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Predicted impact of zebra mussel (Dreissena
polymorpha) invasion on water clarity in
Lake Mendota

Tara Reed-Andersen, Stephen R. Carpenter, Dianna K. Padilla, and
Richard C. Lathrop

Abstract: Lake Mendota, which is plagued by periodic cyanobacterial blooms, is typical of many lakes in the-Lauren
tian Great Lakes region that are vulnerable to zebra musBetss&ena polymorphabut have yet to be invaded. We
coupled removal estimates with chlorophyll production estimates in a dynamic model to predict the likely impact of
mussel-mediated removal of phytoplankton on water clarity across a range of hypothetical zebra mussel densities.
Models were fit to chlorophyll and temperature data collected biweekly from Lake Mendota during 1977-1993. When
we assumed daily epilimnetic circulation, the percentage of days when the chlorophyll concentration exceegled 50

was decreased threefold at mussel densities as low as 1000 musselghan we assumed less frequent epilimnetic
circulation, the density of mussels required to substantially improve water clarity increased dramatically. We predict
that zebra mussel invasion would lead to increased water clarity in Lake Mendota. Cyanobacterial blooms would be re
duced but not eliminated. Negative impacts on other lake processes following zebra mussel invasion could outweigh the
benefits of lower phytoplankton concentrations.

Résumé: Le lac Mendota, affecté par le fléau des efflorescences périodiques de cyanobactéries, est caractéristique de
nombreux lacs de la région des Grands Lacs laurentiens qui sont vulnérables aux moules Pébiggana polymor-

pha mais qui n'ont pas encore été envahis par cette espéce. Nous avons jumelé des estimations de I'absorption des
cyanobactéries aux estimations de la production de chlorophylle dans un modéle dynamique pour prévoir I'impact pro-
bable de I'absorption du phytoplancton par les moules sur la transparence de I'eau a diverses densités hypothétiques de
moules zébrées. Les modeles ont été ajustés aux données sur la chlorophylle et la température recueillies toutes les
deux semaines dans le lac Mendota, de 1977 a 1993. Lorsque nous avons supposé une circulation épilimnétique quoti-
dienne, le pourcentage de jours ol la concentration de chlorophylle dépassgaiti 5ba été trois fois moindre a des

densités de moules atteignant a peine 1000 moutésklrarsque nous avons supposé une circulation épilimnétique

moins fréquente, la densité de moules requises pour augmenter sensiblement la transparence de I'eau a augmenté de fa-
con spectaculaire. Nous sommes d’avis qu’une invasion de moules zébrées augmenterait la transparence de I'eau du lac
Mendota. Les efflorescences de cyanobactéries seraient réduites, mais pas éliminées. Des effets négatifs pour d’autres
processus lacustres suite a une invasion de moules zébrées pourraient 'emporter sur les avantages d’'une réduction des
concentrations phytoplanctoniques.

[Traduit par la Rédaction]

Introduction of vectors for transport, most commonly recreational boat
trailers (Padilla et al. 19%. While zebra mussels have

Since their introduction into North America in the late spread throughout the region, a large number of lakes have
1980s (Hebert et al. 1989), zebra mussé@se{ssena poly  yet to be invaded. Lake Mendota serves as an icon for
morphg have spread throughout the Great Lakes regioneutrophic lakes not yet invaded. An extensive time series of
Factors controlling the ability of zebra mussels to invadephytoplankton data make this lake ideal for forecasting the
lakes include limnological properties such as calcium-conimpacts of zebra mussel invasion of eutrophic lakes in the
centration and pH (Ramcharan et al. 1992) and the presendaurentian Great Lakes region.
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Zebra mussel invasion can cause dramatic changdsra mussel population (Koutnik and Padilla 1994), and fre
throughout the ecosystem (Karatayev et al. 1997). For exanguent boat traffic between Lake Mendota and infected wa
ple, zebra mussel populations have resulted in declines iters makes it likely that the mussels will invade in the
phytoplankton biomass (Caraco et al. 1997), changes in theelatively near future (Padilla et al. 1986 Thus, Lake
size structure of zooplankton populations (Pace et al. 1998)ylendota offers us an excellent opportunity to make predic
and increased growth rates in benthivorous fishes (Karatayetions based on our current understanding of zebra mussel
et al. 1997). In addition to the ecological effects, zebra-musphysiology and ecology that may later be tested against
sels interfere with recreation and navigation by foulingpostinvasion data and may potentially be generalized to a
boats, boat docks, buoys, and swimming beaches (Griffithaumber of similar lakes. By compiling what we know of-ze
et al. 1991). In many lakes, chlorophyll concentrations havéora mussel physiology and ecology into a predictive model,
decreased following zebra mussel invasion (Karatayev et athe results of which can be tested postinvasion, we test the
1997). In Europe, managers have introduced zebra mussetempleteness of our current knowledge and add to our future
into eutrophic ponds to improve water clarity (Reeders andgredictive capabilities.

