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Zebra mussel (Dreissena polymorpha) selective
filtration promoted toxic Microcystis blooms in
Saginaw Bay (Lake Huron) and Lake Erie

Henry A. Vanderploeg, James R. Liebig, Wayne W. Carmichael, Megan A. Agy,
Thomas H. Johengen, Gary L. Fahnenstiel, and Thomas F. Nalepa

Abstract: Microcystis aeruginosaa planktonic colonial cyanobacterium, was not abundant in the 2-year period before ze
bra mussel Preissena polymorphaestablishment in Saginaw Bay (Lake Huron) but became abundant in three of five
summers subsequent of mussel establishment. Using novel methods, we determined clearance, capture, and assimilation
rates for zebra mussels feeding on natural and labor&forgeruginosastrains offered alone or in combination with other
algae. Results were consistent with the hypothesis that zebra mussels promoted bloomsMf &®deginosain Saginaw

Bay, western Lake Erie, and other lakes through selective rejection in pseudofeces. Mussels exhibited high feeding rates
similar to those seen for a highly desirable food al§ayptomonap with both large (>531m) and small (<53um) colo-

nies of a nontoxic and a toxic laboratory strainMf aeruginosaknown to cause blockage of feeding in zooplankton.

In experiments with naturally occurring toxM. aeruginosafrom Saginaw Bay and Lake Erie and a toxic isolate from
Lake Erie, mussels exhibited lowered or normal filtering rates with rejectiokl.oheruginosain pseudofeces. Selective
rejection depended on “unpalatable” toxic strainsvafaeruginosaoccurring as large colonies that could be rejected
efficiently while small desirable algae were ingested.

Résumé: Mycrocystis aeruginosaune cyanobactérie qui forme des colonies planctoniques, s’est multipliée dans la

Baie de Saginaw (Lac Huron) durant trois des cinq étés qui ont suivi I'établissement de la Moule Dibissefa
polymorphg, alors qu’elle n’était pas abondante durant les deux années qui ont précédé cet établissement. Des métho-
des inédites ont permis de déterminer les taux de clearance, de capture et d’assimilation de Moules zébrées alimentées
de souches naturelles et de souches de laboratoilM. @eruginosa présentées seules ou en combinaison avec d’autres
algues. Nos résultats s’accordent avec I'hypothése qui veut que les Moules zébrées favorisent, par des rejets sélectifs
dans leurs pseudoféces, la formation de fleurs d’edli aeruginosade souche toxique dans la baie de Saginaw, dans

la région occidentale du lac Erié et dans d’autres lacs. Nourries de grandegn(}5& de petites (<5@m) colonies

d’'une souche non-toxique et d’'une souche toxique de laboratoiM. deeruginosa qui inhibent I'alimentation chez le
zooplancton, les moules maintiennent des taux élevés d’alimentation, semblables a ceux que I'on observe lorsqu’on les
nourrit d’'une algue trés recherchééryptomonas Dans des expériences d'alimentation utilisant des souches naturelles
de M. aeruginosatoxiques de la baie de Saginaw et du lac Erié et un isolat toxique du lac Erié, les moules présentent
des taux de filtration réduits ou normaux et rejettbhtaeruginosadans leurs pseudofeces. Ce rejet sélectif dépend de

la présence de grandes colonies de souches toxiques «a golt désagréad¥lemedeginosaqui peuvent étre éliminées
facilement, alors que les petites algues appétissantes sont ingérées.

[Traduit par la Rédaction]

Introduction which were common on Saginaw Bay (Stoermer and Theriot
1985; Bierman et al. 1984) and Lake Erie (Makarewicz
Noxious blooms of colonial cyanobacteria suchMisro-  1993) during the 1960s and 1970s, diminished as phespho
cystis Anabaena and Aphanizomenonare well known rus controls were instituted during the mid-1970s.
symptoms of eutrophication caused by excessive phosphorus Microcystisand other cyanobacterial blooms may have se
loading (Smith 1983; Sommer et al. 1986). These bloomsiious consequences to aquatic ecosystem function and
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health, to aesthetics, and to wildlife and human healthpothesis argued thaif) (mussels would continually filter in the
Microcystisand some other cyanobacteria produce a potenpresence oMicrocystis (i) mussels would ingest all algae
class of hepatotoxins called microcystins that can poisomxceptMicrocystis and {ii) mussels would produce loosely
aquatic organisms as well as wildlife, domestic animals, andonsolidated pseudofeces that would be injected back into the
humans that drink or ingest algae in the water (Carmichaelvater column. If zebra mussel biomass and weight-specific
1996). The major exposure pathway of microcystin isfiltering rate of the mussels allowed the mussels to clear the
through ingestion, although some toxins can be releasedater at a rate representing a significant proportion of algal
upon death of the cells (Lampert 1982; Nizan et al. 1986growth rate, then selective filtering would lead to
Fulton and Paerl 1987). The toxicity and large colonial sizeM. aeruginosadominance.

of Microcystisand other nuisance cyanobacteria can lower To investigate the selective feeding hypothesis, we-initi
ingestion and assimilation rates of zooplankton (Lamperated a series of experiments bf polymorphafeeding on
1982; Nizan et al. 1986). Toxicity, lowered assimilation naturally occurringM. aeruginosafrom Saginaw Bay and
rates, and low nutritional quality oflicrocystiscan cause Lake Erie and on pure laboratory cultureshdf aeruginosa
decreased survival and reproduction of zooplankton, thuscluding a strain isolated from the Lake Erie bloom of Sep
leading to inefficient pelagic food webs (Fulton and Paerltember 1995 (Brittain et al. 2000). In this paper, we examine
1987; Vanderploeg et al. 1996). how M. aeruginosacolony size, toxicity, and strain type-af

After zebra musselsDfeissena polymorphabecame es fect muss_el fe_eding behavior. Combining these. experimental
tablished in Saginaw Bay, there were anecdotal reports dlesults with biomass of zebra mussels in Saginaw Bay and
Microcystis aeruginosélooms on Saginaw Bayicrocystis ~ Lake Erie allowed us to quantify the magnitude of the selec
blooms were not expected on the bay because of decreastiin process. Also, becausBl. aeruginosablooms on
phosphorus loading. Thus, we wondered if zebra mussel@aginaw Bay were not documented, we examined time his
were somehow causing these blooms. This hypothesitries of phytoplankton composition before and after the ze
seemed plausible, alicrocystis blooms were reported in bra mussel invasion.
other systems where zebra mussels became established. In
September 1995, there was an intense bloom of
M. aeruginosathat was visible from shore and satellite im- Materials and methods
agery as a surface scum that covered much of the western
basin of Lake Erie (Budd et al. 2001). CyanobacterialStudy sites and collections
blooms had not been seen on Lake Erie since phosphorus Dreissena polymorphand water from Saginaw Bay were col-
loading reductions were instituted (Makarewicz 1993;lected from Station 5, a 3.5-m-deep station with a cobble, sand,
Nicholls and Hopkins 1993)Microcystis blooms following  and gravel substrate, in the inner bay (Nalepa et al. 1995) as part of

zebra mussel invasions have also been reported for Gu 6-year study of the impact of zebra mussels on the ecology of the

