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INTRODUCTION

Tire foliortri rrg rfortt rite»t is Pot» the pnxeedi»gs of a l 999 zebra
r»ussel vrorftshojs, ro»riucrrrl iri Baltirrrorr, ltrfaryksrrrl, Ai the
vrorkskopfoircasis vrriz Pess»isri ro»cerrri »g ike frt ttire of srbra
mtrssrls, Dreissena polymorpha, i» t4 rrriri-Atria»tie states.

What is die probability that zi bra rnussels will-invade
specific bodies of water within a given gate? If they do
invade-, will they become economic and ecological pests as
they have in portions of the Great Lakes? These and similar
questions are addressed, with the expectation that inanage-
ment strategies can be developed ro delay, mitigate, or
possibly even prevent zebra mussel irtv~sions, in some areas.

The probability of invasion is related to the frequenc'y
with which a specific body of water is inoculated witli zebra
niusscls and r.heir ability to sursive in, that body of water.
The variety of dispersal mechanisms, ancl the frequency and
relative importance of each potential inoculation affect the
ovi'rail c'hance that a reproducing population of zebra
mt'tssels will become established in a lake or estuary.

� I. INVASION RISK
Prior experience with zebra mussel invasions in Europe

and other parts of North America indicates that, at least
initially, population growth is not limited by predators,
parasites, or other biological factors, Gertain abiotic
parameters, liowever, sec m to limit zelira mussel pnpula-
tioiis in Eiirope. For these reasons, dre criteria fr>r predict-
ing zebra mrissel iiivas!on success in the rnid-Atlantic region '
are primarily physical < nvirontnental pammeters, and
especially aspects of water chemistry, The degree to which a
particular body of water conforms to the known optiinum
physiological reqrrirements for zebra mussels is here termi:rl
its rrrreePiihility. The second part ol this document is a review
of the physiological requirements used tr> predict suscept.i-
bility, For an example of similar predictions for other
regions, see Neary and Leach �992!.

A second species of' ~ssrrra, with at present only the
common designarion "quagga mussel"  its taxonomic
identity is uncenain!, has been found in parts of the Great
Lakes and New York inland waters  Ma~nd Marsden,
I992!. At present, nothing is known about the dispersal or
physiological requirements of the quagga mussel, other
I.han that it. lives with Dreisserra polyrriorpha, and dominates
some deep-water pnpuladons  Marsden, I99.'4!. Through-
out. this chapter, Drer'sserta isused to mdicate both the zebra
mussel and tire quagga mussel.

A zebra mussel is a small, strtped trtoHusk capable of
raising havoc.  Although the mollusk can grow up to
two inches, it is usually much smaller � fingernail size.!
Zebra rnussels have cost millions of dollars in the Great
Lakes region where they rapidly colonized water-intake
pipes, bdats, docks, piers, arid other structures. Dreissrna
palltmorpha was inadverten!y delivered to U.S. waters
around 1986 through the disc ltarge of Europeari
shipping ballast water. � ed.

D1SPERSAL MECHANISMS OF ZEBRA MUSSEI S

Invasion riskis here defined as the probability, relative
to other bodies of'water, that zebra rnussels vial! be inocu-
lrned to a specific body of water in su8icient nurnlsi r s to
establish a viable population. As will be explaine l, rigk is
related to the mirnbers of zebra mussels inoculated, attd
the conditions of inoculation, v;hich are in turn related to
the mechariisms of inoculation.

Terminology for biological invasions trit rits a brief
discussion. An irrvassori is the successf'ul  reproducing!
establislrment of a species in an area in which it had
historically been absent. The vector for inrasiorr can be
either human-mediated or natural, rrrr'hen an invasion is
known to be huntan-mediated, it can be termed an iirrro-
dvctiox. Thus, Onrissrssa vvas irr rodvcerf to l ake St. Clair, in
Michigan, and from there they irtvadrvl  bv natural dis-
praal! Lake Erie and l eke Ontario. The actual event that
leads to an introduction, sucli as rhe release of ballast
water containing larvae, is termed inoculation, and the
process by which the new species becomes a self-maintain-
ing population is termed establish»terse Thus, inorrrla io»
and esiahlishrrrz»r are events within an introdvctirrn, which
itself a specific form of' isstranosr, These usages come f'rom
no single source, and alternate terins are used elsewhere,
but the above are generally consistent with modern
litcratrire on aquatic biological invasions.