Bij de Vaate 1990). We coupled zebra mussel bioenergetics estimates of

It is not universally true that lakes with large populations phytoplankton clearance rates with an empirical phyto
of zebra mussels have lower overall chlorophyll concentraplankton growth model to predict the impact of zebra mus
tions than would be expected given their phosphorus loadsels on water clarity, specifically the effects of zebra mussels
(Mellina et al. 1995). Chlorophyll reductions coincident with on the frequency of cyanobacterial blooms. Previous models
zebra mussel invasion may be attributable to other factorsf zebra mussel impacts have assumed daily mixing of the
such as reduced non-point-source phosphorus emissioepilimnion. Although the epilimnion of Lake Mendota is fre
(Nicholls 1997). However, zebra mussel clearance rates amuently subject to daily mixing, complete mixing may take
high (Sprung 1995) and populations tend to be denseseveral days at low wind speeds (Bryson and Ragotzkie
(Maclsaac et al. 1992). Estimates of the potential for phyto 1955). Thus, we investigated the effects of mixing frequency
plankton removal by zebra mussel populations include reon the phytoplankton removal potential of zebra mussel pop
ductions of 36% of the primary productivity of Lake Erie ulations.

(Madenjian 1995) and filtration of water volumes equivalent
to Lake St. Clair twice a day (Hebert et al. 1991) or the
freshwater estuary of the Hudson River every 2 days (RoditMethods and materials

et al. 1996).
) We modeled the impact of zebra mussels on water clarity based

The bargo%nt ofbphytoplanlkton acl;ually rﬁTOVEdh from a "o quantity of phytoplankton that a mussel can remove from
water body by zebra mussels may be much less than maxjge \yater column, chlorophyll production rate, the number of mus-

mum filtering rates would predict because removal rates arge|s in the population, and the proportion of phytoplankton avail-
directly related to the amount of phytoplankton availableaple to the mussels at any given time. In Lake Mendota,

(Sprung and Rose 1988). Also, because zebra mussels as®lorophyll concentration and water clarity are related. As chloro-
stationary in the benthos, the entire phytoplankton populaphyll concentration decreases, light penetration increases (Lathrop
tion of a lake is not necessarily available for removal. Thereand Carpenter 1992). Lake Mendota is relatively large and deep so
fore, circulation patterns can control the amount ofthat, in general, water clarity in the lake is not affected by

phytoplankton delivered to mussels. However, most ana|yser§suspension of particles from wave action near the shoreline.
to date assume thoroughly mixed water bodies Therefore, chlorophyll concentration may serve as a surrogate for

Lake Mendota h t ive li loaical datab l:other particulate matter that influences water clarity. Roditi et al.
ake viendoia nas an extensive limnological catabase. %&996) have shown that zebra mussels effectively clear all

this study, we have compiled a 16-year time-series Ohgariculates, including phytoplankton and seston, from the water
summer temperatures and phytoplankton concentrationsgiumn.

(Lathrop and Carpenter 1992; Wisconsin Department of Nat
ural Resources, unpublished data accessible from the Nor%emoval

Tem_perate !‘akes !_ong-Term Ecolc_)glcal Research PrO.J?C ' The total quantity of phytoplankton removed by a zebra mussel
Madison, Wis.). This database provides a stronger empiricopylation includes both the total amount consumed and the
basis for modeling than might otherwise be possible. In adamount not consumed but deposited as pseudofeces. For consump
dition, Lake Mendota is typical of many lakes in the Lauren tion estimates, we used the consumption component of a zebra
tian Great Lakes region. Lake Mendota is a eutrophic lakenussel bioenergetics model by Schneider (1992). Pseudofeces pro
receiving between 15 500 and 67 000 kg phosphorusyearduction was estimated after Madenjian (1995). This methed al
from the surrounding agricultural basin (Lathrop et al.lowed us to model phytoplankton removal by individual mussels
1998). Ongoing non-point-source pollution reduction effortsWithin a population as a function of weight, temperature, and
are focused on reducing lake phosphorus concentrationgeston concentration. These individual estimates could then be
which leads to a reduction in summer blue-green algal denspUmmed to model the phytoplankton removal by a zebra mussel

. . - opulation of any given density and size distribution. Zebra-mus
ties and improves water clarity (Lathrop et al. 1998). Thesels close their shells periodically, resulting in active filtration

availability of long-term chlorophyll, temperature, and wind 5pproximately two thirds of the time (Walz 1978). Therefore,-con
data with which to develop our model makes Lake Mendotasumption and pseudofeces production estimates were multiplied by
an ideal system in which to investigate the potential effect®.67 (after Padilla et al. 199%.
of zebra mussel invasion on stratified, eutrophic lakes.

