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Small-bodied (2-1 1 mm), settled zebra mussels (Dreissena polymorpha Pallas) comprise up to 90% of individuals 
inhabiting reefs in western Lake Erie. We assessed pumping rates sf these size classes of D. polymorpha by 
injecting an inert dye into inhalant filtering currents and monitoring exhalant flows using high-resolution videog- 
raphy. Pumping rates ranged between 0.20 and 4.45 mL~ind- ' -h- '  and increased in relation to mussel shell 
length. Based on 4990 sizcfrequency distributions for reeds in western Lake Erie and our pumping rate - shell 
length regression, small settled D. polymsrpha were theoretically capable of pumping between 39 and 96% of 
the water column daily. Small-bodied mussels inhabiting Sunken Chicken Reef were collectively capable of 
processing between 4 10 and 400% of the values previously reported for Baphnia. Recent changes in water quality 
in western Lake Erie could be primarily related to zebra mussel filtering activities, including those of small-bodied 
individuals. 

Les individus fixes de petite taille (2-1 1 mm) composent jusqut2 ?O % des populations de rnoutes zebr6es (Breis- 
sena polymorpha Pallas) qui habitent les r6cifs de I'ouest du lac Eri6. Nsus avons catcule le rythme de pompage 
de ces classes de taille de B. polymorpha en injectant Lrn colorant inerte dans les courants aspires au filtrage et 
en contrslant les courants rejet6s par videographie 21 haute r6solution. be volume ~ o m p e  se situait entre 0,20 et 
4'45 ml-ind-'eh-', et augmentait en fonction de la longueur des mollusques. A partir des distributions des 
frequences par taille calculees en 1990 sur les r6cifs de I'ouest du lac h i 6  et de notre regression volume de 
pompage - longueur de la coquille, i l  apparait que les petites moelles zebrks fix6es ktaient th6oriquement 
capables de pomper chaque jour entre 39 et 96 % de la cotonne d'eau. Les mouses de petite taille habitant le 
rCcif Sunken Chicken etaient collectivement capables de traiter entre 110 et 400 % du volume signal6 ant6rieu- 
rement pour Baphnia. Les changements recemment observes dans la qualit6 de I'eau de I'ouest du lac Erik 
poursaient &re avant tout lies aux activit6s de filtrage des moeiles mebrees, notamment celles des individus de 
petite taille. 
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Z ebra mussels (Dreissena pslymorpha Pallas) are now a 
component of the benthos in a11 five of the North Amer- 
ican Great Lakes (Griffiths et al. 1991). One of the pri- 

mary influences zebra mussels are expected to have on Great 
Lakes ecosystems is a general grazing-induced reduction in 
phytoplankton abundance. Dreissena pslymorpha adults are 
capable of filtering particles ranging in diameter from 0.7 Frn 
(Spang and Rose 1988) to 4750 Frn (Ten Winkel and Davids 
1982). Considering the broad size classes o f  food ingested, and 
the extraordinq population densities of settled animals - up 
to 3.41 x f05 indnrn-Qn western Lake Erie (MacIsaac et al. 
1991) - D .  polyrnorpka may well become the primary her- 
bivore in some regions of the Great Lakes, particularly in west- 
ern Lake Erie and Lake St. Clair. 

The western basin of Lake Erie has undergone substantial 
change during the past 4 yr coincident with the establishment 
and growth of D .  polymsrpha populations. For example, Eeach 
(1992) reported that mean Secchi disc transparency in the west- 
ern basin increased by 85% between 1988 and 1989, while 
chloaophy%l a concentrations during the same years decreased 
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by 43%. These changes were further accentuated during f 990 
(Leach 1992). To assess the role of D .  polymsrphsr , if any, in 
promoting these changes, the size-frequency distributions, 
length-specific clearance rates, and densities must be known 
for populations in western Lake Erie. 