Lake and Gun Lake in Michigan (S. Hamilton, Michigan bay. Temperature, chlorophydl (Chl a), particulate organic carbon

State University, East Lansing, Mich., personal Communica-(POC)’ and algal composition were taken at this station at 1 m

. . . . depth during May, September, and October in 1990 and at least
tion) and the Bay of Quinte (Lake Ontario) (K. Nicholls, monthly during 1991-199@reissena polymorphand water from

Ontario Ministry of the Environment, Toronto, Ont., per estern Lake Erie were collected during the aeruginosabloom
sonal communication). Additionally, late-summer blooms ofof September 1995 in Hatchery Bay of South Bass Island

the colonial cyanobacteriumphanizomenoim Oneida Lake  (40°4001”N, 82°4961”W). Generally, both inner Saginaw Bay

followed the zebra mussel invasion (Horgan and Mills(Nalepa et al. 1996) and western Lake Erie (Schertzer et al. 1987)
1997). An exception to this pattern occurred in the Hudsorgre isothermal and well mixed. Western Lake Erie has a mean
River, whereMicrocystisand other cyanobacteria have virtu depth of 7.1 m, and inner Saginaw Bay has a mean depth of 5.1 m.

ally disappeared since the establishment of zebra musselsDreissena polymorphavere hand collected by divers using
(Smith et al. 1998). SCUBA. Rocks with attached clusters @f. polymorphawere

. . \arapped in moist paper towels and placed in coolers for transport.
The potential connection between zebra mussels anfhyssels and water were kept cool and transported on the day of

M. aeruginosahas important water quality management im collection to the Great Lakes Environmental Research Laboratory
plications; it appears that zebra mussels have reversed progsLERL) and then kept at ambient temperature and photoperiod.
ress made by nutrient control programs by increasing the

probability of a cyanobacterial bloom. For example, ingpeacclimation of mussels to natural seston containing
Saginaw Bay (Bierman et al. 1984), Lake Erie (MakareW'CZMicrocystis

1993), Gull Lake (Tessier and Lauff 1992), and the Bay of A (cacclimation period was provided to allow mussels to rees
Quinte (K. Nicholls, Ontario Ministry of the Environment, taplish natural feeding behaviors for the ambient lake seston.
Toronto, Ont., personal communication), blooms occurredrypically, mussels were collected in the late morning and used in
after drastic reductions in phosphorus loading and improveexperiments after ~17 h of reacclimation to lake seston at the am
ments in water quality. bient lake temperature. Upon arrival at GLERL within 4-5 h of

Our preliminary observations involving traditional bottle collection, mussels typically ranging in length between 13 and
experiments and direct observations with video duringt® MM were gently removed from the rocks to which they were

. . ttached by cutting their byssal threads with a razorblade, and
September 1994 showed that mussels did not inge eriphyton adhering to the shells was gently brushed off. Twenty to

M. aeruginosabut nearly continually filtered and produced 3q of these mussels were placed in a 30-L aquarium filled with
pseudofeces. This behavior led us to hypothesize that zebfgke water collected that day. After ~14 h, all mussels were placed
mussels promoted and maintainkld aeruginosablooms via  in another 30-L aquarium filled with new lake water & h before
rejection ofMicrocystisas pseudofeces. Fully stated, the hy being used in the feeding experiments.
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Chlorophyll, temperature, POC, and ash-free dry weight urate nutrient uptake by the algae and to prevent different algal
For the time histories of temperature and triplicate measuregrowth rates from occurring in the control versus experimental

ments of Chla and POC, methods of Nalepa et al. (1996) werebeakers as a result of mussel nutrient excretion; final concentra

used. For Chla determinations for feeding experiments, the se tions were 12.5 and 25@M phosphate and nitrate, respectively, or

quential filtration apparatus (Bowers 1980) fitted with a GF/F filter 2.5, 25, and 2%M phosphate, nitrate, and ammonium.

downstream of a 5@m-mesh Nitex filter (cut from Nitex screen) ~ We measured changes in Gakoncentration in small (<5@m)

was used to collect >53 and <%@n size fractions. These filters and large (>53um) size fractions to examine the mussels’ response

were extracted inN,N-dimethylformamide and analyzed fluero to naturally occurringM. aeruginosa which occurred as colonies

metrically (Speziale et al. 1984). Precision (S8 for all replicate  in the larger size fraction. Measuring Calconcentrations in the

Chl a analyses for monitoring and experiments was better than 5%water column and on the entire beaker contents after resuspending
Ash-free dry weights (AFDW) of mussels were determined byall settled material at the end of the experiment allowed us to do a

removing mussels from shells, drying for 2 days at 60°C, andmass balance of mussel-induced changes to distinguish between

ashing at 550°C for 1 h. In some experiments, AFDW was deterwhat Chla was filtered and what was assimilated. Typically, two

mined from length—AFDW regressions of mussels collected at the?00-mL samples were taken by wide-bore volumetric pipette from
same station and time. the water column and from the mixed beaker contents for &hl

analyses.
Filtering (clearance) rate=] for particle removal in each experi

Algal culturing and phytop_lankton ana_IyS|s mental container was calculated by (Vanderploeg et al. 1995)
Algae were harvested in exponential phase, except for

M. aeruginosastrain CCAP 1450/11(described below), which was -

harvested in the early stationary phase of growth. The appropriatgl) F = (VIn)In(Cuc/ Zuc)

quantity of algal suspension was diluted into ambient seston or 0.2whereC,, is the mean Chéa concentration in the water column at

um-filtered lake water as required for the experiment. All culture the end of the experiment in control containeZs, is the Chla

media were filter sterilized with a O m membrane filter. concentration in the water column of an experimental container at

Cryptophytes were grown in WC media (Vanderploeg et al. 1996)he end of the experimen¥ is the volume of water in the cen

modified by doubling NaHC@ halving NaNQ, and adding tainer during the experiment is the number of mussels, ands

0.1 mM NH,CI at a light intensity of 4Qumol quanta-m?-s® on  the duration of the experiment.

