (e.g. Ward and
Shumway, 2004). Egestion of pseudofeces can occur early in the food
collection process on the ctenidia or later as particles are sorted out on
the labial palps. Post-ingestive sorting in the stomach is lesswell under-
stood (Ward and Shumway, 2004). The rotating crystalline style and
teeth of the gastric shield break up large particles and aggregates,
enzymes are secreted, and light organic material and particle fragments
ormis bugensis) selective feeding of phytoplankton in Saginaw Bay,
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enter digestive diverticulae for intracellular digestion, whereas heavy
material passes into the intestinal groove and to the midgut, where it
mixes with other undigested material and is incorporated into fecal
pellets (Ward and Shumway, 2004).

We suspect that both pre- and post-ingestive processes are oper-
ating to explain our results. Quagga mussels showed obvious species
selectivity in almost all months. As we had summarized in the intro-
duction, many researchers (Dionisio Pires et al., 2004, 2005; Sprung
and Rose, 1988; Ten Winkel and Davids, 1982; Vanderploeg et al.,
2001) have suggested that phytoplankton size is an important factor
in selection in zebra mussels. Our results for quagga mussels are partic-
ularly interesting in that we show differences in selection for different
species of the same size and that a broad size range of particles can be
ingested. These results are likely due to physical and chemical proper-
ties of the phytoplankton and the ability of the mussels to process and
sort out these particles. For example, Rhodomonas (average greatest
linear dimension, GLD, of 7.9 μm) and Cyclotella (average GLD of
7 μm) had a similar small cell size and dominated in the community
almost at the same time (Table 1), but the net clearance rate of the
cryptophyte Rhodomonas was always higher. Rhodomonas was
never found in egested material (pseudofeces and feces), indicating
that it is highly preferred as food, as is the cryptophyte Cryptomonas
or other cryptomonads reported by many authors to be preferred by
zebra mussels (e.g., Bastviken et al., 1998; Horgan and Mills, 1997;
Naddafi et al., 2007; Ten Winkel and Davids, 1982; Vanderploeg et al.,
2001, 2009) as well as marine bivalves (Ward and Shumway, 2004).
In contrast, a large amount of Cyclotellawas found in the egested mate-
rial even when its initial concentration was rather low, and generally it
had high R′ values. Naddafi et al. (2007) using themethod of Pires et al.
(2005) also found that small centric diatoms were often found in
biodeposits—produced by zebra mussels over a period of 0.5 h after
their removal from food. Naddafi et al. (2007) assumed that these
biodeposits were pseudofeces; however, mussels were acclimated in a
fashion very similar to ours. Thus, material in biodeposits could have
been a mixture of feces and pseudofeces.

These results for Rhodomonas and Cyclotella presented simulta-
neously are consistent with both pre-ingestive and post-ingestive
sorting owing to the different nature of the cell walls of the two species.
The nakedflagellate Rhodomonas of likely high nutritive quality in terms
of fatty-acid profile (e.g., Vanderploeg et al., 1996) and lack of protective
cell walls would likely have a high sensory quality for ingestion and be
rapidly broken down in the stomach and passed to the digestive gland
for rapid intracellular digestion. In contrast, Cyclotella encased in its
silica test may not have as large a signal for ingestion, and its small
size and silica test would offer a challenge to processing in the stomach
and thus could be passed to the mid-gut unprocessed, as has been
observed for laboratory-cultured diatoms in marine bivalves (Ward
and Shumway, 2004). Thus, we think it most likely that rejection of
Cyclotella occurred post-ingestion, since large diatoms (assumed to
have the same sensory quality) in our experiment had high net clear-
ance rates.

