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Impact of the Zebra Mussel, a 

Bivalve Invader 
Dreissena polymorpha is rapidly colonizing hard surfaces 
throughout waterways of the United States and Canada 

Michael L. Ludyanskiy, Derek McDonald, and David MacNeill 

Just when the threat of a Russian 
invasion of North America seemed 
to have disappeared with the end 
of the Cold War, an invasion has 

been found to be not only under way 
but proving to be successful. Rather 
than missiles, a naval force of hordes 
of zebra mussels has secured beach- 
heads in many US and Canadian lakes 
and rivers. One could call it biological 
warfare, but not directed by any hu- 
man admiral. 

The freshwater bivalve mollusk 
Dreissena polymorpha (Pallas 1773), 
better known as the zebra mussel, is a 
native of southern Russia; since its 
introduction into the Great Lakes, 

Michael L. Ludyanskiy is a senior re- 
search biologist at the Marine Biocontrol 
Corporation, Sandwich, MA 02563. He 
has conducted research on zebra mussel 
distribution, mitigation, and control 
measures in the Dnieper Region of the 
Ukraine; his last position in the former 
USSR was with the Laboratory of Envi- 
ronmental Control at the Ukrainian Acad- 
emy of Sciences. Derek J. McDonald is 
president of the Marine Biocontrol Cor- 
poration. His responsibilities include 
environmental field studies, especially in 
macrofouling control and mitigation, 
design of side-stream biofouling test fa- 
cilities, chlorine minimization studies, 
and scallop seeding research. David B. 
MacNeill is a specialist in the Great 
Lakes Fisheries Sea Grant Extension Pro- 
gram, New York Sea Grant, SUNY Col- 
lege at Brockport, Brockport, NY 14420- 
2928. His work includes research on the 
feeding ecology of alewives in Lake 
Ontario and regional and national public 
outreach programs on the biology and 
potential ecological impact of the zebra 
mussel in North America. ? 1993 Ameri- 
can Institute of Biological Sciences. 

The zebra mussel is both 
an efficient filter feeder 

and a notorious biofouler 

apparently in 1985 or 1986, this mol- 
lusk has been quickly spreading 
throughout the waterways of both the 
United States and Canada. The zebra 
mussel was introduced to North 
America via water ballast from a for- 
eign ship (Roberts 1990). Since then, 
however, the mussel has spread dra- 
matically, and many utilities, in- 
dustrial and municipal water consum- 
ers, and fisheries have felt its impact. 

As with previous accidental intro- 
ductions of nonnative species, a lack 
of natural ecological constraints, such 
as predators, parasites, and diseases, 
has fostered the rapid expansion of 
the zebra mussel's North American 
range. It seems that most hard sub- 
strates (now most of which within the 
current distribution range of the zebra 
mussels have been successfully colo- 
nized) are an open niche in North 
American freshwater ecosystems. In 
addition, the broad physiological 
adaptive capabilities and genetic plas- 
ticity of this species, coupled with 
inadvertant dispersal via human trans- 
port, predispose it to eventually be- 
coming widely distributed in North 
America, with potentially serious eco- 
nomic and environmental conse- 
quences. 

Two features of D. polymorpha 
make it of special concern to people 
who depend on the aquatic environ- 

ment. First, it is an efficient suspen- 
sion feeder. Although its filtering can 
have a positive effect on polluted (or 
eutrophic) aquatic ecosystems by im- 
proving water clarity, its efficient re- 
moval of phytoplankton and detritus 
from the water column can also cause 
a multitude of ecological problems. 
Second, D. polymorpha is one of the 
most notorious biofoulers in the world. 

The economics of the problem are 
only now beginning to be understood 
as the extent of the zebra mussel's 
invasion becomes clear, and its im- 
pact on utilities and other water users 
begins to be felt. The US Fish and 
Wildlife Service has estimated that 
the cost of industrial, utility, and 
municipal-water-use reductions due 
to biofouling, plus the impact of the 
zebra mussel on navigation, boating, 
and sport fishing, could reach $5 bil- 
lion by the year 2000 in the Great 
Lakes alone.l 

Recognition of potential ecologi- 
cal and economic impact has gener- 
ated considerable research by North 
American scientists. Millions of dol- 
lars have been allocated for ongoing 
studies of zebra mussel biology and its 
impact on the ecology and for devel- 
opment of environmentally benign 
control strategies. In 1990, the US 
Congress earmarked $150 million for 
research and control through 1995 
(Sheffer 1990). Unfortunately, only a 
small proportion of this amount has 
been actually set aside for basic bio- 
logical research. 

In this article, we provide the cur- 

'Donald W. Schloesser, US Fisheries and Wild- 
life Service, Ann Arbor, MI, 1989, unpublished 
data. 
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Table 1. Chronology of living Dreissena 
discoveries in Russia and Europe. 

Location 

Year Russia Europe 
1769 Ural River 
1771 Volga River 
1771 Caspian Sea 
1794 Hungary 
1800 Dnieper River 
1824 England 
1826 The Netherlands 
1830 Germany 
1840 Denmark 
1840s France 
1845 Dvina River 
1845 Daugava River 
1847 Moscow River 
1855 Don River 
1875 Kama River 
1940s Scandinavia 
1960s Switzerland 
1970s Yugoslavia, 

Italy, and Spain 

rent understanding of the zebra 
mussel's origins, biology, environmen- 
tal requirements, and potential im- 
pact. We examine its distribution, es- 
timate its future spread, and look 
briefly at measures being taken to 
lessen its impact. 

Origin, history, and 
world distribution 

Biologists believe that the Dreis- 
senoidea evolved from a corbic- 
uloidean ancestor in the early Eocene 
(Babak 1983, Morton 1970). During 
the early Quaternary period, the ze- 
bra mussel spread widely over the 
Volga River and its tributaries, occu- 
pied northern areas of eastern Europe, 
penetrated western Europe, and also 
settled in the Aral Sea (Andrusov 
1897). During the last glacial epoch, 
the geographic range of Dreissena 
declined dramatically and was reduced 
to small areas, including brackish 
waters of the Caspian and Aral Seas, 
low-salinity portions of the Azov and 
Black Seas, and some bodies of water 
of the Balkan Peninsula (Babak 1983, 
Mordukhai-Boltovskoi 1960, Zhadin 
1946). 