POPULATION. ESTABLISHMENT

One of the most difficult aspects of predicting biological
invasions is forecasting w'hen {how soon! an invasion will
occur. Dreissrrsrsinvaded the Great Hkes some time rhortly
pnor to 1988  Hebert rt rsL, 1989!, but the mechanism
responsible for invasion, ballast water  Carlton, 1998!, has
existed for decades before Drst~a became established,
Similarly, the rate and direction of dispersal by both natural
and human-mediated means. from the Great Lakes has often
defied prediction, For example, lbvissrrttt has been present
in an upper portion of the Susquehatma River, in New York,
since at least 1991 fLange and Cap, 1992!, but to date has
not appeared in downstream portions. This absence does
not mean that zebra mussels will not invade downstream,
only that we cannot predict closely when they will.

TA'e do have limited understanding ofhowtsome inocula-
tions may be favored over others: Dreissena reproduce's
sexually, releasing male and l'emale gametes into the water,
Prior research on other aquatic organisms  Pennfngton,
1985; Lasker and Stewart, 1992! show that gasnete viability
decreases dramatically with dilution, so that low-density
populations of benthic invertebrates have much lower
reproductive success than highAensity populations. Not
only does this mean that the initial inoculation of Dreisserta
must result in animals in suAicieut proxitnity to spawn
successfully, but also that there must be enough offspring
produced so that they, too, can reproduce successfully.
Larvae disperse in the plankton and face high mortality;
those that survive to settlement are widely scattered, and
only those that setde near others can reproduce, Thus, t.he
greater the founding population, the greater the chance of-
subsequent establishment, and the mare quickly the popula-
tion will attain high levels. Dispersal mechanisms which
deliver many individuals to the same location are the most
likely to spread invasions Johnson and Carlton, 1993!.

There are two practical aspects ta the above observation,
and its r arollary, that not every inoculation will result in
invasion. First, it is cast-effective for management agencies
to cdncentrate first on major invasion vectors, rather than
trying to precut every possible mechanism for itlvasion.
Second, when abtaining public cooperation in limiting
Dreissena invasion, it is important to make individuals believe
that their own reasonable efforts can make a difference in
Drcisserta invasion. This latter aspect has been discussed by
Johnson and Carlton �993!.

NATURAL DISPERSAL

LARVAL DISPERSAL

have swimming rates of less than I turn s'  Mann and Wolf,
1988; jonsson rs aL, 1991; Mann et aL, 1991!, and therefore

' cannot swim against most currents. Juveniles and adults can
crawl actively but not rapidly, and it is extremely improbable
that a juvenile or adult could crawl upstream against a
current as far in its lifetime as it would be carried down-
stream as a larva  planktonic period of about 12 dayr.
Neumann el aL, 1999! or posUarva, Dreisserta, therefore, is
ecologically adapted snore for lakes  no net currents! or
estuaries  bidirectiana] currents!, than for rivers  unidirec-
tional current!  Neumann et aL, 1993!. Rive> which have
attached oxbow lakes, navigation'al locks, or other calm
backwaters, could probably support significant populations
of Dreissertrt  e.g, Biryukov et aL, 1968!. The native range of
Drrissersrs is estuaries in southern Russia, Vkraine, and
Kazakhstan, and the largest populations outside of the
native range, in Europe and North America, have been in
lakes, estuaries, and other calm waters  Shtegman, 1968:
WolfT, 1969; Sta czykowska, 1977; Grifliths el al., 1991!.
High densities of Dreissrrta in non-estuarine rivers can be
maintained only by a continual input of individuals from
upstream lakes or tiackwaters. Thus, streams without such
areas cannot be successfully invaded by Dreisserta. Unforeu-
nately, most major North American rivers, including those
along the eastern coastline of' the U.S., have upstream
reservoirs that could support Dreissertrt populations, given
the correct water quality- parameters, High detisities of
Dreisserta can be attainerl in rivers downstream of' lakes  e.g.
Piesik, 1985; Neumann er nl., 1998!. There is no data on the
effect of reservoir size or flushing rates on downstream
Drrisserta population densiues, so for now, all freshwater
downstream of a lake capable of supporting Dreissena
populations must be considered at risk from invasion.