Clearance rate refers to the volume of water fkom which a 
suspension-feeding animal has removed all of the food per unit 
time. A number of studies have been undertaken to quantify 
clearance rates of D .  poiymorpha of different body sizes (Kq-  
ger and Riisgkd 1988, and references cited therein). In these 
studies, clearance rate was measured indirectly by monitoring 
the depletion of suspended natural algal foods or food ana- 
logues, including clay and graphite particles. Clearance rate is 
equal to the rate at which water flows through the mantle cavity 
(i. e. , pumping rate) only when particles are strained and 
retained with 100% efficiency (Coughlan 1969). J@rgensen 
et al. (1984) reported that D .  polymorpha retained particles 
>4 ~ r n  with 100% efficiency. To date, however, no meas- 
urements o f  either clearance rate or pumping rate have been 
made for D .  pslymorpha of ~ 6 . 5  mm shell length. Clearance 
rates have not been measured for juvenile D.  polyrnorpha, pre- 
sumably due to difficulties in handling small individuals and, 
more importantly, because each individual would be capable 
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FIG. 1 .  Mean size-frequency distribution o%D. poiyrnorph from eight 
sites on the Sunken Chicken Island reef in the western basin of Lake 
Erie during October 1998. Population densities and size distributisns 
were estimated from the collection of representative rock samples from 
each site (modified from Leach 1992). 

of depleting food resources only slightly. Knowledge of clear- 
ance and pumping rates is essential, however, to calculations 
of population filtering impact because a large percentage of 
some populations, including those in Lake St. Clair (Griffiths 
et al. 199 1) and western Lake Erie (Fig. 1; Leach 1992), are 
composed of individuals of < 10 mm shell length. The purpose 
of this study is to directly measure the pumping rates of these 
abundant size classes of D. polyrncbrpha (2-12 mm shell length) 
using a nontoxic dye and high-resolution videsgraphy. In addi- 
tion, we estimate the filtering potentid of small (<I2 mm) 
D. polymorpha inhabiting thee  reefs in western Lake Erie. 

Methods and Materials 

Drekssena polyrno~.gha were gathered near Wheatley, 
Ontario, in the west-central basin of Lake Erie in mid-June 
199 I .  Animals were maintained in controlled environment 
chambers at 20°C in aerated aquaria containing glass-fibre- 
filtered (Whatman 934-AH; retention to 1.5 p,m) EPindale Pond 
water (Erindale College, University of Toronto, Mississauga, 
Ont.). Batch cultures of the unicellular, motile alga Caygto- 
monas sp. (7 x 14 pm), a preferred food for D. pslymorpha 
(Ten Winkel and Davids 1982), were provided every 2 d at a 
concentration of approximately 9 x 103 cells.mls' (1 .46 pg 
dry wt-mL- I ) .  Animals were exposed to a 15 h light : 9 h dark 
photoperiod, which approximated natural conditions at the time 
of collection. Animals were acclimated to these conditions for 
at least 18 d prior to experimentation. 

Individual mussels, with shell lengths measuring 2- 
12.5 mm, that appeared to be healthy (i.e., siphons extended) 
were haphmardly selected during June and July 1991 for exper- 
imentation. Shell length was measured to the nearest 8.01 m 
with a Fowler ultm-cal 11 digital caliper. A micrwomputer- 
based caliper measurement system (Spmles et al. 1981) was 
used to measure the major md  minor axes (to the nearest 
0.001 cm) of the elliptical exhalmt siphon aperture of a pump- 
ing individual in a small glass aquarium (5 x 5 x 5 cm). The 
means of four measurements per axis per individual were used 
in the determination of pumping rate. In order for the siphon 
dimensions to remain relatively constant between this meas- 
urement process and the dye-injection process, it was necessary 
to maintain the constancy of the microenvironment around the 
mussels at all times. The siphon measurement process and the 
dye-measurement process we= conducted in filtered Erindale 

Pond water at 20°C with a Cryp~ornonas sp. density of approx- 
imately 5 x 103 cells*mL- ' (0.8 1 ~gamC-  ') to simulate nat- 
ural food conditions. This food density falls within the range 
found in western Lake Erie and is apparently below 
D. polyrns~-gsha's incipient limiting concentration (i.e., the food 
level above which pumping rate declines (Walz 1978)). In addi- 
tion, care was taken to ensure that shells were fully gaped and 
siphons fully extended before measurements were made. As 
such, all mussels were pumping at or wear their maximum 
capacity (JGrgensen et al . 1988). The exhalant plume was made 
visible by injecting a small quantity of red, unflavoured food 
colouring (Club House Foods Inc.) near the aperture of the 
inhalant siphon of a pumping mussel using a borosilicate micro- 
pipette with a drawn out tip. On the rare occasion that a test 
animal responded to the dye, pumping ceased only for a few 
seconds and was most probably the result of hydromechanical 
disturbance associated with the micropipette tip. Coughlan and 
Ansell (1964) reported similarly insignificant responses to a 
nontoxic dye by their siphonate bivalves. 