The first report of zebra mussels 
was in the Ural River in 1769 by the 
Russian naturalist Peter Pallas (Pallas 
1773). Both Andrusov (1897) and 
Skorikov (1903) have shown that the 
mussel is a native species of the 
Pontocaspian region and that it had 

rapidly spread all over Europe by the 
middle of the nineteenth century, 
mostly, it is supposed, via river canals 
(Zhadin 1946). 

At first, the Mariinsk canal system 
was probably the sole migration route 
to western Europe, but several other 
routes and means opened up quickly. 
The construction of the Oginski Ca- 
nal, connecting the Dnieper and the 
Neman river basins, provided a sec- 
ond alternative waterway. Martens 
(1865) suggested that the zebra mus- 
sel may also have spread to Europe on 
timber imported from Russian rivers. 
In addition, Binder (1965) has even 
suggested that the zebra mussel rode 
along with Napoleon's army as it 
retreated back to Europe. 

Stanczykowska (1977) said the 
spread throughout Europe was still 
occurring in the 1970s. She noted that 
the mussel first appeared in Scandina- 
via as late as the 1940s, in Swiss lakes 
during the late 1960s and early 1970s, 
and even later in Italy. But as of the 
mid-1970s, it had not yet reached 
Spain, Norway, Finland, or Ireland. 

Walz (1991) describes a slightly 
different scenario. He believes the ze- 
bra mussel spread through central 
Europe in two stages: the first at the 
beginning of the nineteenth century 
and the second, only after 1960, when 
it moved into many alpine and 
prealpine lakes of Austria, Germany, 
Switzerland, and France. This spread- 
ing continued into the 1970s with the 
infestation of the prealpine lakes of 
southern Europe, including Yugosla- 
via, Italy, and Spain. Table 1 summa- 
rizes the chronology of living zebra 
mussel findings in Russia and Europe. 

In either scenario, it took approxi- 
mately 200 years for the zebra mussel 
to spread from its origins to the rest of 
western Russia and all of Europe. One 
can only speculate how much time the 
mussel will need to occupy North 
America, but the evidence suggests 
this invasion is happening much more 
quickly than the mussel's spread across 
Europe. 

Distribution in North America 
The first living North American speci- 
men of the zebra mussel was collected 
on 1 June 1988 near the Belle River in 
Lake St. Clair (Hebert et al. 1989). 
Most scientists agree that the mussel 
was probably introduced in 1985 or 

Table 2. Chronology of first sightings of 
Dreissena in North America. 

Year Location 

1988 Southern Lake St. Clair 
Western Lake Erie 

Spring 1989 Central Lake St. Clair 
Northern and Southern Lake Erie 
Western Lake Michigan (Green 

Bay) 
St. Clair River 

Fall 1989 Niagara River 
Western Lake Ontario 
Detroit River 

Spring 1990 Eastern Lake Ontario 
St. Lawrence River 
Lake Superior (western tip) 
Western Lake Huron 

Fall 1990 Southern and Southeastern Lake 
Michigan 

New York State Barge Canal 
Mohawk River 
Hudson River 
Fingerlakes (New York) 
St. Lawrence Seaway 

1991 Eastern Lake Huron 
Northeastern Lake Michigan 
Illinois River 
Susquehanna River 
Mississippi River 
Ohio River 
Kentucky Lake 
Indian Lake (Ohio) 

1986 in ballast water discharged from 
foreign shipping. Carlton (1993) states 
that he has proven the source of the 
Laurentian Great Lakes infestation to 
be mussels transported in the ballast 
water of transoceanic vessels from 
Europe. Ludyanskiy (1993), based on 
a comparison of shell morphology, 
has suggested an alternative hypoth- 
esis: that the zebra mussel was brought 
to the Great Lakes from the Black Sea/ 
Caspian Sea region. 

No matter how the zebra mussel 
arrived, in the six years since its dis- 
covery in North America, it has quickly 
spread to all of the Great Lakes and 
entered eight river systems (the St. 
Lawrence, Hudson, Mississippi, Ohio, 
Illinois, Tennessee, Susquehanna, and 
Arkansas rivers). Table 2 shows a 
chronology of the first sightings in 
these river systems. 

In late 1990, the "Dreissena poly- 
morpha Information Review," pub- 
lished by the New York Sea Grant, 
began to compile a map of the current 
distribution of the zebra mussel in the 
Great Lakes Basin (DPIR 1990). Fig- 
ure 1 shows that distribution as of 21 
November 1990. Two years later, on 
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Figure 1. North American range of the zebra mussel as of 21 November 1990 (DPIR 
1990). 
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Figure 2. North American range of the zebra mussel as of 15 October 1992 (DPIR 
1992). 

15 October 1992, the zebra mussel 
had spread to the range shown in 
Figure 2 (DPIR 1992). A comparison 

of these two maps allows an estimate 
of the rate of zebra mussel spread in 
North American fresh waters: by the 

year 2000, the zebra mussel can be 
expected to have colonized all North 
American rivers, lakes, and reservoirs 
that fit its broad ecological require- 
ments. 

Unfortunately, it is not only the 
main waterways used by major ship- 
ping that are susceptible to infestation 
by the zebra mussel. Griffiths et al. 
(1991) have suggested that virtually 
any body of water that can be reached 
by boaters and fishermen within a few 
days' travel of the Great Lakes, par- 
ticularly Lake Erie, seems to be at 
risk. It is only a matter of time, then, 
before the zebra mussel reaches even 
small lakes, ponds, and streams. 