DreLssena are limited in their ability to tolerate salt water,
but mast major eastern estuaries in North America have
large freshwater tidal portions. Fven in years of low freshwa-
ter input; significant portions of most estuaries remain
fresh, Dreissenrs larvae and postlarvae could be retained
within the estuary by tbe saine tncclianistns used by oyster
larvae  Seliger rl aL, 1982; Mann, 1988! . A native species
closely related to Dreisserta, the false mussel Afyrilopsis
ksscophaeasa, is already present in oligohahne and freshwater
portions of estuaries from New Yot'k to Texas  Abbott,
1974!. Water chemistry of these estttaries, in terms of'pH
and calcium, is often nearly ideal for Dreisserta, and many
must be considered at risk from Dreissersa invasion. Further-
more, any frelhwater portions of an estuary will eventually
be invaded if there are Dreissrrtts populations established iti
upstream lakes or reservoirs. The St. Lawrence River in
Quebec and the Hudson River in New York are iwo North
American examples of invaded freshwater estuaries  New
Yorlr. Sea Grant, 1992!.

Drrisserta is unusual among freshwater bivalves in that it
has planktonic larvae and postlatvae  GriOiths et aL, 1991;
ltlcMabon, 1991!. Postlartrae drift passively with currents by
means of long byssal threads  Marteh 1992!. Larvae swim by
means of the velum, a ciliated organ, but most bivalve larvae

ADULT AND JUVENILE DISPtRSAL

Adults and juveniles of Dmirserta can crawl by alternately
attaching and releasing byssal threads. Based on crawling
rates of juvenile marine mussels, Afyti4sspp.  these authors,



unpubl. data!, Dreisserta individuals can probably tIrove
several meters per day, A very short stream between a
Dreissetta-infested reservoir and an upetream, non-infested
reservoir. would probably not be a barrier against invasion
by crawling individuals. Two examples of this situation
include a series of ponds in a typical golf course, and the
network of ponds, canals, and ditches in many coastal cities
in the mid-Atlanuc region. Dreissena individuals probably
cannot'circumnavigate a waterfall or spillway, however, nor
crawl up a rapidly flowing stream more than several hun-
dred meters in su6icient hurnbers to establish a new popula-
tion in an upstream reservoir.

navigable waters will be invaded. Baltimore County, Mary-
land, has restricted the use of recreational vessels in several
htunicipal reservoirs in response to this threat. lVfcMahon
and Paytte   I tt92! have shown that Dret'sserta can survive
several days out of water even at high temperatures, and
dispersal by overland transport is known to have occurred
 Carlton, 1993'l. Public education has focused on the
potential for Llmsserta attached to vessel hulls to be moved
between. lakes, but it has recently been noted that under
certain circumstances more Dreisserra will probably be
transported on strands of aquatic macrophytes thai becotne
entangled in boat trailers  Carlton, unpubl. data!.

Adult wnd juvenile Drrisserta attach to a variety of sub-
strates with sturdy byssal threads. A number of natural
mechanisms  amphibious animals! have been proposed that
could transfer b'yssally-attached adttlts or juveniles between
very close but separate bodies of water. These rnechanisrns
have been reviewed by Carlton �993!, and an example
includes aggregations attached to the,carapaces of turtles,
which often migrate between nearby bodies of water,
Certain species of turtle may become important in dispers-
ing Drehsrna within regions wi h many small lakes, or in
coastal regions with many small estuaries isolated from each
other by high-salinity barriers, but only low, narrow terres-
trial barriers. This last condition is typical of the coastal
plaiti from New jersey to Texas, In the mid-Atlantic region,
the eastern musk turtle  Stertothertts odoratus!, a common
species living in a variety of bodies of water, is noted for
having heavy algal fouling  Me<muley, 1945; Martoff et aL,
1980!, and the much larger ssrappittg turtle  Chefydra
serpentirra! can also be heavily fouled IJ. Brovttt, Virginia
Inst, Marine Science, pers, comm.!,