Lake Mendota is extremely vulnerable to invasion by ze Consumption
bra mussels. The water chemistry could support a dense ze The zebra mussel bioenergetics model estimates growth from
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consumption minus metabolic and reproductory costs (SchneidgPseudofeces production

1992). The consumption component of this model is By binding phytoplankton in pseudofeces, zebra mussels can re
move as much or more chlorophyll than they consume (Walz

(1) C=aWr {T)P 1978). We modeled pseudofeces using the proportion

where C represents consumption (grams chlorophyll per mussel Pf =1.791— e(L-346V °*(024W*- By

per day,a. is the maximum consumption rate (grams chlorophyll
per gram mussel per day® factors in the weight dependence of where pseudofeces production is consumptiorPfx(grams per
consumption (withW as the wet weight (grams) of the mussel and day) (Madenjian 1995). The values féf andP are the same as in
b, as the dimensionless exponent of maximum consumption). Th#&he consumption component (see eq. 1).
temperature dependence of respiration is included(T), and P
ranges from 0 to 1 and reflects the proportion of maximum-con Chlorophyll production
sumption realized (Schneider 1992). We used three measures of phytoplankton in Lake Mendota:
We used values for, (0.027 g chlorophyll-gt mussel-day) (i) the amount of standing stock chlorophyll in the lakié) & pub
and b, (-0.39) from Madenjian (1995). Because zebra musselgished estimate of daily summer primary production, aiid) @
have a linear response to increasing food concentrations up tphytoplankton growth model fit to Lake Mendota data. Most-esti
1250pg chlorophyll-L* (Sprung and Rose 1988F, was modeled  mates of the effect of zebra mussel filtration of phytoplanktor bio
as (chlorophyll concentration)-(maximum removable concentration) mass have used some variant on the first (Hebert et al. 1991; Roditi
(Madenjian 1995). The temperature-dependence function was moet al. 1996) or second (Madenjian 1995) measure of phytoplankton
eled after Thornton and Lessem (1978) with parameter valueabundance. By including the phytoplankton growth model in our
taken from Schneider (1992). The function is analysis, we are able to evaluate zebra mussel impacts on-phyto
plankton biomass within a dynamic system.
f(T) =kaky
Phytoplankton standing stock
where To estimate the standing stock of chlorophyll, we multiplied its
concentration by the average volume of lake water in the epilim
o = kely nion. Chlorophyll concentration was estimated as the mean of sam-
1+ k(-9 ples collected biweekly during the ice-free seasons of 1977-1993
(Lathrop and Carpenter 1992; Wisconsin Department of Natural
Resources, unpublished data, data accessible from the North Tem-
perate Lakes Long-Term Ecological Research Project, Madison,
Wis.). The average summer epilimnetic depthd m (Soranno
_ 1 4, 0941-k) 1997) with a volume of 285.6 x $am3 (Brock 1985).
To—-Q 0.0,

Il = eg1(T_@

91
Lake Mendota primary productivity

Kk, Daily summer primary production in Lake Mendota was taken
ky, = — 42 from Brock (1985) who estimated that production ranged from 0.5
1+ Kyl -9 to 6.0 g C fied-nm%.day* during the summers of 1979-1981. We
converted these production estimates into chlorophyll concentra
[, = e%(T-T tions using an average ratio of 0.04 g of chlorophyll for every gram
2 of carbon fixed (Reynolds 1984).
OB 1 In 0.981-ky) Phytoplankton growth