Exhalant flow velocity was determined by recording the field 
directly adjacent to the exhalant siphon of a pumping mussel 
with a high-resolution video system coupled with a time-date 
generator. This process was performed in a 7-L aquarium with 
the same food concentration (5 x 103 cells-ml- ') and tem- 
perature (20°C) as the siphon measurement process. Mussels 
were allowed to acclimate for at least 5 min before recording 
began. At this time, a stopwatch on the time-date generator 
was started md  dye was carefully introduced close enough to 
the inhalant siphon that it was drawn within the mantle cavity 
(Fig. 2A). This was best achieved by guiding the micropipette 
from above rather than from the side of the aquarium. Each 
trial lasted approximately 5 min, during which it was assumed 
that the exhalant aperture m a  remained constant as previously 
measured (C.M. Bunt, personal obser-vation). A valid plume 
was one with a clearly discernable leading edge and a linear 
and laminar flow path over the distance measured (Fig. 2B). 

Following repeated dye injections, a reference scale was 
placed in the field of view of the camera at approximately the 
same angle as the exhalant plumes to correct for camera mag- 
nification and the angle of the exhalant plume travel. The veloc- 
ity of the exhalant plume was measured over distances from 
1 -25 to 10 mm depending on animal size. Exhalant flow velcec- 
ities were transcribed by making a distance, I, on the video 
screen and determining the time, t (to the nearest f / 108 s from 
the timedate generator), for the plume to traverse the distance. 
From five to nine travel times were averaged per individual for 
use in the pumping rate formula for animals of each size class. 

Pumping rate (PR, millilitres per individual per hour) was 
calculated as 

where a and b are the mean minor and major axes, respectively, 
of the exhalant siphon (centimetres), I = length of exhalant 
plume travel (centimetres) and t = the time (seconds) required 
for the plume to travel distance 1. Shell lengths, siphon areas, 
plume velocities, and computed pumping rates for individual 
mussels are available on request from the authors. 

Results and Discussion 

Shell length represents an easily measured variable that is 
correlated with less readily quantifiable aspects of 
D . polymorpha morphology and feeding biology. For example, 
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FIG. 2. (A) Dye inhalation into the mantle cavity of a zebra mussel and (B) the subsequent linear and laminar exhalation of the dye. Note 
the distinct leading edge of the exhalant plume. Bar =. 5 mm. 

1 10 100 

She%! Length (mm) 

FIG. 3. Exhalant siphon aperture surface area as a function of shell FIG. 4. Exhalant plume velocity determined from video footage of 
length (Pearson's comelation, r = 0 37 ,  p c 0.000 1, n = 65). musseIs (2-1 1 mm) pumping dye (Pearson's correlation, r = 0.7 1, 

p C 0.0001, n = 65). 

both exhalant siphon surface area (Fernon's correlation, 
r = 0.5'7, p < 0.0001, n = 65; Fig. 3) and exhalant plume 
velocity (Pearson's correlation, r = 0.71, p < 0.0001, 
n = 65; Fig. 4) were positively conelated with mussel shell 
length. These findings were not suvrising, as MacIsaac et al. 
(1991) reported that exterior inhalant siphon diameter and shell 
length were positively correlated in D. polymsrpha. Moreover, 
the amount of water processed by siphonate bivalves (e.g., 
Csrbieu&a, Dreissena) can increase with mussel shell length 

(Morton 19'7 1 ; Leff et al. B 990; Reeders and Bij de Vaate 1990) 
(Fig. 5) only if exhalant siphon cross-sectional area ad lo r  
plume velocity increase concomitantly. J@rgensen et al. (1 988) 
observed that the pumping rate of Mytiius eduiis was positively 
con-elated with siphon area a d  was maximal when valves were 
fully gaped and siphons fully extended. 

Pumping rate, determined as the product of exhalant siphon 
surface area and exhalant plume velocity, was also related to 
D. polymorpha shell length (Fig. 5) .  The mechanistic basis for 
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PR = 0 . 0 5 7 ~ ~ ' ' ~ ~  
C.D. = 0.65 

Pumping 
Rate 4 

(rnL.iM -9~s -' ) 
2 

Shell Length (mm) 

FIG. 5.  Relationship between pumping rate and shell length s f  
0. poiygtmorpha (2-1 1 m shell length) as determined by the dye 
pumping process. The nonlinear least squares regression line is shown 
(AMOVA, regression coefficient = 1 .$2, p < 0.0085, sa = 65). 
PR = pumping rate, SL - shell length, and C.D. = coefficient of 
determination. 

this nonlinear relationship is not clear, although Bayne et al. 
(1976) suggested that it may result from an underlying asso- 
ciation between gill area or gill ostia area md animal dry weight. 