Waterfowl have been suggested by a variety of authors as
potential vectors of transport, and Carlton �993! retiews
evidence both for and against this a's a mechanism of
invasion. Birds could transport Dreisserta marty kilometers by
a variety of means, although the actual nutnbers transported
by any one bird would be small relative to the numbers that
could be transported by almost any human-mediated
process. Thc role of large Ilocks of migratory birds in
dispersing Dreisserta is worth investigating, however.

It should be noted that so far the spread of Dret'sserta in
North> Amer'ican across natural barriers can be attributed to
hurdan actions alone. Thus while amphibious anitnals may
be mechanisms of invasion, most emphasis should be placed
on controlling human-mediated dispersal mechanisms.

HUMAN-MEDIATED DISPERSAL MECHANISMS

OVERLAND TRANSPORT

Overland transport of Dreissena associated with recre-
ational vessels, or the trailers that tratisport them, has
received tnuch attention, artd is thought to be the primary
mechanism whereby inland lakes separated from other.

Known or suspected invasions that have occurred as a
result of overland transport have been fewer, so far, than
have been expected. The reason may be that., normally, few
individuals are introduced by a single inoculation. Several
overland invasions have occurred, however, including the
invasion of the upper Susquehanna drainage in New York
state  Lange and Cap, f992!, and either vessel hulls or their

' trailers are the most probable vector,

Juveniles or adults, not larvae, will be transported
overland by the above tnechanisms. To be introdu< ed to
the new location, the Dr@i«terra must detach from the vessel
or trailer. Juveniles are more likely to move than adt tits
 Eckroat et al., 1993!, If the Drrisserta are attached to
macrophytes associated with the boat trailer, it is simply
necessary for the plant to detach in the new body ol water.
Furthertnore, a piece of drifting plant with attached
Dreisserra could drif't rapidly down a river until it reached a
lake, where a population could be esrablished, whereas
tadult Drrissetta sinking individually into a river would be less .
likely to reach a downstream lake or successfully establish a
population.

. BALLAST WATER BILGESI BAIT WELLS

It is believed that the introduction of Dreisserrrr into the
North American Great Lakes was accotnplished by the
release of ballast water, containing larvae or postiartae, from
the holds of ore carriers from F.urope, F.vidence for this
route has been well documenterl  see Carlton, 1993, fc r
review!. Guidelines to prevent further introductions or
exotic species by ballast water into the Great Lakes have
been set up, but compliance is nor thought to be l 00%  J.
Carlton, pers. comm.!, and probably a single inoculation
under optimal conditions is su8icient to permit irtvaMon.
Furthermore, ballast into other North American freshwater
ports remains undocurnentcd. For example, Richtnond,
Virginia, a freshwater estuarine port, is regularly tisited by
container ships from Antwerp, Belgium, and other Euro-
pean ports  Meehan Overseas Terminal, Inc., I 99l !.
Alexandria, Virginia, another freshwater port, is visited ax
to severs umes annually by ships from Quebec City', Quebec,
in the St. Lawrence River, where Dreisserta is established
 Robinson Terminal Warehouse Corp., Alexandria, VA,
pers. comm!. The amount of ballast water exchange rl, and
the nature of the exchange, is undocumented and unregu-



lated, but represents a potential vector for the introduction
of gtrvissena into Virginia. Port logs, sometimes available
upon request, will no doubt reveal many further points of
potential introduction, and it may be chance that the Creat
Lakes were invaded by Dreissena before another North
American body of water.

Bait wells, bilge water, shipinents of live fish or bait, and
many other means of transporting water between bodies of
water may harbor larvae or postlarvae for several days,
although to date no specific examples of this occurring in
North America are known. This means of transport is
reviewed at length by Carlton �993!.