T -Ty 0.0%, An empirical model for predicting chlorophyll production was
fit to the 16 years of ice-free season chlorophyll data from Lake
The temperature at each time step is giveriThy, (12°C) is the ~ Mendota. The data consisted of chlorophyll samples taken at inter
lowest andT,, (21°C) the highest temperature at which consump vals of 14 + 2 days and ranged from 1 to 116 L with a mean
tion is 98% ofa., T, (32°C) is the highest temperature at which of 24.8pg-L~" and a standard deviation of 19:4-L~* (Lathrop and
consumption isk,a, and Q (2°C) is the lowest temperature at Carpenter 1992; Wisconsin Department of Natural Resources, un
which consumption ik,a.. The empirical coefficient&, (0.1) and  published data, data accessible from the North Temperate Lakes
k, (0.02) are dimensionless. All parameter values ex@eqte con Long-Term Ecological Research Project, Madison, Wis.). Our goal
stant for this application. was to find a simple empirical relationship that predicted chloro
To run the removal model, we relied on a database of biweeklyphyll concentration at each time step with minimal prediction er
chlorophyll samples and surface temperature measurements cdpr. To find the best model, we evaluated a family of regression
lected during the ice-free season on Mendota from 1977 to 199810dels (Table 1). Because the relationship between chlorophyll
(Lathrop and Carpenter 1992; Wisconsin Department of Naturafampled at timeé and chlorophyll sampled 2 weeks later appeared
Resources, unpublished data, data accessible from the North Tertp be roughly log-linear (Fig. 1), we constructed the models te pre
perate Lakes Long-Term Ecological Research Project, Madisorglict log chlorophyll, denoted\ (Table 1). We added a termA,,
Wis.). We set a lower bound on temperature (3°C), below whichfor the effect of differences in the time between sampling. Density
there was no removal of chlorophyll by zebra mussels. While zebrglependence was included asA?. Lake Mendota experiences a
mussels survive below this temperature, filtering cilia are immobileDaphniadriven clearwater phase through the spring (Lathrop et al.
(Reeders and Bij de Vaate 1990). For an upper thermal threshold,999). To capture this, we added a dummy variablgyalued at 1
we chose 27°C, above which inhibition of activity has been re during the clearwater phase and 0 thereaff@aghnia data taken
ported (Karatayev et al. 1998). Temperatures in Lake Mendota dufrom Lathrop et al. 1999). The most appropriate day for the end of
ing the ice-free season rarely exceed these boundaries. In our 18€ clearwater phase was determined by fitting
year data set, the temperature fell below 3°C on five sampling oc
casions and above 27°C twice. A =b+bD; +g
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Table 1. Family of models evaluated to form the algal growth model.

Can. J. Fish. Aquat. Sci. Vol. 57, 2000

Model Negative log Log likelihood

No. Formula likelihood ratio AIC r2

1 A1 = by + & 290.96 293 0

2 Aug = by + DA + g 274.87 2:1 =32.17 279 0.290
3 A = by + bA + DAA + g 274.04 3:2=1.66 280 0.291
4 Au1 = by + DA+ DAIAZ + g 273.09 4:2 = 3.57 279 0.291
5 Aiq = by + b A+ bD; + 270.92 5:2 =7.91 277 0.334
6 Ay = by + DA + DAIA, + DAA? + 273.26 6:3=1.56 281 0.291
7 A1 = by + b A+ DALA, + bgDy + g 270.1 7:3=7.88 278 0.334
8 Aup = by + DA + DAAZ + bgD, + g 270.11 8:4 =5.95 278 0.337
9 A = by + DA + DoAIA, + DAtA? + bD + 5 269.02 9:6 =8.48 279 0.339

Note: Models are nested so that each is grown from a “parent” by an additional #gfisithe natural log of chlorophyll concentration at
time t, AtA represents algal growth between sampling tineg)? represents density dependenBgjs a dummy variable for spring grazing
by zooplanktonp, are parameters estimated by maximum likelihood, arate independent and identically distributé{0, c®). Parameter
estimation was done using maximum likelihood. A likelihood ratio of >3.84 (given in bold) implies that the additional parameter is a
significant improvement (Hilborn and Mangel 1997). The model that most closely fits the data is indicated by the lowest Akaike
information criterion (AIC) value.

Fig. 1. Natural log of chlorophyll concentrations at tini&A,)

Fig. 2. Comparisons of the 1977-1993 data (solid lines) with-sim
versus timet + 1 (A,q) in Lake Mendota during the ice-free sea ulations (dashed lines) based on two chlorophyll growth models
sons of 1977-1993. Data were collected approximately biweekly.for Lake Mendota. § Model 2 predicts chlorophyll concentrations
at timet + 1 from a constant plus chlorophyll concentrations at