16 h light : 8 hdark cycle at 20°C. AIM. aeruginosastrains were We calculated this filtering rate for both chlorophyll size frac-

cultured in BG-13 + NaNGQ; (2 mM) + NaHCQ, (10 mM) me-  tions and used the filtering rate on the preferred size fraction

dium (Rippka and Herdman 1992) plus the WC vitamin mixture (F,.), i.e., the size fraction having the highest filtering rate, to es-

under continuous light at 4@mol quanta-mé-s™* at 25°C. timate pumping rate (Vanderploeg et al. 1995). THg would
Lake water samples for phytoplankton enumeration were preclosely approximate pumping rate if particles in the preferred size

served in 1% Lugol's solution, and 2- to 50-mL subsamplesfraction were efficiently filtered and if feces and pseudofeces pro-

(depending on algal concentration) were filtered onto membranejuction added back to the water column in this size category was

filters for permanent mounting on slides; cell dimensions of thelow (Vanderploeg et al. 1995).

different taxa were converted to cell carbon for reporting biomass The product of pumping rate and “average” concentration ofeChl

(Fahnenstiel et al. 1998). Some experimenters working with laboin the water column(,,) gave Chla removed, i.e., the capture

ratory cultures reported algal concentrations in units of cells perate (CR)

litre. For comparison with our laboratory results, we converted o

them into volumetric units of cubic millimetres per litre from-re (2) CR =FyeCuc

ported cell dimensions. _ ) )
C,c was calculated with the formula given by Frost (1972):

Toxin concentration 3 C = —C)/(In Z,. — In C
Microcystin, the toxin produced biicrocystis was measured 3) we = (ue ol e o

by enzyme-linked immunosorbent assay (ELISA) of polyclonal an where C, is the mean initial concentration of chlorophyll in all
tibodies to microcystin-LR (An and Carmichael 1994). Seston orcontainers.

algal cultures were filtered onto GF/F filters and extracted in meth  To calculate assimilation rate and the corresponding clearance
anol. Typically, 1-2 L of seston and 25-50 mL Microcystiscul- rate for assimilated material, we used the following approach.
ture were filtered, and triplicate ELISAs were run with a precision Using equations analogous to egs. 1 and 3, a filtering aggfor
(SE/X) of ~10%. Microcystin concentration was normalized to total Chla in the beakers (after mixing beaker) and “average”-con
Chl a concentration and dry weight of the sestonMicrocystis  centration of Chla (Ct) in each experimental beaker were calcu
culture. To estimate microcystin concentration per unitVbéro- lated. Analogous to eq. 2, we calculated assimilation rA)eaé
cystisChl a in seston, we assumed that the proportioMadrocystis _

Chl ain the seston was the same as that for algal carbon estimated) A = FCs.

from algal counts. . . . —_
Using A given by eq. 4 and the basic definition of clearance rate

(eq. 2), the filtering rate for Chh assimilated was calculated from

General design of filtering experiments the Chla available in the water column by

To obtain estimates of filtering rates and other feeding rate vari
ables on natural seston and algal cultures, we developed a novg*,) Fa = A/éwc-
experimental approach based on methods of Walz (1978) and
Vanderploeg et al. (1995). Experiments were usually conducted in All filtering rates were normalized to AFDW of the mussels
2-L beakers in dim light (4—&mol quanta-m?-s™). Gentle bub used in the experiments as well as to gill surface area calculated
bling provided agitation to assure mixing in four experimental from the gill area to mussel length relationship given by Lei et al.
(with mussels) and three control (without mussels) beakers and t(1996). This latter normalization, which was used throughout this
keep particles suspended during the 1.5- to 3-h experimentgaper, was chosen to provide filtering estimates that were-inde
Usually, four mussels were placed in each experimental beakependent of mussel size (Kryger and Riisgard 1988; Lei et al. 1996)
Enough phosphorus and nitrogen were added to the beakers to sand condition (weight for a given length), which can change with
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site, reproductive status, and season (Nalepa et al. 1993; H.Aure to allow examination of mussel feeding on large versus small
Vanderploeg, unpublished data). colonies or individual cells. CCAP 1450/11 contained no micro
To calculateA or CR as a percentage of mussel body carbon, wecystin (Table 2). We chose PCC 7820 because it is known to be
converted Chh feeding rate to carbon feeding rate by multiplying toxic and severely depress feeding and surviveDaphnia magna
Chl a feeding rate by the ratio of seston particulate carbon (POCYNizan et al. 1986). LE-3, the most toxic strain in this study-(Ta
to Chla concentration. AFDW of mussels was converted to carbonble 2), was isolated from thel. aeruginosabloom on Lake Erie in
content by multiplying AFDW by 0.524 (Nalepa et al. 1993). September 1995 (Brittain et al. 2000). The work with the LE-3
All feeding rate variables were calculated for each size fractionstrain and other strains was particularly important for examining
and for the total of both size fractions. The size fraction referred tofeeding onMicrocystis colonies in the <53um fraction because
was put in parentheses next to the variable, and when no referené@lonies in this size category were not available in natural seston.
to a size fraction is presented, it refers to the variable calculated Acclimation to these experimental mixtures of laboratory-cul
from the sum of chlorophyll in both size fractions. Note thatoy ~ tures was similar to the reacclimation procedure described for
definition, equalsA(<53) + A(>53), butF, does not usually equal natural seston; however, acclimation periods varied according to
FA(<53) + FA(>53). The relativeF, values of the two size frac experiment (Table 2)Dreissena polymorphased in these experi
tions provide estimates of selectivities for the total filtering— ments were maintained in the laboratory on Algae Diet C -(pre
ingestion—assimilation process for algae in the two size-classeserved Thalassiosira Skelatonemalsochrysis and Chaetocerops
(Vanderploeg 1994). Unless there is significant survival of algag(Coast Seafoods Co., South Bend, Wash.) supplemented with
during gut passage, relativé, values closely approximate C. ozoliniin large well-mixed and aerated aquaria (Vanderploeg et
selectivities for ingestion. All feeding rate variables were tested toal. 1996).
see if they were significantly differenP(< 0.05) from zero using a Experiments 1 and 2 looked at feeding rate variables for a single
two-tailedt test. strain of M. aeruginosa(Table 2). Experiment 1 with CCAP
1450/11, in addition to examining the effect of a particular strain
type, examined the response of mussels to a high concentration of
seston Microcystis as found during a bloom (Table 2). Experiment 2, as

Th | of th . ith | h . @/ell as Experiments 3 and 4, used much lower algal concentrations
e goal of the experiments with natural seston that containeqs mjgnt occur before a bloom to determine selectivity processes
M. aeruginosawas to determine feeding rate variables on natural