VESSEL TRANSPORT BETWPEX KSTUARIKS,

Once established in Lake St. Clair and Lake Erie in
1989, Dreissetra was subsequently identified at many isolated
points elsewhere in the Great Lakes and in the Erie Canal,
New York. The vector of dispersal in these cases was
thought to be vessel hulls with byssally-attached adults or
juveniles  Griffiths et aL, 1991! .. Since vessels can move
upstream err across salinitv barriers relatively rapidly, they
are a major mechanism for expanding the range of
Drnssetta Postlarvae and juveniles attached to the hull of a
recently moved vessel can detach at a new moorage, and
accumulate on nearby stationary substrate. Alternately,
aduks attached to the hull can spawn at a new location. The
relauve importance of these two phenomena depends on
the number of' postlarvae or juveniles transferred in the first
case. or the number of adults and the amount of time spent
at thc new moorage in the second case. The resetdement of
postlarvae and juveniles from vessel hulls as a means of
dispersal is likely to be favored during the reproduct.ive
season, by vessels with relatively clean hulls that do not
spend extended periorls at any particular mooring, Even a
high density of microscopic Dreissetta postlarva and juveniles
would be unnoticed by persons visually inspecting vessel
hulls in an attempt to prevent the spread of Dreisserta On
the other hand, some vessels, especially barges, spend weeks
or month» at any particular moorage, giving fouling organ-
isms attached to their hulls multiple opportunities to spawn.
ln such cases, vessels with large fouling populations of adult
1!reissepa would be favored as a method for introducing this
specie s.

Barges in particular represent a major vector for
DreissetM dispersal. They have large hull areas for coloniza-
tion from the source population, they are infrequently
cjeaned, and they often have long residence periods at any
particular moorage. Once moved, barges may be moored
for months or even years, giviiig any fouling organisms many
opportunities to reproduce. In addition, freshwater regions
are at tractive to many vessel owners for long-term moorage,
because of the relative lack  prior to Dreisserta! of. fouling
organisms. The hulls of other vessels that travel between

estuaries are generally smaller ahd cleaner than barge hulls,
but the possibility of introduction via these cannot be ruletl
out. Even a small, possibly unnoticed portion of a hull
could harbor tens of thousands of adult, juverdl, and
postlarval Dreissena

Given the ability of Dre&sma to tolerate moderately saline
waters for at least a short period,. vessel traffic represents a
major intracoastal vector for the spread of' Drrissena benveen

' estuaries. Dretsserta is present in both the Hudson and
Susquehanna Rivers  New York Sea Grant, 1992!, and could
potentially spread from those sites to most other estuaries
with barge tra Iic between New York and Florida. At present
no records on comtnercial or recreational traffic benveen
freshwater estuarine ports in North America have been
compiled. The length of'time that Dreissetra can tolerate full
seawater, perhaps by completely closing their valves, is
unknown, but  hey have been shown to be able to survive
several days out of water, at tached to pleasure craft hulls,
tmder certain circumstances  McMahnn anrl Payne, 1992!,
and tran survive several days without oxygen  Mikheev,
1968!.

Introduction of Dreitsena to a borly of water via the hull
of a vessel does not automatically ensure establishment,L
Establishment is favored by high survival of Dreissena during
the passage overland or through high salinity, by large
numbers  e.g. millions! of individuals, by favorable water
conditions for growth and reproduction in the host estuary,
and by long moorage of the fouled vessel.

INTENTIONAL INTRODUCTION

The possibility of deliberate, misguided introductitins of
Dreisserta must be seriously considered. j>reissena popula-
tions are believed to be responsible for a dramatic increase
in water clarity in Lake Erie  %wight and Mackie, 1990;
Greenberg et al�1992; MacIsaac and Sprules, 1992; L.eacli,
1993!, arid would probably do the same for any small lake to
which they were successfully introduced. tA'ater clarity,
while of tincertain ecological advantage, is enormously
attractive aestheticaffy, and the impact of Dret'ssetta on water
clarity in Lake Erie has been well-publicized  e,g, Di
Vincenzio, Newport News Daily Press, Dec. 5, 1991; Walker,
1991; Cohen, 19'; Sisson, 1995!. Other reasons tr inten-
tionally introduce Dreissena could be a desire to increase
biodiversity, provide food for other organisms, or to provide
a, new bait source. lf Dreissena are used as bait, there is also a
risk of recreational fishermen dumping leftover bait into a-
pond or lake. Many previous introductions ol' freshwater
mollusks are believed to have been carried out by private
landowners, intentionally or through carelessness  Carlton,
1993!, and Dret'ssena are exceptionally easy to collect and
transport, Because Dreisserta hrvae disperse, a smail lake
that retains and concentrates successive generations may be
as much at risk from a single introduction as a large lake.