S PN time t plus a stochastic error ternb)(Model 5 has an additional
n * 00 * ‘00 o o parameter for zooplankton grazing in the spring.
4 - . *2 .0
T o3 0% R 100
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whereD;; is the value ofD on dayt when dayj is the date of the
end of the clearwater phase. Errogg, were normally distributed 50 -
with mean 0 and homoscedastic variances. We used maximum
likelihood for parameter estimation. The negative log likelihood,
assuming a normal distribution, was minimized for 143.
For all models the residuals were approximately normally dis 0 +—— , , — — —
tributed. Model 1, tha#,; was constant, was rejected on the basis
of autocorrelation in the residuals. No other model showed evi 10 25 40 55 70 85 100 115

dence of autocorrelation as indicated by autocorrelation and partial
autocorrelation function plots. Models were compared using the

negative log likelihood ratio with the null hypothesis that the addi
tion of a parameter did not significantly improve the fit of the
model (Hilborn and Mangel 1997). Using this criterion, models 3, is a series of independent normal pseudorandom numbers with
4, and 6 were not significantly better than the next less complicatednean 0 and variance, calculated as

model (Table 1). As extensions of models 3, 4, and 6, models 7, 8,
and 9 were also rejected. Model 5 produced the lowest Akaike in

Vi = X; CX;

Chlorophyll a concentration (pg-L'1)

formation criterion value (Akaike 1973), indicating that it was the where C is the covariance matrix for the parameters of model 5
best fitting of the alternatives tested (Fig. 2). The distribution of anqx, is the predictor vector [1A, D, (Draper and Smith 1981).
predictions from model 5 fits observations more closely than pre Technically,z should follow a Student's distribution, but because
dictions from model 2 (Kolmogorov—Smirnov statistic = 0.257 for of the large number of degrees of freedom fo(167), the Stu

model 5 and 0.281 for model 2).