X - X “leading to bloom formation.
M. aeruginosacolonies in contrast with other seston. Two experi- g mytitreatment Experiments 3 and 4 each used the same set of
ments were conducted using unmodified seston: Saginaw Bay (SB), ;ssels with three different algal treatments (Table 2). Experiment 3
seston (11 July 1995) and Lake Erie (LE) seston (21 Septembelaated the mussel response to different-sized colonies of the LE-3
1995) (Table 1). Other experiments addetlodomonas minutar — gyain of\. aeruginosaTreatment 3A explored the mussels’ response
Cryptomonas ozolinismall (5um and 8um) highly digestible ;e | E-3 strain presented as small colonies (size fraction)
cryptqphytes of high food quality (Vanderploeg et al. 1996)' to un'produced by screening the suspension through [@anb8ereen. Treat-
modified seston or to >53, 53—-15f, or >153um size fractions of o 38 examined the effects of a more even distribution of colony
seston dominated byl. aeruginosaTable 1). Experiments involv- ;o5 Treatment 3C witBryptomonaswas a control to show the ef-
ing cryptophyte addition were designed to show filtration and re-tots of 4 highly desirable alga.
jection abilities of the mussels whe_n qffered a small desirable alga Experiment 4 examined the response of mussels to mixture of
in the presence of nat“urally occurringicrocystis small colonies of the LE-3 strain dfl. aeruginosaand Crypto-

In the experiment “SB seston > §#n + Rhodomona$ we a5 Treatment 4A withCryptomonaswas used to establish a
gently concentrated natural seston on gub8screen and added it paqeling of effects of high-quality food alone. Experiment 4B was
andRhodomonato 0.2um-filtered lake water to produce the chlo  jone tg establish what the effects of small colonies (mean cells per
rophyll size distribution in Table 1. In the experiment “LE seston + colony = 4.3) ofM. aeruginosastrain LE-3 offered alone. These
Rhodomqna& thdomona:was addeq to LE seston to enrich the .4 gnies were prepared by pouring the culture through arB7-
<53um size fraction final concentration of g Chl a-L™. Both  creen Treatment 4C examined the effects of 50:50 mixture (based

of these enrichment experiments were performed 1 day following,, ce|l volume concentration measured with a Coulter counter
experiments with the natural seston, and mussels were kept-n na(tv

. L anderploeg et al. 1995)) of small colonies of LE-3
ural seston before they were added, without acclimation, to thqv]_ aeruginosaand Cryptomonason mussel feeding.
cryptophyte-amended suspensions.

The experiments performed with SB sestorC#yptomonason
15 August 1997 were sequentially performed with the same- musResults
sels previously acclimated to natural seston for ~1 day (Table 1).
The first experiment used seston concentrated on aufrb8ereen  Chlorophyll, phytoplankton composition, and
added to 0.2um-filtered lake water enriched witryptomonasin  mijcrocystin in Saginaw Bay
the second experiment, we added seston in the size range 53-zehrg mussels started significantly recruiting to Saginaw
153 um by collecting seston on a 58n screen that had first been Bay during the late summer and fall of 1991 (Nalepa et al
filtered through a 158m screen to see if mussels would better ingestlggs) Monitoring results for 1092—1996 revealed that in ev.

“smaller” than “larger” Microcystis colonies (Table 1). The mus )
sels were acclimated fol h with the eperimental mixture of ©FY year except 1993, there was a dramatic clear-water phase

seston andCryptomonasprior to each experiment. in s_pring followed by.relatively high Chh concentration
during the summer (Fig. 1). In 1993, the clear-water phase
lasted throughout the summer.

Design for experiments with Microcystisin natural

Eﬂ?ﬁggyg:‘isexperlments with laboratory cultures of In 1990, before the zebra mussels invaded the bay, the

Experiments with three different laboratory strains of cyanobacterlurrOscHIatorla comprised 35-40% of_phy{o
M. aeruginosawere performed to evaluate effect of strain, micro Plankton biomass during May and September, but it or other
cystin concentration, and colony size on mussel feeding and behagyanobacteria were not found in October. In 1991, cyano
ior. We selected strains having different microcystin concentratiorbacteria were rare (0-10% of the biomass) afidrocystis
(Table 2) that maintained some degree of colony formation in cul was not found. In contrasiM. aeruginosawas an important

© 2001 NRC Canada
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Table 1. Experimental conditions for zebra mussels feeding on naturally occukMingcystisin seston from Saginaw Bay (SB) and Lake Erie (LE) on mixtures with

R. minutaand C. ozolini

Microcystiscolony size

Size fraction Cuc Microcystis Microcystin concentration in (cells-colony™)
Experiment Date (um) (gL ™) biomass (% Microcystis (ug-ug Chl a™) Mean Range
SB seston 11 July 1995 <53 4.4
>53 19.3 82
Total 23.7 67 0.25 2130 300 — 10 000
SB seston > 53um + Rhodmonas 12 July 1995 <53 6.1
>53 17.1 82 0.25 2130 300 — 10 000
Total 23.2
LE seston 21 Sept. 1995 <53 1.3
>53 36.6
Total 37.9 76 3230 800 — 10 000
LE seston +Rhodmonas 22 Sept. 1995 <53 3.5
>53 16.6
Total 20.1 76 3230 800 — 10 000
SB seston > 158m + Cryptomonas 15 Aug. 1997 <53 2.8
>53 1.9 99 0.30 1320 200 — 4 500
Total 4.9
SB seston 53-15@m + Cryptomonas 15 Aug. 1997 <53 3.2
>53 1.7 82 0.30 207 20 — 700
Total 4.9

Note: C,,. is the average Chh concentration available to the mussels during the experimeniX 85 in all cases <5%. All experiments were run at 20-21°C.

chkch
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Table 2. Experimental conditions for zebra mussels grazing on diffeknaeruginosastrains andC. ozolini offered alone or together.

Microcystin _
Acclimation Temperature  concentration Size fraction  Cye
Strain or mixture and comments Experiment period (h) (°C) (ug-pg Chla  (um) (gL
CCAP 1450/11 1 4 25 0 <53 10.8
>53 1.0
Total 11.8
PCC 7820 2 70 17 0.22 <53 3.9
>53 0.5
Total 4.4
LE-3° (<53 um) 3A 18 20 0.66 Totdl 5.6
LE-3° 3B 2 20 0.66 <53 0.8
>53 0.7
Total 1.5
Cryptomonas 3C 1 20 0 Totd 7.8
Cryptomonas 4A 18 20 0 Tote 3.0
LE-3° (<53 um) 4B 18 20 0.66 Totél 3.8
50:50 mixture of LE-3 (<53um) 4C 19 20 0.66 TotaP 4.2

and Cryptomonas

Note: Experiments with same number but different letter designations were run with the same mussels on the same or consecutive days in the indicated
order. LE-3 (<53) refers to the LE-3 strain that was poured through a screen to produce colonjgs; <53 is the average Cha concentration
available to the mussels during the experiment;>Ski&as in all cases <5%.

aCulture Collection of Algae and Protozoa, Ambleside, U.K.