II. SUSCEPTIBILITY TO

INVASION

PHYSIOLOGICAL REQUIREMENTS OF
ZEBRA MUSSELS

This section reviews puMished data on the physiological
requirements of Dreisserra wrth respect to water quality and
chemistry. Four common aspects appear critical to the
persistence and reproduction of Dreissena populations;
temperature, salinity, «lkalirtity  pH!, and ca!cium content.
Table I summarizes this information for hdults and larvae,

TEMPERATURE

Stanczykowska �977! stated that adult Drer'sscrta began
growth at 11-12" C in European lakes, similar to a value of
10-12" C reported by Mackie �991! for Drrrsscrra in the
Great Lakes, Bij de Vaate �989!, however, reported that
growth of Drcisserrrr iri the Netherlands occurred at ternpera-
turcs as low as 6" C, and in a rcvicw of European lakes with
Drcr'sserta, Strayer  !991! reported that the largest popula-
tions were in lakes with a mean annua! temperature of only
&9" C, inferring that temperatures exceeded 6-9" C en!y ha!f
of tfie year, Borcherding �991!, who reported gametic
growth at temperatures as !ow as 24' C, suggested that
reported diffr rences could be due in part to food qrta!ity
and quantity for different popu!ations, Differences may a!so
reflect methods of measuring or deftning growth.
Schneidcr �992! predicted that growth rate is strongly
affected by temperature, with slower growth rates at low
temperatures. The minimum ternperanrre to!erance for
surviva! appears to be just above freezing  Strayer, 1991!,
Nowhere in the mid-Atlantic region are there temperature
regimes roid enotrgh to limit Drnsserra populations. The
maxilnum temperature that permits growth by adult
Drersscrra has been reported variously as 26-33'C
 Stanczykowska, 1977i.

Gametogenesis in &risMria has been reported at tem-
peratures as low as 2-4' C in the presence of good food
quality {Borcherding, 1991!, and spawning is known to
occur at 12' C  Sprung, 1987; Bij de Vaate, 1989;
Borcherding, 1991! and at 22-28' C  Haag and Garton,
1992! Sprung �9871 reported a loss of sperm motility in
Drer'sscna at 26" C, and zygote faihrre above 24" C. This fast
evidence indirect!y supports predicuons by Strayer �991!
that populations ef Drsissersa will be heat-limited in the
southernmost regions of North America. Haag and Garton
,�992!, however, reported that Dreisserrir in Lake Fric
spawned during a period of water temperatures abave 26"C;
the maximum temperature at this time was 5 ! C. Tempera-
tures as high as 30'C, therefore, may not inhibit reproduc.�
tion. Strayer �991!, in a review of climatological conditioris
is! Europe, reported that the highest mean monthly tem-
perature to!era ed by Dreisserra was 26.4"C. Optimum larval
rearing temperatures in t.he laboratory were reported to be
about 17-18" C by Sprung �9871.

In temperate regions, with seasonal l.emperature fluctua-
tions, the maximum temperature that permits IWisserrrr
reproduction is !ess important than the temp< rattrrc
tolerance of adults, since there wil! always be optimal
temperature windows at some point of the year for spaw'n-
ing, 6reisserra to!crates extended periods of tcrnperattires in
excess of 25' C, so the majority of the United States and
southern Canada are within the temperature tolerance of
this sp'ecies.