We generated values for stochastic simulations, ase?: where

dent’st distribution is nearly identical with the more easily simu
lated normal distribution.
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When we coupled the removal and production models, we usetiabitat led to a simulated zebra mussel population of mixed age
daily water temperatures interpolated from weekly samples takeand a mean length of 13.3 mm.
in 1987, the year for which we had the most complete data.
Circulation
Mussel population Physical modeling of water circulation in the lake is beyond the
The potential for zebra mussels to remove chlorophyll fromscope of this paper. A circulation model for Lake Mendota does
Lake Mendota would depend on the number of mussels that thaot exist. Early studies of water movement in the lake suggest that
lake could support and the size distribution of mussels within thathe epilimnion may circulate completely about every 3 days
population (Young et al. 1996). We summarized the spatial distri (Bryson and Ragotzkie 1955). We used this as a crude estimate of
bution of substrates using a geographical information system (GIShhe impact of imperfect mixing on the ability of zebra mussels to
to estimate the area available for zebra mussel colonization (Fig. 3)remove phytoplankton. We assumed that a third of the chlorophyll
The size distribution of zebra mussel populations strongly influ in the lake would come in contact with the nearshore areas and be
ences the amount of phytoplankton that they remove. Populationgvailable to zebra mussels on any given day. Because information
dominated by smaller individuals remove substantially less phytoabout circulation patterns in Mendota is incomplete, we also evalu
plankton from the water column (Young et al. 1996). We thereforeated the model at several lake circulation times ranging from 1 to
identified two types of substrate in the lake likely to support differ 100 days.
ent zebra mussel population size distributions. Type 1 substrates Currents in Lake Mendota are primarily wind driven (Haines
were sufficiently firm to support a mixed-age population of zebraand Bryson 1961). In most summers, approximately 95% of the
mussels. Areas identified as type 1 consisted of rock, sand, gravebhytoplankton standing crop is cyanobacteria capable of buoyancy
and sandy mud (Karatayev et al. 1998). Zebra mussels also settt®ntrol (Lathrop and Carpenter 1992). Cyanobacteria floating on
on macrophytes. However, because the macrophytes die back evettye surface of the water would be unavailable for zebra mussel re
year, the plants primarily support small mussels (Karatayev et almoval. Soranno (1997) found that cyanobacterial blooms in Lake
1998). We identified areas with silt bottoms and dense annuaMendota in the summer and fall of 1993 occurred on days when
macrophyte growth as type 2 and assigned to them a zebra musgék average wind velocity for Madison was <2.68 Th-8Ve mod
population dominated by small (<5 mm) mussels. The total are&led this pattern by assuming that only 5% of the chlorophyll was
(1100 ha) in these two substrate types was calculated using ARGIccessible on days when the average wind speed fell below
INFO (ESRI 1997). 2.68 m-st. The Wisconsin State Climatologist provided daily wind
The base coverage for the GIS was digitized from a hydro-data collected at the Dane County Regional Airport, approximately
graphic map of Lake Mendota (Eaton 1981). Two surveys were3 km from Lake Mendota. Average daily wind speed was calcu-
combined to form the sediment coverage used to estimate the aréated as the sum of daily hourly wind speeds divided by 24.
of type 1 substrate in the lake. The first, a sediment survey consist-
ing of 50 cores taken in a 2000-m grid across Lake Mendota, wagvaluation of zebra mussel impact on water clarity
completed in 1954 (Murray 1956). We compared this with a sec- e used a three-step process to evaluate the possible impact of
ond survey done in June 1996 to insure that the sediments had nggpra mussels on the water clarity of Lake Mendota. We first com-
changed substantially. For the 1996 survey, sediments were samared daily estimates of chlorophyll removal with static assess-
pled along six transects around the lake at depths of 0.5, 1, 2, 4, Gpents of the chlorophyll standing stock in Lake Mendota and the
8,10, and 12 m. For samples taken from depths@®fm, divers re-  estimated primary productivity. We then combined the removal
moved sediment from within 0.5%muadrats to a depth of approx- component and the phytoplankton growth component into a single
imately 10 cm. Ekman dredge samples were taken at watéfynamic model so that in each time step, chlorophyll was both
depths of >6 m. o _ removed and produced. Model runs extended from May 1 to-Octo
A GIS coverage of macrophyte distribution was compiled fromper 31 (184 days). Average chlorophyll concentrations in Lake
a survey completed in 1995 (Reed-Andersen 1999). Type 2 subyiendota for this time period ranged from 9.28 to 37,261 We
strate was identified as the area where macrophytes were found bgbgan each model run with an initial chlorophyll concentration of
the substrate was not suitable for direct zebra mussel colonizatiog ug-LL. Daily temperature values were based on interpolation of
Areas where macrophytes were found with substrate that would9g9 surface temperature values for Lake Mendota. Finally, we
support zebra mussels were classified as type 1 habitat. modified the dynamic model to account for intermittent circulation.
Of the substrate available for zebra mussel colonization, 90%at each postulated zebra mussel density, we ran the model five
was composed of sand, rocks, and pebbles (type 1). The majoritimes for every circulation periodicity (including complete daily
of this area consisted of sand and mud comparable with the sulsjrculation).
strate populated by zebra mussels in western Lake Erie reported by Fqor all three approaches, we ran the model assuming a range of
Berkman et al. (1998). The remaining 10% of available substratgehra mussel densities. In North America, local zebra mussel den
was macrophytes (type 2). In the 1995 macrophyte survey, thjties can range from 100 to >10 000%r(Hebert et al. 1989;
most common plant found in these sites was Eurasian water milfoi\je|lina et al. 1995). For each density estimate, removal estimates
pling depths at which macrophytes were found (Reed-Andersen
1999). The next most common was coontale(atophyllum
demersumat 47.3%. These tall plants could be expected to pro
\ 270 . ' Results
vide ample settling sites for zebra mussel veligers. The total-avalil
able habitat including type 1 and 2 substrates was approximately A common method for estimating the impact of zebra
(1098) 16porieq smal 26y musebl poplations on sediments wifflUSSeIS on & given water body has been to compare poten
Jo) rep pop "fial removal with the average phytoplankton standing stock
grain sizes <1Gum, Lake Mendota gyttja has much smaller parti ) L
cles (Brock 1985, p. 55); therefore, it is unlikely to support a mus (e_.g., H_ebert et al. 1991; Roditi et al. 1996). When we ap
sel population (Karatayev et al. 1998). For each habitat typePli€d this method to Lake Mendota, we found that at densi
mussel size distributions were modeled from mixed-age (type 1fies of >2000 mussels a zebra mussel population could
and predominantly young (type 2) populations reported fromremove an amount of phytoplankton equivalent to the mean
Saginaw Bay (Nalepa et al. 1995). The predominance of type lake standing stock (Fig. 4). However, removal of phyto
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Fig. 3. Potential zebra mussel colonization sites within Lake Mendota. Firm substrate (type 1, maximum depth 8 m) could support a
mixed-age population. Macrophyte substrate (type 2, maximum depth 4 m) could support a zebra mussel population dominated by
small (<5 mm) mussels. Colonization of gyttja is unlikely. Maximum freezing depth rarely exceeds 0.75 m.

N

+

Firm substrate
O 1 000 000 m?

@ Macrophytes
100 000 m?