®Pasteur Culture Collection, Paris, France.

‘Lake Erie isolate of Wayne Carmichael (Brittain et al. 2000).

dMicrocystin concentration iMicrocystisfraction.

“Cryptomonasor LE-3 Microcystisfell within the <53um size fraction.

Fig. 1. Seasonal chlorophyll concentrations at Station 5 in ments, microcystin concentration was about the same (Ta-
Saginaw Bay during years before and after zebra mussels in-  ble 1). Although the microcystin concentration in the Lake
vaded Saginaw Bay. Data are means that have a precision Erie bloom was not measured, the isolate from the bloom
(SE/X) of better than 5%. had a high concentration of microcystin (Table 2). In Sep-
tember 1992, other gelatinous colony-forming cyanophytes,
20 ] Agmenellurand Synechococcugsombined withMicrocystis

to account for 80% of the algal community.

Experiments with natural seston
The mussels in all experiments except the SB experiment
(with unmodified seston) exhibited high values B{<53)
that were significantly different from zero (FigaB A simi-
lar pattern was seen fd¥,(<53), except thafF,(<53) was
appreciably lower thaifr(<s3) in the LE experiment. In con
trast,F(>53) was low and~, (>53) was very low (Fig. 3) in
all experiments. Only in the case of the experiment “SB
seston 53-153m + Cryptomona’% were both F(>53) and
FA(>53) significantly different from zero. Sindd. aeruginosa
dominated the >53m fraction (Table 1), this implied that
' ' ' ' ' ' ' the response to the >%8n fraction represented the response
Apr. May June July Aug. Sept. Oct. Nov. to Microcystis That F(>53) was much less thaR(<53) im
Month plied that an appreciable portion of CR not assimilated was
returned to the water column under the mixing regime of
this experiment. The low or zero values©f(>53) (relative
component (>40% of biomass on at least one date) of the ato high values of,(<53)) imply very low or zero selectivity
gal community during 1992, 1994, and 1995 and tended tdor the M. aeruginosacolonies.
dominate during summer and early fall (Fig. 2). During The high values of(<53) (= pumping rate) and the very
blooms in Saginaw Bay and Lake Erie, the colonies weréhigh concentrations of Chd in the >53um fraction in the
quite large, having 300 — 10 000 cells-colohyTable 1). “SB seston > 53im + Rhodomonag$ “LE seston,” and “LE
During nonbloom periods, colonies were smaller (Tables Iseston +Rhodomondsexperiments (Table 1) led to very high
and 3); however, in all caseb). aeruginosawas primarily CRs (CR = 200-380% C-day-1, Figs)3most of which was
found in the >53um size fraction. At all times sampled (Ta not assimilated (Fig.@ but, as shown by video observations,
bles 1 and 3)M. aeruginosawas toxic, and during experi was expelled in the form of pseudofeces primarily composed

Chlorophyll (ug* L")
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Fig. 2. Seasonal phytoplankton composition expressed as relativeof Microcystis colonies (H.A. Vanderploeg, unpublished

carbon biomass at Station 5 in Saginaw Bay during years of

Microcystisdominance.
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data). These pseudofeces were very unconsolidated, a mass of
loosely aggregated colonies that tended to break down into
their constituent colonies as they were expelled from the
incurrent siphon (H.A. Vanderploeg, unpublished data).

Large and significant values & were in all cases due to
the large contribution of\(<53). Becausé\ is the product of
filtering rate and Chla concentration (eq. 5), the large but
not significant values oA(> 53) andA for the LE expeH
ment were due to the product of low but varialfig(>53)
values (Fig. B) and very large Chh concentrations in the
>53 um size fraction (Table 1).

Experiments with laboratory cultures

Mussels exhibited high values &f F,, andA when feed
ing on the toxic (Table 2) PCC 7820 strain M aeruginosa
(Experiment 2, Fig. 4). TheF(<53), F(>53), FA(<53),
FA(>53), andA of PCC 7820 were all equal to or greater than
the respective values of f@ryptomonasn the other experi
ments (Fig. 4). Thus, the mussels treated this toxic strain as a
preferred food, and selectivityFf) for large colonies
(>53um) was nearly as high as for small colonies (458).

The F andF, of the nontoxic CCAP 1450/11 strain (Ta
ble 2) were considerably lower than the respective values for
PCC 7820 (Fig. 4). Bothr(>53) andF,(>53) of the CCAP
1450/11 strain were negative, aR@<53) andF,(<53) were
considerably lower than the respective values for PCC 7820
or Cryptomonashowever,A was about the same. Much of
the material filtered was ingested because both CR And
had similar values. In Experiment B, F,, andA were low
or not significantly different from zero for the LE-3 strain of
Microcystis whether presented as colonies <48 (Treat-
ment 3A) or distributed between size-classes (Treatment 3B)
(Fig. 4; Table 2). In contrast, after gnl h of acclimation,F,

Fa, and A were high for Cryptomonas(Treatment 3C,
Fig. 4). In Experiment 4F, F,, andA were high forCrypto-
monas not significantly different from zero for the LE-3
strain of Microcystis and low for the mixture of the LE-3
strain of Microcystisplus CryptomonagqFig. 4).

Discussion

Strain- and size-specific response

Mussel response tl. aeruginosavas strain specific. The
toxic PCC 7820 and nontoxic CCAP 1450/11 strains were
readily filtered E,) or assimilated A) at rates comparable
with those ofCryptomonasa highly desirable food. It seems
probable that lowr(<53) andF,(<53) values for the CCAP
1450/11 strain ofM. aeruginosaresulted from the Chh
concentration in this experiment being above the incipient
limiting concentration (ILC). Sprung and Rose (1988) found
that the ILC for zebra mussels feeding @hlamydomonas
expressed in algal volume units was ~2 falm'; average
concentration of CCAP 1450/11 was equivalent to
7.2 mn?-L7L It is also possible that there was some inhibi
tion of filtering rate due to this culture being in early station
ary phase rather than exponential phase as were all other
cultures. The negative values B{>53) andF,(>53) proba
bly do not indicate a lack of ingestion of colonies in the
>53 um fraction. Instead, this is probably a typical case of
the particle-production problem that arises when high food
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Table 3. Colony size and microcystin concentration Mf aeruginosaat Station 5 in Saginaw Bay.