Our study is the first to assess pumping rate capabilities of 
Lake Erie D. golymorpha < '7 mm. Animals between 2 and 
7 mrn may process up to 0.2 and 2.0 mL.ind'hsl, respectively 
(Pig. 5). These values are at least an order of magnitude lower 
thm those of large (>20 mm) D.  poHyrnsrpk (Kgyger and 
Wiisgkd 1988) (see Fig. 6 )  but are equal to or greater than 
individual clearance ( = filtering) rates of Daphnia galeata 
mendotae and D. reR63cuma (0.03-8.47 m%-ind - '.h- for 
animals 0.49-1.54 rnm in body length), the primary suspen- 
sion-feeding zooplankters in western Lake Erie (Wu and Culver 
1991). 

If B. poiyrnorphce are 180% efficient at clearing particles 
>4 pm from suspension, as suggested by JBrgensen et al. 
(1984), then clearance rate should equal pumping rate. We 
superimposed our pumping rates on Ehyger and Riisghd's 
(1988) compilation of clearance rate data; similarities and 
differences exist between the various studies (Fig. 6). For 
example, our measured and extrapolated pumping rates for 
individuals between 10 md  12.5 mrn shell length are between 
hose of large mussels as measured by Micheev (1966) and 
Modon (197%) but are considerably lower than those measured 
by Kondratev (1 9631, Alimov 4 19691, and Kryger and Riisghd 
(1988) for D. pslyrnorpha sf comparable size (Fig. 6). 

Variation in reported clearance rates (Fig. 6) is extensive and 
possibly the result of a number of factors including temperature 
(Hinz and Scheil 1972; Jgrgensen et al. 1988; Reeders and Bij 
de Vaate 1990), food type md  concentration (Ten Winkel and 
Davids 1982; Sprung md Rose 1988; Reeders et al. 1989, 
Reeders and Bij de Vaate 1990), and perhaps experimental 
method (see review, Bhyger and Riisgkd 1988). For example, 
Ehyger and Riisgkd (1988) speculated that studies conducted 
with suspensions of graphite particles may have underestimated 
filtration rate by virtue of the high particle densities used, inef- 
ficient retention of particles, or particle unpalatability. 

Disturbance associated with handling of mussels prior to 
experimentation can also affect resultant filtration rates. Reed- 
ers et al. (1989) repsfled that clearance rates continued to 

1 QQQ 
W 

Clearance 100 
(Pumping) 

Rate 
10 

-1 -1 
(mL-ind=h 

1 

.Q1 
I 40 100 

Shell Length (mm) 

FIG. 6. Regression relationships between adult D. psjymorpha clear- 
ance rate (solid lines) (see Q g e r  md Riisgkd 8988), juvenile 
D. polyrnsrph pumping rate (broken line; Fig. 51, md shell length. 
Modified from Kryger and Riisghd (1988). K = original Kryger and 
RiisgArd (1988) data, A = Alimov (89691, B -- Kondmtev (1963), 
V = Micheev (1966), S = Staficzykowska (1976) with SE bars, and 
M = Morton (197 1). 

increase for at least 24 h after disturbance. This finding con- 
tradicts our observation sf a rapid response by disturbed mus- 
sels. In most instances, experimental animals appeared t~ fully 
open valves and extend siphons within minutes (approximately 
<2-5 rnin) of disturbance. Coughlan and Ansell (1964) stated 
that fully extended siphons provide a good indication of pump- 
ing characteristics of undisturbed animals. Disturbance (e. g . , 
intensity of culture aeration) during the acclimation period prior 
to experimentation could influence animal sensitivity during 
subsequent handling and testing, but its effect has not been 
addressed. Furthemore, it remains to be determined whether 
each of the above-mentioned factors, explored with adult 
D. pslymorgha, applies to juvenile individuals as well. 