The biology of the 
zebra mussel 
Life history. The lifespan of the zebra 
mussel is typically 3-5 years, but there 
are data in the Russian literature that 
it can live 6-9 years (Mikheev 1964) 
and even up to 15 years (Karpevich 
1964). Such a difference can probably 
be explained by differences in water 
temperature among habitats, because 
lifespan of mussels both in fresh water 
and seawater depends on water tem- 
perature. The shells of adult mussels 
average 25-35 mm in length, with 
some mussels having shells as long as 
50 mm (Kirpichenko 1971). 

Typically, zebra mussels in Europe 
mature sexually in their second year, 
usually at more than 10 mm (Edel 
1981), although in Lake Erie and Lake 
St. Clair they generally have been 
maturing in their first year of life. 
Sexual maturity has been achieved in 
mussels as small as three millimeters 
in length, according to recent North 
American studies (Nichols 1993, 
Nichols and Kollar 1991). These sci- 
entists also emphasized that the re- 
productive cycle of the mussel is readily 
affected by local environmental con- 
ditions. 

The mussel sexes are separate, and 
gametes are released either synchro- 
nously or asynchronously into the 
water column for external fertiliza- 
tion. Occasional hermaphroditism has 
been reported. For fertilization, the 
temperature must be higher than 12?C 
(Neumann et al. 1993, Sprung 1993). 
An individual female 25-30 mm long 
releases more than one million eggs 
during one spawning event (Sprung 
1990, 1993, Walz 1978), and eggs can 
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be released in batches two to five 
times a year (Walz 1973). Half or 
more of all eggs in one spawning 
season are released during the first 
spawn (Sprung 1990). Within a tem- 
perature range of 12-24?C, the eggs 
can be fertilized 2.50-4.75 hours after 
release, whereas the sperm can re- 
main motile much longer, up to 22 
hours (Sprung 1992). 

The free-swimming larvae, called 
veligers, appear in the plankton for 
anywhere from five days to five weeks, 
as long as the water temperature is 
between 10 and 24?C (Katchanova 
1961, Shevtsova 1968, Walz 1975). 
The veligers are dispersed at this stage 
mainly by water currents. Initially 
approximately 70 microns in diam- 
eter, they have the appearance of cili- 
ated protozoa and grow rapidly to 
150-300 microns in diameter (Kir- 
pichenko 1971, Walz 1973). During 
this period of growth, shell material is 
secreted by the mantle edges, which 
not only increases the size of the larva 
but also changes its shape. A ciliated 
crown (the velum) of the young veliger 
assists in filter feeding and locomo- 
tion. 

Additional developmental changes 
during growth include the secretion of 
a second larval shell and finally a 
functional foot. This pediveliger swims 
and crawls on surfaces searching for a 
suitable substrate, where it begins a 
relatively sedentary life as a postveliger 
(Ackerman and Claudi 1991; Figure 
3). Mortality is 97% during the set- 
tling stage. Postveliger sizes range from 
250 to 700 microns. Growth and de- 
velopment of postveligers are mani- 
fested externally by changes in the 
shell shape and size, with the settling 
veliger having a symmetric round shell 
that begins to elongate and grow asym- 
metrically, eventually acquiring a tri- 
angular shape. At this point, the in- 
current and excurrent siphons develop, 
and, on settlement, the mussel se- 
cretes threads of schleroproteins from 
the byssal gland in the foot, which 
solidify in water to form the so-called 
byssus and firmly attach the mussel to 
the substratum. 

Taxonomy. Because of high variabil- 
ity in shell morphology, the zebra 
mussel's taxonomy is complicated. 
Research with the Dreissena species 
in the Caspian and the Aral Seas by 
Russian biologists distinguished there 

different species: D. polymorpha, 
Dreissena rostriformis, and Dreissena 
stancovici, as well as some subspecies 
including (Dreissena polymorpha var. 
andrusovi, Dreissena rostriformis 
bugensis; Karpevich 1955, Logvinenko 
and Starobogatov 1968, Zhadin 1952). 
By contrast, Western European tax- 
onomists have recognized only two 
extant species, D. polymorpha and D. 
rostriformis, and consider other vari- 
eties to be ecomorphs (Marelli 1991).2 

In North America, two species of 
Dreissena have been found: D. 
polymorpha (zebra mussel) and what 
biologists are calling the quagga mus- 
sel and have not yet assigned a species 
name (May and Marsden 1992). The 
two species can generally be distin- 
guished by morphological character- 
istics of the shell (Figure 4). D. poly- 
morpha has a distinctive carina (the 
angular configuration between lateral 
and ventral portions of shell), whereas 
the quagga mussel is acarinate: it has 
a rounded configuration at the lat- 
eral-ventral part of the shell. Based on 
the apparent absence of the quagga 
mussel from many sites around the 
Great Lakes, May and Marsden have 
suggested that the two species were 
introduced into the Great Lakes at 
different places and times. They hy- 
pothesize that the quagga mussel was 
the later entry, having been present 
only since 1989. But some evidence 
suggests that the quagga has been 
resident in Lake Erie since at least 
1987.3 

The place of the quagga mussel in 
the Dreissenidae has not yet been de- 
fined, but it would seem that the 
quagga mussel should be identical to 
one of the other Russian species or 
subspecies, probably either D. poly- 
morpha andrusovi or Dreissena ros- 
triformis bugensis (Ludyanskiy 1993), 
if the North American Dreissena was 
brought from the Caspian Sea/Black 
Sea Region. 

Nichols and Black (1993) reported 
on the laboratory creation of hybrid 
larvae, which were intermediate in 
appearance between pure quagga and 
zebra mussels, with some overlap of 
shell characteristics. However, none 
of the hybrids have been reared 

2B. S. Morton, 1992, personal communication. 
University of Hong Kong, Hong Kong. 
3J. D. Ackerman, 1991, unpublished data. Uni- 

versity of Toronto, Toronto, Ontario, Canada. 

through settlement. The potential for 
hybrid formation under field condi- 
tions remains unknown. At this time, 
no hybrid adults have been collected 
from field locations. This research 
makes the question of specific differ- 
entiation between mussels even more 
complex. Future research should com- 
pare genetic and morphological char- 
acteristics of North American, Euro- 
pean, and Russian specimens to 
produce an exact definition for the 
quagga mussel. 