(O Gyttja

Fig. 4. Chlorophyll removal potential for zebra mussel popula- Therefore, Brock’s (1985) estimates of daily production
tions across a range of densities. Points represent the modeled during 1979-1981 were compared with removal estimates
mean and standard error daily chlorophyll removal potential for generated from the removal component of our model and
each mussel density. The lines represent the mean and standarchgsed on chlorophyll and temperature data from that same
error of whole-lake chlorophyll in Lake Mendota during the ice- period. We found that, within a 2-week period, even at a ze

free seasons of 1977-1993. bra mussel density of 500 mussels?mmemoval potential of

45 ten exceeded production (Fig. 5). This was particularly true

at midsummer temperatures.
§ 40 4 We developed the phytoplankton production model to al
S 35 { low us to estimate the relationship between daily removal
S {{ T and production. Model runs with mussel densities of 0
= 30 - }: should produce similar frequencies as were found in the
§ 25 }:{ data. The production model predicted fewer intermediate
° ii values (25-4Qug-L™) than exist in the datar £ = 0.33) but
s 20 - }:{ fairly accurately predicted the number of days when chloro
® i phyll concentrations exceed 50g-L~! (Fig. 6). Potential
= 15 1 Ii bloom conditions exist in Lake Mendota at concentrations
S 10 - !I exceeding 5Qug-L%. Therefore, we chose this as the cur
g t"! rency for the coupled production and removal model.
(E) 1 & When we coupled removal and production, low densities
," ‘ ‘ ‘ ‘ of zebra mussels (100 mussels?ndid not appear to impact

chlorophyll concentrations (Fig. 6). However, moderate-den
0 2000 4000 6000 8000 10000  sjties of zebra mussels (500-1000 musseiy-memoved
enough phytoplankton to reduce the occurrence of chloro
phyll concentrations exceeding 5@-L~1. At densities of
>2000 mussels-T chlorophyll concentrations rose above

plankton from the water column is only likely to impactwa 50 ng-L™" <1% of the time.
ter clarity when the amount removed exceeds production.  When we assumed mixing of the epilimnion every 3 days,

Mussels -m-2
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Fig. 5. Comparison of chlorophyll removal and production estimates for Lake Mendat&réck’s (1985) production estimates for
the ice-free season in 1979 (circles), 1980 (triangles), and 1981 (squdnesmoval estimates modeled using temperature and chlo
rophyll data from the same years.

20
15| @)

Chlorophyll a (1000 kg)

May June July Aug. Sept. Oct.

Fig. 6. Results of the coupled removal and production models trations exceeded 5@yL~1 to <1%. With an epilimnetic cir-
summarized as the percentage of days when chlorophyll concenculation period of 3 days, the mussel density required to
trations exceeded 5@g-L~%, indicating a potential cyanobacterial achieve this reduction was more than twice that required
bloom. Solid bars represent model runs assuming daily when we assumed complete circulation.

epilimnetic circulation. Hatched bars represent model runs for At densities of <5000 mussels-fnincreasing the circula-
which we assumed that each day, 33% of the chlorophyll was tion period to once every 7 days produced results similar to
available for removal by zebra mussels (circulation time 3 days).those of the 3-day circulation model (Fig. 7). At higher ze
For reference, an open bar is presented that summarizes the pebra mussel densities, the percentage of days with chlorophyll
centage of days when Lake Mendota chlorophyll concentrations concentrations above 5@yL~* was greater with circulation
exceeded 5Qug-L™! during the ice-free seasons of 1977-1993.  every 7 days than with circulation every 3 days. At cireula
tion periods >30 days, even mussel densities of 10 0G0-m

_ 157 had minimal impact on the frequency of chlorophyll concen

- trations exceeding 50g-L~.
= = Assuming daily epilimnetic circulation, temporal variabil
i o 10 ity in chlorophyll concentration declined substantially with
> L,‘\’ increased mussel density (Fig. 8). With no zebra mussel pre
T © dation, the coefficient of variation (CV) was 1.26 + 0.05. For
% s, the model assuming complete circulation, the mean CV for 5
S5 57 simulated years decreased from 1.21 at a density of 500
e g mussels-1f to 0.53 at 5000 mussels-fn

< Population density also determined how increasing the

© 0- circulation period affected the variability of chlorophyll con

centration. For a zebra mussel population of 2000 mussels-

m~2, the circulation period had no impact on the variability

of chlorophyll concentrations (Fig.&). However, with a

Zebra mussels m -2 dense zebra mussel population (10 000 mussef-vari-

ability increased with circulation period, approaching the
variability observed with no mussels (Figh)9

the mussel density sufficient to impact water clarity substan

tially increased (Fig. 6). The model assuming complete cir py; :

culation predicted that a zebra mussel population of 2060-m Discussion

would reduce the number of days when chlorophyll coacen Most estimates of phytoplankton removal potential have