Microcystiscolony size (cells-colony) Microcystin concentration
Date Mean Range Watepnd- L™ Microcystis (ug-ug Chl a™)
20 June 1995 691 100-1000 0.10 0.14
11 July 1995 2130 300 — 10 000 3.5 0.25
15 Aug. 1995 71 50-100 0.10 0.20

Note: Values for water are totals for the particulate phase.

Fig. 3. Effect of naturally occurringVl. aeruginosaon (@) filtering rates F), (b) filtering rates for assimilated chlorophylFg),

(c) capture rates (CR), andl)(assimilation ratesA) in experiments (Table 1) with seston from Saginaw Bay (SB), Lake Erie (LE),

and mixtures of seston and laboratory culturesRbibdomonagRhod) andCryptomonagCrypt). In all casesM. aeruginosadomi

nated the >53im size fraction. For each experiment, results are shown from left to right fougb@pen bars), >53m (hatched

bars), and the total (shaded bars) size fractions. Means and standard errors for the four replicate experimental beakers are shown, and

asterisks indicate values significantly differet € 0.05) from zero.
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concentration in one size category is transformed into partil450/11 strains oM. aeruginosawere considerably higher
cles in another size category having few particles to begithan the maximum of 4.5% C-dayreported by Walz (1978)
with (Vanderploeg et al. 1984). Here, concentration of €hl for the pennate diatomNitzschia The experiment with the
in the >53um fraction was very low, and high pseudofeces PCC 7820 strain showed that both large and small size frac
production resulting from high CR(<53) added much @hl tions of M. aeruginosawere ingested (and assimilated).
to the >53um fraction. In contrast,F, and A of the small colonies of the LE-3
The F, values for Cryptomonasand PCC 7820 (90— strain and large colonies @fl. aeruginosaof Saginaw Bay
100 mL-cm?hY) correspond closely to the high filtering or Lake Erie seston were low or zero. Since the LE-3 strain
rate (84—114 mL-cmi-hY) reported by Kryger and Riisgard was isolated from the Lake Erie bloom, we can argue that
(1988) forChlorella at 20°C under “ideal” laboratory condi Lake ErieM. aeruginoseof all sizes were unpalatable to the
tions. Assimilation rates of 30-40% C-d&ybserved in our mussels. Thé&, andA of M. aeruginosafrom Saginaw Bay
experiments foICryptomonasand the PCC 7820 and CCAP were low, whether presented as that found in natural seston
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Fig. 4. (a) Filtering rates k), (b) filtering rates for assimilated chlorophylFf), (c) capture rates (CR), andi)(assimilation ratesA)

in four experiments (Table 2) with individual strains M. aeruginosain comparison withC. ozolini (Crypt) and in mixture to evahu

ate the effects oM. aeruginosastrain type and sizeMicrocystis aeruginosatrain types: CCAP, Culture Collection of Algae and Pro

tozoa (Ambleside, U.K.) strain 1450/11; PCC, Pasteur Culture Collection (Paris, France) strain 7820; LE, LE-3 strain. The experiment
numbers referred to in Table 2 are shown on the abscissa, and the uppercase letters refer to treatments within an experimental series
with the same mussels. Means and standard errors for the four replicate experimental beakers are shown, and asterisks indicate values
significantly different P < 0.05) from zero. In experiments labeled CCAP (Experiment 1), PCC (Experiment 2), and LE (Treatment

3B), a broad size range of colonies (Table 2) was presented and results are given fon €&3en bars), >53m (hatched bars), and

the total (shaded bars) size fractions. In experiments with small-sized colonies ofM.LEa8ruginosa(labeled LE <53),C. ozolini

(Crypt), or mixtures of Crypt and LE <53, all cells or colonies appeared in theugb&action and are presented as “total” results

(shaded bars).
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or that in the restricted size ranges of 53-153 and kB3 clusions of the importance d¥l. aeruginosastrain type on
Experiments with other large colony-forming algal speciesmussel response. Lavrentyev et al. (1995) observed zero net
and microzooplankton indicated that colonies in the sizeclearance rates ddicrocystisin screened (40 and %8n) and
range of 53-153um, although not filtered at maximal rates, unscreened Saginaw Bay seston in September and October
would not present a great impediment to feeding (e.g.1994, when 40% of the algal biomass wdicrocystis
Maclsaac et al. 1991; Horgan and Mills 1997; Bastviken etBastviken et al. (1998) showed that “net” clearance rakg ]~
al. 1998). Ten Winkel and Davids (1982) noted that algae asf natural coloniaMicrocystis(with greatest linear dimension
large as 75@m could be ingested. Thus, although it is pessi of 49 um) in Hudson River seston was about 25% of that of
ble that very large colonies may be impossibleBoeissena  the preferred foods, which were ambient cryptophytes and
to ingest, chemical quality or toxicity was important to the unicellular culturedVl. aeruginosa(Carolina Biological Sup
mussels’ response. Poor chemical quality was suggested pf/) added to the seston.
the reason for the much lower selectivity for @s-diameter In contrast, Baker et al. (1998) reported that unicells of
colonies of the cyanobacteriu@hroococcuselative to al the nontoxic UTEX 2386 and toxic UTEX 2385 strains of
gae of the same size (Ten Winkel and Davids 1982). M. aeruginosawere cleared at a rate greater than green al
Experiments of Lavrentyev et al. (1995), Bastviken et al.gae and diatoms. Clearance rates calculated for their 20-mm
(1998), and Baker et al. (1998) are consistent with our conmussels for the nontoxic strain were5-4 2 mL-cnt? ! at
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16°C, which falls between the values reported for PCC 782Giltering 93—-97% of the time (H.A. Vanderploeg, unpub
and CCAP 1450/11. Respective concentrations of algae etished data).

pressed on a volumetric basis were 3.4, 2.3, and 7.2-bfn

where the first value refers to initial concentration and theSorting abilities of mussels

other two are average concentrations from Table 2. Based on The depression of feeding rate seen in the mixture of LE-3
the expected lowered filtering rate due to an ILC of Microcystisand CryptomonagExperiment 4) probably indli

~2 mne-L~t (Sprung and Rose 1988), these results represermates an inability to sort out smaMlicrocystiscolonies from
feeding rates on desirable foods. CryptomonasThe depression in filtering rate was also seen