Dispersion. The dispersal abilities of 
the zebra mussel are tremendous. 
Carlton (1993), in his comprehensive 
review of its dispersal mechanisms, 
lists 3 natural mechanisms (currents, 
birds, and other animals) and 20 hu- 
man-related mechanisms (such as 
trailered boats). All these methods of 
dispersal can transport the zebra mus- 
sel overland, upstream, and down- 
stream. 

Morton (1993) emphasized that D. 
polymorpha "is ideally suited for the 
successful exploitation of freshwater 
systems." He noted that the retention 
of a free-swimming veliger larva, 
which also may be carried over great 
distances by the current, and of an 
active byssus apparatus in adult life, 
which helps the mollusk to attach 
itself to ships, rafts, water fowl, fish- 
ing gear, and other aquatic organ- 
isms, enables zebra mussels to colo- 
nize locations normally not occupied 
by other bivalves. 

Dispersion can take place in every 
stage of the mollusk's development- 
as veligers, juveniles, and adult mol- 
lusks-and the dispersal mechanisms 
are different for each stage. The rapid 
expansion of the mussel within the 
Great Lakes probably took place via 
boats and ships carrying adult mol- 
lusks on their bottoms and hulls, fol- 
lowed by selection of the most favor- 
able substrates in the infested water 
bodies by newly spawning veligers 
and translocating juveniles. Most of 
the initial spread of the zebra mussel 
out of the Great Lakes region into 
other water bodies has been via canals 
and by transport of trailered boats to 
distant overland sites (Carlton 1993). 
The probability of the mussel spread- 
ing all over North America in the 
future is complicated by, among other 
things, uncertainties in the ecological 
requirements of the quagga mussel (as 
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opposed to the zebra mussel). It is 
possible that this species may extend 
into areas not colonized by the zebra 
mussel. 

Environmental requirements 
of the zebra mussel 

Predicting where and in what densi- 
ties the zebra mussel will colonize 
North American waters is made easier 
if the mussel's tolerance to environ- 
mental conditions is known. Knowl- 
edge of the tolerance levels may also 
be helpful in developing measures to 
lessen the negative impact of the mus- 
sel. 

Historic data on zebra mussel in- 
festation of Russian and European 
waters have demonstrated that not all 
bodies of water have been successfully 
colonized and that population sizes 
among the mussel's habitats vary by 
several orders of magnitude due to the 
differences in physical and chemical 
conditions in the environment 
(Stanczykowska 1977, Walz 1978, 
Zhadin 1946). For example, Lyakh- 
novich et al. (1984) investigated the 
zebra mussel populations in the 
Zapadnaya Dvina River basin, where 
the majority of Byelorussian lakes is 
located. They found that of the 475 
lakes studied, the mussel was found in 
only 73. Antonov and Shkorbatov 
(1983) investigated the variability of 
populations taken from six locations 
along the Volga River flow over a 
distance of nearly 2500 kilometers 
from north to south (Rybinsk, 
Kostroma, Kuibyshev, Samara, Chap- 
ayev, and Astrakhan). Among other 
parameters, the scientists investigated 
the mussel's thermal resistance and 
salinity tolerance. Their results sug- 
gested that the most southern group 
(that at Astrakhan and closest to the 
Caspian Sea) was most tolerant to 
higher salinity and temperature lev- 
els, whereas the least resistant mussels 
were in the Rybinsk group, most dis- 
tant from the Caspian Sea. 

Recent work by some North Ameri- 
can scientists has been directed to- 
ward predicting the potential distri- 
bution and abundance of the zebra 
mussel on the basis of European expe- 
rience and knowledge of water chem- 
istry and temperature (McMahon 
1990, Neary and Leach 1992, 
Ramcharan et al. 1992, Strayer 1991, 
Trulear et al. 1990). Researchers agree 
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Figure 3. The developmental stages of Dreissena polymorpha (Mackie 1991). 

that the most critical parameters for 
future zebra mussel spreading in North 
America are likely to be water salin- 
ity, temperature, pH level, and cal- 
cium concentration. 

Primary environmental require- 
ments of the zebra mussel are those 
that are essential for its vital func- 
tions; where favorable, they are good 
indicators of future infestation. These 
primary requirements include tem- 
perature and water quality (salinity, 
pH level, calcium concentration, dis- 
solved oxygen, and turbidity). Sec- 
ondary environmental requirements 
are those that may have an impact on 
the abundance of the mussels in spe- 
cific locations and may show the vec- 
tors of probable colonies in already 
infested waters. These secondary re- 
quirements are water velocity, sub- 
strate types and availability, local pe- 
culiarities in hydrology, and the 
geometry of dams, intakes, and other 
structures. 

A review of Russian, European, 
and recent North American literature 
(Dyga and Lubyanov 1975, Edel 1981, 
Mackie et al. 1989, Zhadin 1946) 
reveals the optimal environmental re- 
quirements of the zebra mussel. Its 
primary requirements are salinity of 
0-4 ppt, average summer water tem- 
perature of 17-23?C, pH level of 
7.4-9.0, calcium concentration of 

20-125 ppm, turbidity of 40-200 cm 
(measured by Secchi disc), and dis- 
solved oxygen content of 8-10 ppm. 
Its secondary requirements are water 
velocity of 0.2-1.2 m/sec and the pres- 
ence of solid substrates (rocks, wood, 
or gravel). 

Environments with parameters 
close to these will probably be colo- 
nized first, but in Russia and Europe 
zebra mussels do inhabit bodies of 
water with less than optimal ecologi- 
cal parameters. Because of their strong 
genetic plasticity, zebra mussels can 
tolerate changes over time in their 
environment to levels outside these 
ranges (Zhadin 1946). 