Some observations such as those by Ten Winkel and Davids (1982)
and Naddafi et al. (2007) suggest that zebra mussels reject particles
larger than 60 μm. Again, this is likely an overgeneralization for
dreissenid mussels. In our study, quagga mussels preferred large
species within the same broad taxonomic group. Compared with
Rhodomonas, two other flagellates, the medium-sized dinoflagellate
Peridinium (with mean GLD of 20 μm) and large-sized colonial
D. divergens (with mean GLD of 90 μm) were cleared at significantly
higher rates. Also, the long ribbons of the diatom F. crotonensis (with
mean GLD of 200 μm) and the very long filaments of A. italica (with
mean GLD of 348 μm), the longest alga in our study, were cleared
at a higher rate than small sized Cyclotella andmost of the chlorophytes
and cyanophytes; these large preferred taxa were rarely found intact
in egesta and had low R′ values. Horgan and Mills (1997), using
phytoplankton counting, found high clearance rates on Aulacoseira
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by a broad range zebra mussel size classes (spanning the range
9–22 mm), and Vanderploeg et al. (2013) found high clearance
rates by both quagga and zebra mussels on the N53 μm Chl size
fraction when Aulacoseira dominated the large phytoplankton. In
contrast, Naddafi et al. (2007) found F. crotonensis (with mean GLD
of 200 μm) and A. italica were cleared by zebra mussels at a lower
rate.

That size ofMicrocystis found in egestawas not appreciably different
from that available as food, and that Fragilaria was broken into
small units suggested that Microcystis was egested–as expected–
as pseudofeces (e.g. Vanderploeg et al., 2001, 2009), and Fragilaria
was most likely broken up in the stomach and evacuated as feces.

Our results also show results similar to Bastviken et al. (1998), who
used microscopic counting to examine zebra mussel feeding on seston
and phytoplankton from the Hudson River in grazing chambers that
allowed them to measure net and gross feeding in a fashion somewhat
analogous to our method. They observed that gross clearance rates of
the different phytoplankton taxa were fairly similar, but that net clear-
ance rates of many species were lower than gross clearance rates. In
particular, net clearance rates of large flagellates and ciliates were
relatively high, and lowest rates were found for colonial Microcystis
and unicellular centric diatoms. Moderate rates were found for small
cryptomonads and Fragilaria, and moderately low rates were found for
Aulacoseira. The smaller mean size of (11.5 ± 5.9 mm) mussels in
their experiments may explain why they obtained lower clearance
rates than we did on the large colonies of Fragilaria. However, this
logic would not seem to apply to Aulacoseira, which was ingested
by a broad size range of mussels in the study of Horgan and Mills
(1997).

Selectivity among cyanobacteria and green algae

Colonial cyanobacteria (mainly Aphanocapsa, Chroococcus, and
Microcystis) and green algae had consistently low net clearance rates,
were often found in the egesta, and had moderately high or high R′
values. Mucilage or a thick gelatinous layer exhibited by the colonial
cyanophytes and the green alga Oocystismay account for high rejection
as was first suggested by Ten Winkle and Davids (1982) based on low
selection by zebra mussels for Oocystis and Chroococcus based on stom-
ach and gut contents. Note, however, gut content studies are difficult to
interpret, because some phytoplankton can be destroyed quickly in the
stomach, as noted by Ten Winkle and Davids (1982) themselves. The
large size of these species would make them easy items to reject as
pseudofeces. There could possibly be a chemical associated with the
mucilage, making it unattractive for ingestion. Colonial Scenedesmus,
smaller than most of the other colonial greens or blue-greens, had
moderately high clearance rates in two out of three experiments
and moderately high R′ values. Possibly this species is rejected post
ingestion because FA had moderate values in 2 of 3 experiments, and
its cell wall could offer some resistance to processing in the stomach.
Cultured Scenedesmus obliquus, having a similar morphology, was
readily ingested by zebra mussels in laboratory experiments as
evidenced by moderate to high FA(Chl a) values (e.g., Vanderploeg
et al., 2013) but lower than for Cryptomonas.