The low clearance rates that Baker et al. (1998) observett mussel feeding activity (H.A. Vanderploeg, unpublished
on green algae and diatoms were probably a result of their b@bservations). Mussels exposedGoyptomonasalone were
ing above the ILC; the diatoms and green algae were muchctively filtering 92% of the time whereas they were filtering
larger thanMicrocystisand all algae were presented at a highonly 41-52% of the time when given small LEMicrocystis
initial concentration (19 cells-mLY). In the case of the colonies or the LE-3Microcystis + Cryptomonasmixture,
diatom Cyclotella the initial concentration of focells-miz2  and few pseudofeces were produced (H.A. Vanderploeg,

corresponds to 52 mirL L, unpublished data). - _ _
Mussels do have the ability to sort out different particles

and even different algal species. Ward et al. (1998) showed

Role of microcystin that the marine musseWytilus can sort out detritus of

Microcystin concentrations inM. aeruginosa from  Spartina(3—20um) from similarly sizedRhodomonag6—
Saginaw Bay were midrange (0.14-0.8§ug Chl at) of 13 um) and enrich the pseudofeces with a higher concentra
values reported forM. aeruginosa in German Lakes tion of Spartinarelative toRhodomonasBaker et al. (1998)
(Sivonen and Jones 1999). The 11 July 1995 microcystiishowed that when various high concentration mixtures of
concentration of 3.;ig-L™! in Saginaw Bay was the highest large green algae and diatoms were presented to mussels
concentration found in the particulate phase in our study ofvith small unicells of nontoxid. aeruginosathe pseudo
Saginaw Bay. Much higher concentrations (10-1@L™Y)  feces were enriched with the large algae relativeMioro-
have been found in more eutrophic systems with highegystis Furthermore, as noted above, zebra mussels had a
Microcystisconcentrations (Sivonen and Jones 1999). If thdower selectivity for 25im-diameterChroococcuselative to
microcystin content of the LE-3 strain were representative opther algae of the same size (Ten Winkel and Davids 1982).
M. aeruginosain Lake Erie from which it was isolated, the However, no one has shown that small (46 algal spe-
toxin concentration found in Lake Eridlicrocystisin Sep-  cies of nearly the same size can be sorted. The depression in
tember 1995 would have been estimated atug4 ' and feeding rate in mussels was similar to that in filter-feeding

would have fallen within the high end of the range reportedcladocerans wheMicrocystiswas paired with similar-sized
for lakes (Sivonen and Jones 1999). desirable green algae (Lampert 1982; Fulton and Paerl

The high values of, andA for PCC 7820 were surpris- 1987)- It is unknown how much of the small colonies of
ing given its well known tendency to “block” ingestion in Microcystis relative to other food, is required to cause a sig-
Daphniaand cause rapid mortality from the small amountnificant drop in mussel feeding.
ingested (Nizan et al. 1986). PCC 7820 is also known to be ) o
toxic in mouse bioassays, and its extracts are toxic to -cope=cosystem implications
pods, which normally reject it and thus avoid ingestionpiq zepra mussel grazing promote toicrocystis
(DeMott and Moxter 1991). The toxic strain used by Bakeryominance?
et al. (1998) was less potent than PCC 7820 in that ingestion e o not have extensive series of algal community struc
was not as much suppressedDaphnia and survival was  ,re and toxin concentration for either Saginaw Bay or Lake
high (Nizan et al. 1986). It would be tempting to explain grie that cover a long period before and after the zebra-mus
Dreissens low Fa and A on the LE-3 isolate from Lake gg| jnvasions; however, some information is available. In
Erie to be a result of its high microcystin concentrations rel 1990 and 1991, before zebra mussel dominance in Saginaw
ative to other strains. However, it has been argued that-toxicBay’ Microcystiswas not abundanMicrocystis aeruginosa
ity of Microcystisto zooplankton may not be actually caused yominated the algal community of Saginaw Bay during
by microcystin but another secondary compound termedgg2 during brief periods during 1994, and for much of the
Daphniatoxic compound (DTC) (Jungmann and Benndorfsymmer during 1995. In all times sampled in 1995,
1994). In addition, the rejected. aeruginosdrom Saginaw . aeruginosacontained microcystinSynechococcusvas
Bay had a microcystin concentration about the same as thagjsg present in September 1992 and it, in addition to
for PCC 7820. M. aeruginosacould have been toxic because it is a known

Perhaps the low values d#(<53) and F,(<53) of the  microcystin producer (Domingos et al. 1999). Furthermore,
mussels in Saginaw Bay seston represented a chronic effeittis possible that our estimates ddicrocystis abundance
of a long-term exposure to a high concentration of toxicmay be underestimated. Lavrentyev et al. (1995) reported
Microcystis Toxic Microcystishad dominated the algal cem that Microcystisdominated 40% of the algal community in
munity at Station 5 in Saginaw Bay for 3 weeks before thisSeptember and October 1994, and our 30-cm-diameter 64-
experiment. Video observations showed that in this experiumrmesh plankton nets were clogged with lafgerocystis
ment, the mussels were actively filtering only 54% if the colonies that may not have been adequately sampled by the
time whereas in all other experiments, including the one2-50 mL subsampled for making phytoplankton slides.
with Saginaw Bay seston enriched wighodomonaswere  Thus, Microcystis was not a dominant part of the phyto
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Table 4. Dreissena polymorphbdiomass (Nalepa et al. 1999; T.F. Nalepa, unpublished data) and grazing impact en desir
able algae expressed as the fraction of the water column cleared (= mortality rate coefficient) in the inner portion of
Saginaw Bay assuming a clearance rate of 10-30 mt:-img (=38—129 mL-cm?-day* for mussels in our study), which
were typical low and high values measured there by Fanslow et al. (1995).