Salinity. Perhaps the most important 
primary environmental requirement 
is salinity (or rather the lack thereof). 
Although primarily a freshwater ani- 
mal, the zebra mussel has a consider- 
able tolerance of salinity and is likely 
to invade estuaries and brackish wa- 
ters as well as fresh bodies of water 
(Strayer and Smith 1993). The zebra 
mussel originates from the brackish 
waters of the Caspian and the Aral 
Seas (Babak 1983, Zhadin 1952) and 
is also found in estuaries and brackish 
waters throughout its European range, 
including the Caspian Sea, the brack- 
ish parts of the Black Sea, and the 
estuaries of the Baltic Sea and eastern 
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Atlantic. The Caspian Sea is a brack- 
ish reservoir with salinities that vary 
from fresh (0.1-0.5 ppt) in the north- 
ern part to 12-14 ppt in the middle 
and to 20 ppt in the southeastern part 
(Zenkevitch 1965). The Caspian wa- 
ters, however, are richer in calcium 
and sulfate and lower in sodium and 
chloride than are oceanic waters, and 
this ion composition probably allows 
the mussel to tolerate higher salinities 
in the Caspian Sea (Mordukhai- 
Boltovskoi 1960). Currently, the ze- 
bra mussel inhabits only the northern 
part of the Caspian Sea with salinities 
not higher than 10 ppt. 

Osadchikh (1988) has studied the 
changes in the abundance of the north- 
ern Caspian mussel populations be- 
tween 1935 and 1985, and she found 
that when the mean salinity was above 
10 ppt, the abundance and range of 
the zebra mussel was sharply reduced. 
A similar decline has been recorded 
during the recent dramatic increase in 
salinity in the Aral Sea (Andreeva and 
Andreev 1990) and in the Black Sea 
estuaries due to human diversion of 
waters from tributaries (Mordukhai- 
Boltovskoi 1960). 

Zhadin (1946) believes it is pos- 
sible that such changes in salinity in 
native habitats have made zebra mus- 
sels more genetically tolerant to salin- 
ity and other changes in their environ- 
ment. On the other hand, Strayer and 
Smith (1993) believe there is no ge- 
netic adaptation to salinity, so that 
North American zebra mussels should 
behave like a composite of the Euro- 
pean populations. 

The upper limit of salinity is thus 
important, and some scientists think 
that limit is 0.5-12 ppt for zebra 
mussel survival, depending on the 
ionic composition of the water (e.g., 
Kilgour and Kepple 1993, Strayer and 
Smith 1993, Zenkevitch 1965, Zha- 
din 1952). 

Based on these numbers, Barber 
(1991) hypothesized future infesta- 
tion even in the Chesapeake Bay. 
Strayer and Smith (1993), reviewing 
the distribution of the zebra mussel in 
European estuaries and brackish wa- 
ters, made these predictions for North 
America: 

* In estuaries with considerable 
short-term variation in salinity due to 
tides and fluctuation of freshwater 
input, the seaward limit of zebra mus- 

Dreissena p 
Dreissena polymorpha 

(zebra mussel) 

Dreissena sp. 
(quagga mussel) 

Figure 4. Dreissena polymorpha and 
quagga mussel (courtesy ofJ. E. Marsden). 

sels will probably be at only 0.4-2.0 
ppt. 

* In nontidal lagoons and stable 
estuaries, the zebra mussel may sur- 
vive in waters with salinities as high as 
6 ppt. 

* In brackish lakes and other sul- 
fate-rich waters, the mussel will prob- 
ably tolerate salinities as high as 10-14 
ppt. 

Based on preliminary studies, these 
scientists made rough projections of 
the distribution and abundance of the 
zebra mussel in the Hudson River 
estuary in New York. Their expecta- 
tion that the mussel would appear 
from the head of the estuary at Troy/ 
West Point and further downriver was 
partially fulfilled by actual coloniza- 
tion in 1991-1992. The southernmost 
limit of the mussel was West Hawer- 
straw, where the salinity range was 
2-3 ppt. 

Temperature. The second primary 
environmental requirement for zebra 
mussel survival is temperature. As 
noted earlier, the optimal average sum- 
mer temperature range is 17-23?C, 
but there is considerable disagreement 
as to the upper limit of temperature 
that the mussel can tolerate. 

Three years ago, McMahon et al. 
(1990) made a preliminary assessment 
of the possible range of the zebra 
mussel in North America based on its 

thermal biology. They concluded that 
the mussel is unlikely to move into the 
drainages of the southern and south- 
western United States where water 
temperatures commonly approach 
28-32?C during the summer. Strayer 
(1991) projected the same upper limit 
a year later. 

Most recent studies, however, have 
shown that zebra mussels acclimated 
to 25?C appear to survive at tempera- 
tures slightly higher than 30?C (Iwan- 
yzki and McCauley 1993) and even at 
34-36?C (McMahon et al. 1993b). In 
addition, Russian geneticists, study- 
ing the impact of increased tempera- 
ture on the genetic structure of the 
zebra mussel, have found genetic se- 
lection at higher temperatures (Fetisov 
et al. 1990). If these studies prove 
correct, the zebra mussel may well 
survive in higher water temperatures 
and spread into the southern and south- 
western regions of the United States. 

Water chemistry. Of the water quality 
factors other than salinity, the most 
important are pH level and calcium 
concentration. Although the pH range 
of D. polymorpha in nature is nor- 
mally between 7.0 and 9.0 (Edel 1981), 
laboratory experiments show that even 
a pH level as low as 7.4 will sterilize 
a mussel population and prevent re- 
cruitment (Sprung 1987). This thresh- 
old was used by Neary and Leach 
(1992) in their prediction models. 
Vinogradov et al. (1993) showed that 
in water with low pH levels, the zebra 
mussel displayed a high sensitivity 
and low efficiency of mineral metabo- 
lism, and this factor may limit its 
distribution. 