0 500 1000 2000 2500 5000
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Fig. 7. Percentage of potential bloom days (chlorophyll &AL across a range of zebra mussel densities modeled given various circu
lation periodicities. A circulation time of 100 days indicates that 1% of the chlorophyll was available to the mussels in each time step.
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Fig. 8. CV in modeled chlorophyll concentrations at zebra mus- Chlorophyll concentrations high enough to presage cyano-
sel densities of 0-5000 mussels?prassuming daily circulation ~ bacterial blooms.
of the epilimnion. Data points represent mean CV; error bars are By coupling the phytoplankton growth and removal esti-
the standard deviation in five simulated years. mates dynamically, we were able to evaluate the potential
chlorophyll removal given changes in the chlorophyll con-
2.0 centration at each time step. This calculation approximates
natural conditions where, if the mussels remove enough
phytoplankton to impact the standing stock on one day, less
1.5 - is available to them the next. This feedback decreased our
* } { estimates of the total amount removed. However, because

1.0 the reductions in chlorophyll concentration were carried over
} from one day to the next, an impact on phytoplankton-pro
+ duction was predicted at lower zebra mussel densities than
s . when we assumed that chlorophyll concentrations remained
static. Our simulations indicate that, for a homogeneously
‘ ‘ mixed lake, substantial reductions in chlorophyll concentra
0 2000 4000 6000 tions could occur at densities of around 500 mussefs-m
These findings agree with the results of a biomanipulation
project involving zebra mussels (Reeders and Bij de Vaate
1990). In three eutrophic lakes, Reeders and Bij de Vaate (1990)
found that the density of zebra mussels required to reduce local
phytoplankton biomass ranged from 540 to 675 muss&ls-m

compared removal estimates based on field or laboratory ex The removal potential of a zebra mussel population is a
periments with independent estimates of phytoplanktor biofunction of the prodigious filtering capabilities of zebra mus
mass or primary productivity (Madenjian 1995). Thesesels. However, this is mediated by the availability of phyto
studies indicate that mussel populations are capable -of rgplankton for removal. Therefore, actual removal also
moving a substantial proportion of the chlorophyll. Whendepends on wind patterns, currents, and mixing. Because of
we use these same techniques to predict zebra mussel impacft midlake sediments in Lake Mendota, mussels would be
on Lake Mendota, our results agree. However, when we inrestricted to nearshore areas. The impact of intermittent mix
corporate daily phytoplankton production in the analysis, weing would be to reduce the amount of phytoplankton avail
find that while relatively small zebra mussel populationsable for removal. This could create a refuge for
may increase overall water clarity, even dense zebra musseyanobacteria in the deep waters, especially on calm days
populations do not remove the possibility of occasionalwhen improved water clarity inshore could be coupled with

0.5 |

CV chlorophyll concentrations

Zebra mussels-m?
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Fig. 9. CV in modeled chlorophyll concentrations across a range water clarity and severe midlake blooms. For lakes, studies
of circulation periods for zebra mussel densities @f 2000 and  that assume complete daily mixing of the water body may
(b) 10 000 mussels-T Data points represent mean CV; error  overestimate the actual potential of zebra mussel populations
bars are the standard deviation in five simulated years. to remove phytoplankton. It is important to note that chioro
phyll concentrations consistent with bloom conditions were
2.0 a) 2000 mussels-m2 not entirely absent in any simulations.
Following zebra mussel invasion, other impacts on the
1.5 lake could easily otheigh any benefits to water clarity- Be
ol 3 3 g cause buoyan_cy gives cyanobacterla a refuge from zebra
mussel predation, these undesirable phytoplankton would be
1.0 least impacted. During blooms, selective predation by-mus
sels could lead to an even greater dominance of cyano
bacteria in Lake Mendota. In addition, lower chlorophyll
concentrations in the pelagic zone could have unexpected
consequences for the food web.
) ) In other systems, both available phosphorus and light pen
etration have increased following zebra mussel invasion
20 40 60 80 100 120 (Caraco et al. 1997). Increased light and nutrient availability
would lead to greater phytoplankton production and could
20 increase the probability of cyanobacterial blooms. It is inter
) b) 10 000 mussels-m-2 esting to note that zebra mussels thrive in oligotrophic and
mesotrophic lakes but are less abundant in extremely
eutrophic systems (Karatayev et al. 1998). One of the ironies
{ ) [} I of zebra mussel invasion could be that increases in water
{ clarity would undermine popular support for reduction of
non-point-source pollution. Yet, in the long term, the ongoing
management efforts aimed at reducing non-point-source phos-
phorus pollution are likely to provide a more sustainable solu-
tion for reducing nuisance blooms in eutrophied lakes.
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