Year
Variable 1992 1993 1994 1995 1996
Biomass (g-1m) 43.33 3.15 2.17 2.87 9.38
Fraction of water column cleared (day 2.04-6.12 0.15-0.45 0.10-0.30 0.14-0.42 0.44-1.32

plankton community 2 years before the invasion and was agrazing was also high in western Lake Erie, where Bunt et
important part three out five summers following the zebraal. (1993) estimated that mussel clearance of the water col
mussel invasion. umn was 0.4-1.0-day and a more recent estimate (H.A.
In Lake Erie, cyanobacteria were a minor component ofvanderploeg, unpublished data) puts it at ~1-day
the phytoplankton before (1985-1987) and during the early High filtering rates, which would favor the selection pro
expansion of the zebra mussel population (1988-1990¢ess forMicrocystis were dependent on composition of the
(Nicholls and Hopkins 1993). N#licrocystisbloom of the algal community. Experiments with natura¥licrocystis
magnitude of that occurring during September 1995 had ocshowed that F(<53) and F,(<53) were greatest when
curred in the few years before or after this bloom. Such aryptophytes were added to the seston. Particularly notewor
bloom would have been obvious from shore or satellite im thy is the zero or negative values B{<53) andF,(<53) in
agery. These data from both Saginaw Bay and Lake Erie arde experiment with Saginaw Bay seston that became very
consistent with mussels increasing the probability of ahigh with the addition oRhodomonasif selective rejection
bloom, butMicrocystisblooms are not a certainty. was operating as a mechanism for dominanc®mfrocystis
Whether or not zebra mussels were responsibléicro-  in July 1995 in Saginaw Bay, then filtering rates had to be
cystisbloom promotion, they were not capable of controlling higher at an earlier time. The relatively high(<53) and
Microcystis concentrations. Marine mussels have been deFa(<53) for unmodified Lake Erie seston of 1995 probably
scribed as ecosystem stabilizers and eutrophication controfollow because cryptophytes and various flagellates were the
lers (Herman and Scholten 1990) through their control ofdominant component of the phytoplankton afiéicrocystis
phytoplankton concentration by grazing. This control of Thus, composition of the algal community could have been a
phytoplankton concentration and resultant water clarity iactor in whether a bloom occurred.
often mentioned as ecosystem impacts of zebra mussels The production of loosely consolidated pseudofeces is
(e.g., Fahnenstiel et al. 1995; Caraco et al. 1997; Smith et atonsistent with the return of viablicrocystisto the water
1998). Microcystis dominance in Saginaw Bay and Lake column for continued growth. Baker et al. (1998) showed
Erie and high summer chlorophyll concentrations inthat pseudofeces produced in various combinations of labo-
Saginaw Bay serve as a cautionary tale for the ideas of ecdatory algal cultures, clay suspension, and laboratory-
system stabilization or eutrophication control. produced detritus were diffuse. Moreover, they showed that
We estimated the potential collective impact of zebra-musthe algae in the pseudofeces were alive and continued to
sels on mortality rate of desirable algae by calculating thedrow when cultured.
fraction of water cleared (= mortality rate coefficient) by the . . )
mussels per day in the inner bay region of Saginaw BayPid zebra mussels select for a toxic grazing-resistsint
using biomass of mussels and weight-specific filtering rateg€ruginosastrain?
given by Fanslow et al. (1995). Using a range of realistic up  That zebra mussels showed low filtering rates and nega
per and lower values of weight-specific filtering rates from tive behavioral responses to the LE-3 toxic strain but not to
Fanslow et al. (1995) resulted in mortality rate coefficientsthe PCC and UTEX toxic strains raises the possibility that
ranging between 0.10 and 6.12-dhagver the study period there may have been a selection for a particularly toxic or
(Table 4). Typical specific growth rates of phytoplankton in unpalatable strain dfl. aeruginosan Lake Erie. This argu
natural systems range between 0.2 and 0.5%daynutrient- ment would also apply to Saginaw Bay, where
limited systems with a maximum between 1 and 2-day M. aeruginosawas also toxic and unpalatable as measured
where nutrients are not limiting (Reynolds 1997). Measuredy microcystin concentration and mussel response. It can be
specific growth rates in Saginaw Bay were 0.20-0.25-day argued that this response is not just a question of micro
(Fahnenstiel et al. 1995). Since most of the mortality ratesystin content because the mussels would have ingested
were in the range of specific growth rates or greater, mussegreat quantities of microcystin in the experiments with the
grazing could have been an important force in promotingPCC 7820 strain. There was probably selection for large
Microcystisand other grazing-resistant cyanophytes and alM. aeruginosacolonies because selective rejection was only
gae. In Saginaw Bay, mussels had the strongest hypotheticgfficient with large colonies.
grazing impact on mortality during 1992, which was the first
year the mussels were there in all seasons and the biomagéy were there nddicrocystis blooms in the Hudson
was high. In 1994 and 1995, values were more modest buRiver and shallow Dutch lakes?
were about the same as algal growth rate. However, in the It is important to consider that other factors such as light
nonbloom years of 1993 and 1996, calculated grazing imintensity (Mur et al. 1999), nutrient ratios (e.g., Smith 1983),
pact was also appreciable. The potential impact of musselnd water temperature (Robarts and Zohary 1987) can affect
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competitive interactions betweddicrocystis and other al  strategy would be most effective where nutrient concentra
gae. It is not surprising that zebra mussel selective rejectiotions are sufficient to promote rapid algal growth. Perhaps
did not lead to blooms of toxic nitrogen-fixing cyanobacteriathis scenario sometimes occurs in western Lake Erie, where
such asAphanizomenomand Anabaenawhich would be fa  phosphorus concentration is higher than in Saginaw Bay
vored under very low nitrogen to phosphorus ratios, becausgHolland et al. 1995; Johengen et al. 1995). We do not know
Lake Erie and Saginaw Bay have moderate and high ratiognough about the relationship between nutrient concentra
respectively (Holland et al. 1995; Johengen et al. 1995)tion and standing stock of zebra mussels to predict grazing
Blooms of large coloniahphanizomenotave occurred in  pressure in different systems to evaluate grazing resistance
eutrophic (i.e., low nitrogen to phosphorus ratio) Oneidaversus growth rate strategies. Possibly, the lower incidence
Lake in late summer and autumn since the establishment aff blooms in Lake Erie compared with Saginaw Bay results
the zebra mussel (Horgan and Mills 199Fjicrocystisand  from success of the rapid-growth strategy in most years.
many other cyanobacteria have growth optima above 25°C, We have shown thatlicrocystisis selectively rejected by
whereas green algae and diatoms have optima consideral#gbra mussels and that selective rejection can be a large se
below 25°C (Robarts and Zohary 1987). Thiicrocystis  lective force forMicrocystisor other grazing-resistant algae
blooms will occur only in summer and be favored by and cyanobacteria in shallow systems where zebra mussel
warmer temperatures. density is high. Because the selective rejection mechanism

It would seem puzzling at first thalicrocystis has not requires thatMicrocystis be returned to the water column,
dominated in certain other systems such as the Hudson Rivéi€ mechanism would work best in turbulent systems such as
(Caraco et al. 1997; Smith et al. 1998) or shallow Dutchlarge shallow bays and lakes.
lakes (Reeders et al. 1989; Reeders and Bij de Vaate 1990) if
zebra mussel grazing was the cause of blooms in other Ioc%
tions. The disappearance, rather than promotioniufro- cknowledgements
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