As for calcium concentration, the 
zebra mussel apparently prefers hard 
water (Feigina 1959, Kirpichenko 
1971, Zhadin 1946). For instance, 
Alimov (1981) has shown that, to a 
great extent, water hardness defines 
the external morphology of the mol- 
lusk shell and the most rapid growth 
of zebra mussels occurs in waters with 
calcium concentration of approxi- 
mately 70 ppm. Some of the most 
widely accepted data on calcium con- 
straints is from the article by Sprung 
(1987), which was devoted to the 
ecological requirements of develop- 
ing eggs. Sprung showed that of all 
ions, the calcium ion is of overriding 
importance and that the threshold 
concentration of calcium for rearing 
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success is 12 mg/l. Similar threshold 
data were determined by Vinogradov 
et al. (1993), who investigated the 
mussel's calcium metabolism, and by 
Hincks and Mackie (1992), who 
checked zebra mussel tolerance to 
water samples from 16 Ontario Lakes 
having a wide range of pH, calcium, 
and phosphorus levels. 

Substrate preferences. The zebra mus- 
sel usually prefers solid substrates for 
settlement, such as rocks, wood, and 
gravel, and it avoids silted sand, mud, 
silt, and clay. In these latter materials, 
one may find zebra mussels attached 
to plants or to other mollusks. Almost 
all available solid surfaces, provided 
the water quality is right, are usually 
completely covered by zebra mussels. 
Many field experiments have been 
performed recently on the habitat se- 
lectivity of the zebra mussel, includ- 
ing artificial and construction materi- 
als (Ackerman et al. 1993, Kilgour 
and Mackie 1993, Marsden 1993, 
Protasov 1979, Yankovich and 
Haffner 1993). Most of these scien- 
tists agree that the zebra mussel is 
selective in choosing where to settle 
and suggest that the abundance of the 
mussel on structures can be reduced 
by selection of antifouling construc- 
tion materials. 

Positive environmental impact 
Despite the large negative impact it 
can have on the economy and envi- 
ronment, the zebra mussel does have 
its good points and a place in the 
ecological scheme. Like all bivalves, 
zebra mussels are significant natural 
biofilters, playing an important role 
in biological self-purification and im- 
proving water quality in aquatic sys- 
tems. Consider, for instance, that these 
mussels can filter a wide range of 
suspended particles (10-450 microns) 
from the water column. Cilia in the 
mantle cavity and stomach select food 
particles of suitable size (10-40 mi- 
crons), which are ingested (Morton 
1969, Ten Winkel and Davids 1982). 
Rejected particles are captured in 
mucus and are discharged as pseudo- 
feces via the inhalant siphon, whereas 
real feces leave the body at the exhal- 
ant siphon. (In the River Meuse, 
Reeders and bij de Vaate [1992] ob- 
served that more than 90% of all feces 
particles produced by zebra mussels 

consisted of pseudofeces). 
The filtering capacities of the zebra 

mussel have been investigated in many 
laboratory and field studies (Mikheev 
1967, Reeders et al. 1989, Stanch- 
ykowska et al. 1975). Calculations on 
European and Russian water bodies 
show that zebra mussel populations 
can filter large volumes of water, of- 
ten equivalent to several times that of 
a lake or reservoir during a 12-month 
period (Lvova 1980, Reeders et al. 
1989). Fisher et al. (1993), for ex- 
ample, predicted that it would take 24 
and 52 days, respectively, for zebra 
mussels to completely filter all of Lake 
St. Clair and the western basin of 
Lake Erie, assuming the mussels are 
present at densities of only 10,000/m2 
and that they cover 1% of the lake 
bottom. If a more realistic mussel 
density of 50,000/m2 is assumed, filter- 
ing time is reduced to a mere 10 days. 

Zebra mussels can also affect nutri- 
ent and mineralization pathways by 
removing dissolved nutrients, phos- 
phorus, calcium carbonate, and other 
minerals. They can also accelerate the 
conversion of toxic nitrogenous meta- 
bolic wastes (e.g., ammonia and ni- 
trite) to consumable nutrients for other 
benthos and phytoplankton (Mackie 
1989). In Russian canals, for instance, 
the mussel is an important component 
of what is called a "biological pla- 
teau" (an artificial structure for natu- 
ral water purification; Kharchenko 
and Lyashenko 1985). As Kaftan- 
nikova et al. (1987) has reported, the 
zebra mussel population can exceed 
one to two million mussels per square 
meter. Such high densities of zebra 
mussels combined with their high fil- 
tration capacity, make them an im- 
portant component of an aquatic en- 
vironment, influencing water 
chemistry and ecology. 

Biomanipulation. Several biologists 
speculate that zebra mussels can con- 
tribute to the restoration of lakes and 
other bodies of water by removing 
excessive amounts of algae. For ex- 
ample, Reeders et al. (1989) have 
reported that the current zebra mussel 
populations in two Dutch lakes are 
sufficient to filter both lakes at least 
once or twice a month, and they have 
suggested the use of the mussel in 
biomanipulation programs. 

Other applied research activities in 
the Netherlands in the last decade 

have also increasingly focused on the 
positive applications of the zebra 
mussel for water quality management 
(Smit et al. 1993), and studies are 
currently being conducted to examine 
the possibility of construction of a 
biological filter consisting of hanging 
cultures of zebra mussels at the fresh- 
water inlet of Lake Volkerak-Zoom- 
meer (Reeders and bij de Vaate 1992). 
The purpose of the filter is to process 
suspended materials in the water 
through the zebra mussel colonies, 
which would then deposit those mate- 
rials as sedimentary pseudofeces. Pre- 
liminary studies for this experiment 
indicate that the mussels can be used 
effectively to control eutrophication 
in the lake. 

Biomonitoring. Because the zebra 
mussel is very sensitive to water con- 
tamination and cannot live in bodies 
of water polluted with waste or indus- 
trial effluents (Zhadin 1946), it be- 
comes an effective monitor of such 
contamination, much like the canar- 
ies taken into coal mines to warn of 
dangerous gases. The mussel thrives 
only in clean, oxygen-saturated, non- 
turbid water. 