As noted by Vanderploeg et al. (2009), viable gut passage of gelati-
nous and non-gelatinous green algae is a well documented phenome-
non for the crustacean zooplankter Daphnia (Porter, 1976; Van Donk
and Hessen, 1993; Van Donk et al., 1997), and the extent to which
non-gelatinous green algae (Scenedesmus and Selanastrum) passed
through the gut increased with nutrient stress because of cell-wall
thickening (Van Donk and Hessen, 1993; Van Donk et al., 1997); this
has never been examined in mussels. There exists the intriguing possi-
bility that the quality of a given alga for mussel feeding will vary
across seasons, depending on nutrient stress. Our results for
Scenedesmus are consistent with this in that the lowest clearance
rates were seen in September, a time at which we would expect
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nutrient limitation to be at its highest for the months in which we did
experiments. Perhaps cell wall thickeningmay also affect sensory qual-
ity of algae for ingestion.

Microcystis has been the subject of many grazing studies with zebra
mussels, and has yielded contradictory results (Bastviken et al., 1998;
Dionisio Pires et al., 2005; Naddafi et al., 2007; Vanderploeg et al.,
2001). This study with quagga mussels, like those Vanderploeg et al.
(2001, 2009, 2013) performed with zebra mussels, indicate that
dreissenid mussels exhibit in general low clearance rates when fed
colonial Microcystis (Bastviken et al., 1998; Vanderploeg et al., 2001)
and rejected them as pseudofeces (Vanderploeg et al., 2001). Converse-
ly, Dionisio Pires et al. (2005) stated that Microcystis colonies were
cleared by zebramussels regardless of colony size, and few pseudofeces
were produced. These results were for laboratory strains or for
Microcystis isolated from a hypereutrophic shallow Dutch Lakes. In
our study, the net clearance rate of Microcystis was not significantly
different from zero except in the July experiment, yet R′ was 1.0 at
this time. This implies that although some was ingested, much was
rejected compared to other algae. Curiously, although the net clearance
rate was not significantly different from zero in September, other spe-
cies of colonial cyanophytes, chlorophytes, and Cyclotella had higher R
′ values. We find the low R′ value forMicrocystis in December puzzling
in view of its zero clearance rate.We do note thatMicrocystis colonies in
December weremuch smaller (~35 cells/colony) than those in July and
September (~500 cells/colony).

In experiments and an extensive review of the literature,
Vanderploeg et al. (2013) note that there can be great differences
among grazing vulnerability to Microcystis strains, even within the
same lake. However, work in the Great Lakes, Michigan inland
lakes, and experimental enclosures in general point to Microcystis
being strongly rejected regardless of nutrient status of the lake.

Selectivity summary

The following generalities can be made about selective feeding in
quagga mussels and likely for dreissenids as a whole. First, the size of
the mussel may limit the maximum size of phytoplankton ingested
through limitation of the size of the opening of the inhalant siphon and
mouth since these openings increase with mussel size (Vanderploeg,
personal observation). Second, cryptophytes and flagellates are the
preferred food of mussels, with larger flagellates having higher clear-
ance rates. The preference for these species is clear not only from clear-
ance rates but also from the absence of these species in biodeposits.
Third, small centric diatoms have low clearance rates because of rejec-
tion in either pseudofeces or perhaps through viable gut passage.
Fourth, colonial cyanophytes and large colonial chlorophytes generally
have lower net clearance rates and are may rejected on the ctenidia or
palps as pseudofeces. The possible role of viable gut passage needs to
be explored for these species. Fifth, filamentous cyanophytes exempli-
fied by Anabaena are readily ingested by dreissenids. Sixth, at least in
large mussels, colonial diatoms are preferred food. Sixth, it is possible
clearance rate on green algae varied with nutrient status as it changes
with season.