Potential Juvenile Mussel Filtering Impact 

By combining anem size-frequency distribution data from 
three reefs in Lake Erie's western basin with the allometric 
equation for pumping rates (PR = 0.057.S~'."), it is possible 
to estimate the potential effect that the previously unstudied 
juvenile mussels have on phytoplankton abundance and, indi- 
rectly, on water clarity. Based on observed 1990 densities, 
D. pslymoyha with shell lengths between 2 and 11 mm were 
capable of processing a water column equivalent to the mean 
depth (approximately 7 rn) of western Lake Erie between 0.39 
and 8.96 times daily (Table 1). The filtering impact s f  juvenile 
and adult D. polyano~.gaha should be maximized in western Lake 
Erie because of the basin's unique morphsmetry. For example, 
benthic suspension-feeders probably have access to phyts- 
plankton stocks throughout most of the water column at most 
times during spring, summer, and fall because the basin rarely 
stratifies, and stratification only persists for brief intervals when 
it does occur (Schertzer et al. 198'7). The short residence time 
and shallow mean depth would further serve to minimize the 
localization of D . polymorpha induced phytoplankton deple- 
tion to benthic waters. The recent decline in chlorophyll a con- 
centration and increase in water clarity (Leach 1992) are 
consistent with our predictions. While adult mussels probably 
play a greater role in these changes (MacPsaac et al. 1992), the 
potential filtering rate of juvenile mussels is considerable and 
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TABLE 1. Mean density of juvenile%). polymsrpha (2-1 1 mm) on three 
reefs in the western basin of Lake Erie (October 22, 19%) and the 
potential number of times the entire water column (2 = 7 m) can be 
pumped daily (i.e., turnover rate) according to PR = 0.057.SL' ", 
where PR - pumping rate (mL-ind-'-h-') and SL - shell length 
(mm). Mean D. pslymorpha densities in each I-mm size class were 
multiplied by size-specific pumping rates and then summed to yield 
total potential impact. 

Mean 
Sites D. polymorpha Water column 

sampled density turnover rate 
Reef (n) (indnm- 2, (a- 9 

Sunken Chicken Is. 8 310 700 0.96 
Chickenolee Is. 8 102 550 0.39 
Hen Is. 9 226 375 0.82 

should not be ignored. These findings are in contrast with those 
of Wu and Culver (1991) who concluded that Daphnka has a 
greater effect on water clarity and edible algd concentration 
than Drea'ssena. Our maximum population filtering rate of 
0.96.d- "or juvenile D. pokymorpha inhabiting Sunken 
Chicken Island Reef (Table 1) is 1. 14.0 times the maximum 
1989 offshore (0.855-d- I )  and nexshore (0.24.d - l )  rates, 
respectively, of Daphnia (fig 4a and 4b in Wu and Culver 
1991). The effects of Dqhnka grazing are also likely to be fa- 
more transient than those of juvenile D. polymorpha because 
of the ephemeral nature of Daphnka populations in Lake Erie 
(Wu and Culver 1991). On the other hand, Daphnia residing 
in the plankton clearly have the potential to influence surface 
waters whereas the impact of settled Dreissena depends on the 
extent of water column mixing and whether all animals in a 
colony have full access to the water column. 

Other authors have also documented strong filtering impacts 
of benthic D. polyrnorpha populations. For example, Stadczy- 
kowska et al. (1976) reported that littoral populations of 
D. polymorph at densities sf 300 ind-an-' were able to filter 
the epilimion of Mikolajskie Lake in Poland twice annually. 
Moreover, De psiymorpha populations in Lakes Stregiel and 
Taltowisko, Poland, were capable of filtering epilimnetic waters 
in approximately 5 and 22 d, respectively (Stariczykowska 
1968). Hebert et al. f 9 99 1) estimated that D. polymorpha could 
filter the en ti^ water column of Lake St. Clair twice daily if 
densities averaged mima1s-m-'. Reeders et al. (1989) 
reported that zebra mussel populations orders of magnitude 
smaller than those in western Lake Erie were able to filter the 
water coHumns of two lakes in The Netherlands in 1 1 and B 8 d. 
Indeed, rather than being perceived as nuisance organisms, 
zebra mussels me employed in The Netherlands in programs 
designed to restore water quality in eutrophic lakes (Reeders 
and Bij de Vaate 1990). Perhaps the closest analog to 
D. polymorph filtering capacities in Lake Erie comes from 
Mytilets populations in a Danish fjord; Jgrgensen (1988) sug- 
gested that these mollusc aggregations were capable of filtering 
the water column 10 times per day. However, because thermal 
and salinity stratification precluded thorough water column 
mixing, these mussels were probably limited to refiltering 
benthic waters many times per day. 

We conclude that juvenile D. pokymorphsa have a great 
potential to filter phytoplankton from, and increase the trans- 
parency of, the water column of western Lake Erie. This poten- 
tial results from the enormous mussel densities in western Lake 
Erie and from the modest per capita pumping rates of individ- 
uals between 2 and 1 1 mm. 
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