In Europe, the zebra mussel is cur- 
rently a popular testing organism in 
ecotoxicological studies, monitoring 
systems, and specimen banking 
(Alekseyev and Antipin 1976, Jenner 
and Janssen-Mommen 1993). In these 
studies, three zebra mussel vital func- 
tions are used as monitors: valve move- 
ment behavior is used as an early 
warning system; pumping behavior 
response to pollutants is used as a 
method for toxicity screening; and 
pollution effect monitoring is used at 
the histological level. Zebra mussels 
also are used as a bioindicators for 
trace metals, organochlorines, and 
radionuclides, as well as a specimen in 
Germany's environmental specimen 
banking program (Neumann and 
Jenner 1992). 

Negative environmental and 
industrial impacts 
Parallel to the ecological benefits of 
the zebra mussel is the negative im- 
pact it is having on native biota, phy- 
toplankton, and fisheries. In addition 
to the natural consequences is the 
equally devastating effect the mussel 
is wreaking on utilities, industries, 
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and municipalities that use fresh wa- 
ter. 

In the natural realm, the growth of 
zebra mussel populations can cause 
ecological consequences throughout 
a community, especially because they 
remove large percentages of primary 
productivity, which may reduce the 
energy available to pelagic food webs 
(Ramcharan et al. 1992, Schneider 
1992, Stanczykowska 1977). Fish re- 
cruitment and growth may also be 
affected by such growth in zebra mus- 
sel colonies. 

One consequence is the removal of 
large amounts of seston from water, 
thus promoting a shift in habitat struc- 
ture from a relatively homogeneous 
environment of turbid water and silty 
sand substrata to an environment of 
clearer water with patches of macro- 
phytes and mussel colonies (Griffiths 
et al. 1991, Hebert et al. 1991, Neary 
and Leach 1992). For example, in 
western Lake Erie, mean Secchi disc 
transparencies for the May-October 
period almost doubled and mean chlo- 
rophyll a declined 54% between 1988 
and 1989 (Leach 1993). Leach also 
found that concentrations of chloro- 
phyll are now in the range classing 
that part of Lake Erie at the oligotro- 
phic end of the trophic scale (Leach 
1993), and Griffiths (1993) predicts 
that the oligotrophication of Lake St. 
Clair will continue until the mussel 
population stabilizes or declines. 

Mackie (1991) has gone further 
and hypothesized the following sce- 
nario in Lake St. Clair because of 
clarification of the water by the zebra 
mussel. He predicts biodeposition of 
most of the nutrients in the water on 
the lake floor, a decline in primary 
production, increased development of 
the benthic community, and reduc- 
tion in biomass and production of 
zooplankton and other components 
including fish. Eventually, according 
to Mackie, this single exotic bivalve 
species will alter the entire pelagic- 
benthic energy balance of Lake St. 
Clair. Needless to say, this change 
may have severe socioeconomic im- 
pact, especially for the commercial 
and sports fisheries. 

Another important negative impact 
of the zebra mussel is its ability to 
remove contaminants from the water 
and concentrate them on the lake 
floors and shorelines. For example, 
De Kock and Bowmer (1993) exam- 

ined the transfer of cadmium and or- 
ganochlorine contaminants, from ze- 
bra mussels to the tufted duck, and 
showed a subsequent transfer to the 
duck eggs with resulting teratogenic 
effects. The two scientists emphasized 
that "given the capacity of D. poly- 
morpha to accumulate contaminants 
and its ideal position as a prey item 
along the banks of water bodies, it 
would be wise to carefully examine 
the pathways and flux of organic con- 
taminants in this new part of the 
ecosystem." 

Negative impacts of the zebra mus- 
sel on native unionids have been ob- 
served in Lake St. Clair and Lake Erie 
(Mackie 1991, 1993, Schloesser and 
Kovalak 1991). Zebra mussels are not 
selective and are colonizing all species 
of unionids in Lake St. Clair and Lake 
Erie. Unionids with 15,000 zebra 
mussels on their shells were found, 
probably equal to five times the weight 
of the unionid itself. Often unionids 
were not able to open their valves 
fully or could not close their valves. 
Thus, as a direct consequence of the 
zebra mussel invasion, the rich diver- 
sity of the unionid community in these 
lakes may be reduced because of the 
extinction of some species. 

The zebra mussel as 
a biofouler 

The most expensive problem caused 
by the mussel, in the short term at 
least, is its potential to foul raw water 
intakes such as those at reservoir 
pumping stations, electric generating 
plants, and industrial facilities. Zebra 
mussel communities are abundant on 
human-built structures such as dams, 
pipes, and water intakes, which pro- 
vide more solid substrate than do natu- 
ral surfaces within lakes and rivers 
(Protasov and Afanas'yev 1984, 
Zhadin 1946). Lyakhnovich et al. 
(1987) found that in Lukomskoye 
Lake, which is used as a cooling pond 
for a fossil-fuel power plant, mean 
quantities of mussels at the intake 
structures of the plant were 11 times 
greater than in the most abundant 
biotope of the lake. In terms of its 
biomass, it was seven times greater. 

Reservoirs and cooling ponds have 
especially good conditions for zebra 
mussels. Favorable hydrochemistry 
and water temperature, plentiful food, 
and the presence of excellent settle- 

ment sites on the solid surfaces of 
underwater structures encourage mass 
development of mussel colonies at 
these sites. For example, in the former 
Soviet Union, huge densities of zebra 
mussel veligers have been found in the 
Saratov Reservoir, where they have 
reached a density of 550,000 per cu- 
bic meter (Dzyuban and Kirpichenko 
1971). In other reservoirs, even larger 
densities have been found: Lebedeva 
(1978) has reported consistent densi- 
ties of 300,00-400,000, but a density 
of two million veligers per cubic meter 
is not uncommon. The largest quanti- 
ties per square meter have been re- 
ported by Kaftannikova (1987): in 
1981 in the intake canal of the cooling 
pond at the Chernobyl nuclear power 
plant, the abundance of animals was 
one to two million animals per square 
meter and fouling build-up in the cool- 
ing pond was 1.69 million kg. The 
largest biomass in this pond was 19 
kg/m2. 