Implications of selective feeding for phytoplankton community structure

The results of our study reinforce the role of selective rejection by
both zebra and quagga mussels in promoting Microcystis dominance
and other changes in phytoplankton composition seen in Saginaw
Bay, other Great Lakes, and inland lakes (Raikow et al., 2004). Our ob-
servations on Microcystis, in general, support the selective rejection
mechanism for promoting Microcystis blooms. This mechanism has
been verified in two modeling studies for Saginaw Bay, which showed
that selective rejection was necessary for bloom promotion (Bierman
et al., 2005; Fishman et al., 2009). Fishman et al. (2010) also reported
an increase of the cyanophyte Aphanocapsa after the zebra mussel
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invasion, a result consistent with observed low grazing pressure and
rejection by zebra mussels. Also observed were decreases in pennate
diatoms like Fragilaria and an increase in small centrics (Fishman
et al., 2009, 2010), also consistent with our grazing results, assuming
that our results for quaggamussels apply to zebramussels. Interestingly,
Fishman et al. (2009) attributed the changes in the diatom community
to zebra mussels increasing water clarity, which would in theory favor
the centrics over Fragilaria. Consistent with our grazing observations,
Barbiero et al. (2006) saw decreasing concentrations of F. crotonensis as
well as other pennates, the dinoflagellateGymnodinium, and an increase
in small centrics in the spring phytoplankton of eastern Lake Erie after
the dreissenid (both species) invasion. Interesting, they found an
increase in Aulacoseira islandica, which would seem to contrast with
our observations of high preference for A. italica. Is it possible that
A. islandica offers greater resistance to grazing thanA. italica? The colony
dimensions of A. islandicawere not specified. The shifts to small centrics
and A. islandica, which were identified as having high Si requirements,
was in part attributed to increased Si availability fromdreissenid grazing
and Si recycling. Our results also are consistent with the profunda-
morph quagga mussels greatly reducing the concentration of large dia-
toms during the spring, when high concentrations would normally be
expected (Vanderploeg et al., 2010).
Future directions

Our study has clearly indicated that clearance rate and selectivity
vary greatly among phytoplankton taxa and that both pre-ingestive
and post-ingestive factors may be playing a role in food selection in
quagga mussels; the same is true of zebra mussels and bivalves in
general (e.g., Ward and Shumway, 2004). Much more work needs to
be done on determining the relative roles of pre- and post-ingestive
selection and how this selection varies with phytoplankton morpholo-
gy, cell wall characteristics (including thickness, gelatinous nature,
chemical nature, toxicity, and resistance to digestion), and nutritional
quality and toxicity of cell contents.

This work should ideally be donewith natural phytoplankton com-
munities, and if done with laboratory cultures, it should be done with
representative species at concentrations typical of those found in
nature. The quality of algae as food for zooplankton as a function of
nutrient status has been a major theme of zooplankton grazing re-
search. Our results suggest the same attention should be given to
mussels.

Our results are also consistentwith the role ofmussels causing chang-
es in observed changes inGreat Lakes phytoplankton composition,which
could have major impacts to whole food web (Vanderploeg et al., 2001,
2009, 2013). One of the major stumbling blocks to firmly establishing
the linkage between mussel grazing and impact is lack of knowledge of
mussel abundance in nature, since few studies of grazing have been
coupled to information on dreissenid abundance (e.g., Bastviken et al.,
1998; Smith et al., 1998; Vanderploeg et al., 2001, 2002, 2009, 2010).
We cannot specify the present impact of quagga mussels on the present
phytoplankton community of Saginaw Bay, because quagga mussel con-
centration is not known. We know that both quagga and zebra mussels
have been driving large changes in Great Lakes and other ecosystems
they have invaded (e.g. Vanderploeg et al., 2002, 2010). Future impacts
depend on dreissenid population dynamics and factors that affect
them such as predation by native and non-native fish populations
(Vanderploeg et al., 2002) whose population trajectories are impos-
sible to predict at this time.

As quagga mussels continue to spread throughout North America,
we can expect similar marked changes in phytoplankton abundance
and composition in other invaded systems. These impacts will depend
on the size of quagga populations, nutrient status, and the nature of
the phytoplankton communities themselves in the invaded systems
(Vanderploeg et al., 2010, 2013).
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