In North America, the problem has 
only just began, but already the De- 
troit Edison power plant has reported 
mussel densities as high as 750,000 
animals per square meter in its intake 
canal (O'Neill and MacNeill 1991). 
There is a little doubt that other power 
plants will be severely affected as the 
zebra mussel takes hold in lakes and 
rivers. 

In industrial raw-water facilities, 
the infestation is also severe. The ze- 
bra mussel fouls trashracks, bar racks, 
culverts, waterways, raw wells, screen- 
house walls, traveling and stationary 
screens, inlet pumping tubes, strain- 
ers, inlet condenser waterboxes, and 
settling tanks. The greatest impact is 
from clusters of shells that clog the 
equipment, thus causing severe reduc- 
tion in water flow and sometimes 
resulting in plant shutdowns. (The 
diameter of tubing is sometimes re- 
duced to 20-30% of the original open- 
ing.) Several such outages during one 
summer at some power plants in the 
former USSR have been reported by 
Edel (1981), and McMahon et al. 
(1990) have already noted similar 
problems in North America, includ- 
ing reduction of water flow in fouled 
piping, blockage of small-diameter 
tubes and piping by single shells and 
shell clusters, aggravation of sedimen- 
tation and metal corrosion, and foul- 
ing of stationary components. There 
have already been some outages at 
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North American facilities on the Great 
Lakes, including several in the fall and 
early winter of 1989 and the spring of 
1990 at the Monroe waterworks, 
which withdraws water from the west- 
ern basin of Lake Erie (LePage 1993). 

Finally, the zebra mussels are nega- 
tively affecting both commercial navi- 
gation and recreational boating, in- 
festing barges, ships, boats, docks, 
and piers. Even recreational beaches 
at the northern shoreline of Lake Erie 
are being affected: some swimming 
areas are littered with sharp shells and 
the air is polluted with the smell of 
decaying mussels. Thus, the tourism 
economy is beginning to feel the zebra 
mussel's impact as well. 

The impact of the zebra mussel in 
North America will only worsen until 
natural equilibrium is achieved, un- 
less steps are taken to control its spread 
and lessen its effect. In the long run, 
we predict that zebra mussels will 
become an important, but not domi- 
nant, part of their environment. 

Control strategies 
In general, most of current zebra- 
mussel control activities now being 
tried in North America were attempted 
in Russia and Europe in previous de- 
cades. These measures include me- 
chanical, chemical, thermal, electri- 
cal, and acoustic methods (Clarke 
1952, Dzyuban and Kirpichenko 
1971). For years, the most effective 
control methods have been chlorine, 
thermal treatment, and protective 
coatings, and these measures have been 
summarized in reviews by Edel (1981), 
Jenner and Janssen-Mommen (1993), 
Ludyanskiy (1992), and Mackie et al. 
(1989). An extensive review of moni- 
toring and control measures was pre- 
pared by the Electric Power Research 
Institute (Zebra Mussel Monitoring 
and Control Guide 1993). Among 
many other methods, the most widely 
used current North American activi- 
ties in mitigation and control of zebra 
mussels include chemical measures 
(Claudi and Evans 1993, Klerks et al. 
1993, Klerks and Fraleigh 1991, Van 
Benschotten et al. 1993), protective 
coatings (Leitch and Puzzuoli 1992), 
thermal treatment (Iwanizki and 
McCauley 1993, McMahon et al. 
1993a, Neuhauser 1993), and acous- 
tics (Kowalewski et al. 1993). 

In fact, it is difficult to find a tech- 

nique that has not been tried. Mattice 
et al. (1990) have listed the top 45 
research and development projects on 
zebra mussel control. Topping the list 
as most effective control measures are 
chemical treatment, nontoxic antifoul- 
ing coatings, and thermal backflush. 

Unfortunately, most control meth- 
ods are harmful to the surrounding 
environment. For instance, current 
molluscicides are not selective and 
thus have a negative impact on other 
organisms. For that reason, the Envi- 
ronmental Protection Agency and 
other agencies are restricting the use 
of both oxidizing and nonoxidizing 
biocides, as well as many antifouling 
coatings. As a result, scientists are 
now looking into natural chemical 
control measures (chemicals derived 
directly from a plant; Lee et al. 1993) 
and biological measures (Edel 1981). 

Given this situation, we recom- 
mend future research and develop- 
ment of environmentally safe meth- 
ods of zebra mussel control and 
mitigation. Such methods should in- 
clude further development of nontoxic 
coatings, use of natural predators (e.g., 
diving ducks and crayfish), spawning 
control measures, control of natural 
environmental parameters (e.g., sa- 
linity, temperature, and dissolved oxy- 
gen), identifying specific life stages 
and seasonal peaks when treatment 
would be most effective, and dispos- 
able substrates. 

Conclusions 

Originating in Russia, the zebra mus- 
sel population remained relatively 
stable and localized until human be- 
ings and industrialization entered the 
picture. Human activities appear to 
have carried the zebra mussel into 
Europe, slowly at first and then with 
increasing speed as industrialization 
took place. Now the mussel can be 
found infesting most European wa- 
ters. 

Because industrialization and wa- 
terborne traffic were already well es- 
tablished when the zebra mussel was 
introduced to North America, and 
because there were few natural preda- 
tors, the mussel has been spreading 
rapidly throughout most US lakes and 
rivers. Within the next few years, and 
certainly by the turn of the century, 
the zebra mussel will be found in 
almost all parts of the United States 

and southern Canada and will have a 
serious effect on the ecosystems it 
infests and on a portion of the econo- 
mies of both countries. 

Although much more is known 
about the zebra mussel's etiology and 
biology than a few years ago, further 
basic research is required for a full 
understanding of the mussel's biol- 
ogy, potential range of habitats, and 
its susceptibility to control measures. 
Then further experimentation and tri- 
als of new types of control activities 
will be feasible. In addition, the zebra 
mussel's potential as a positive influ- 
ence on the environment should be 
investigated. 
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