SALINITY

Mackie and Ki!gaur �992! reported an 1.C of 7,6
salinity at 96 hoirrs for unacclimated adult Drrr'ssrrra, at
19" C. Over a period of 42 days, Drrissma which had been
slowly acclimated had only I5% mortality at 8.0 sali»i' at
4" or 10" C. Barber �992!, however, rcportcd IOO~ir
mortality svithin 52 days of adult Drei~serrrr in water slriwl>
raised from 0 to 2.7, at 15" C. Wo!ff �969! cites an
unpublished sourer, stating drat Drn'sserr<r could stirs ivc.
saiinirics as high as 12.2, although the circumstances «if
exposure were nor given. In the De!ta region of the Nether-
lands, adult Drcisserra to!crate continual sa!irut> of 4 in
ponds, but were»ot found in estuaries with mean salinities
above O.fi, in which sa!irsit> f!uctuated vrith tides  Xyo!ff,
1969!, tA'o!ff   1 969! concluded that the higher mean
salinities could be tolerated on]y if there were not tidalh-
driven fluctuations.

The apparent difference in reported salinity to!crankle i»-
Dreisscrra, between Mackie and Ki!gour �992! and Barber
�992!  above!, rrray reflect a strong imerardrm <rf safinirt
and temperature  with higher tolerance at lower tempera-
tures!, or it may refiect physiological differences in the
experimental animais. I lebert ef aI. �989!, arid Gartorr a»d
Haag �991!, reported high genetic variabi!itv, for an
introduced species, among Drrrssasra in the Great Lakes and
this may bc re/!ected in variauoh in physioiogica! toler-anccs.



When plotting potential spread of Dveisssrrrr in North
America, it is safest to assume that. they can tolerate salinities
of at least 12.2 for a few da!rs. This would be significant for
Drsisseirrr fouiittg slow moving vessels, such as barges, that are
periodically moved between freshwater portions of estuaries.
For exansple, a barge fou'led by Drissrvra in the
Susquehanna River, in Pennsylvania or Marylarrd, could
probably be towed to a new anchorage  and a new water-
shed! in Philadelphia, Pennsylvania, or Alexandria, Virginia, .
without submitting the DreisMrsa to lethal osmotic stress, On
the other hand, only areas with salinity below 1 are likely to
maintain high Dreirserrrr densities. Walton �993! found
Ltreissrnrt in salinities as high as 6 in the Hudson river, but
high densities  !l000 m~! were maintained only at a site
that never exceeded 3 salinity, and was ofted fresh.

The salinity tolerances of Dmaerra spawning adults, egfp,
veliger larvae, or planktonic postlarvae, have not been
reported. Mann et aL �991!, however, in a review ol'
physiological tolerances of oys'ters of the genus Crasrostrerr,
reported that the ranges of salinity tolerances for spawning
adults or for hrvae were equal to or less than those 'for adult
survival.

PH~ CALCIUM, OTHER IONS

pH in North American fresh waters varies depending on
rainfall acidity and hedrock composition. Adult Dreisserrrr
have a heavy periosteum covering all but the oldest,
thickest poruon of the shell  pers, obs.!, The periostracurn
in freshwater mollusks is thought to aid in prevention of
shell dissolution  k4cMahon, 1991!, and Dreisserrrr may thus
be able ro survive periods of relative acidity. The minimum
pH tolerance of adult Drrissrrru appears to be 7.0, the point
at whkh shell rlissolution exceeds calcium uptake
 Vinogradov et aL, l 993!, but Ramcharan et rrl. �992!, in a
literature survey o ' European lake~, reported that significant
populations of Oretsseirir persisted only above a mCan pH of
7.5.

larval development in Dreis.terra appears to be ugh tly
regulated by pH. Sprung �987! reported Drn'rsena egg
survival betwee n only p H 7,4 and 9.4, and optimal survival
between pH 8.4 to 8.5, at temperatures of 18-20 C, Even if
these values vary among Dmisserra populations, or with
rearing conditions, it appears that at least during the
reproductive season, Drcisserra requires slighdy alkaline
water.

Calcium, a major component of tnollusk shells, appears
to be limiting in some cases. Ca'  from CaCO,! is ex-
posed either as "hardness"  milliequivalents, or meq!, or
as mg per liter. European lakes with large popuhtions of
Drrisserra have hardness levels of about l.,'73 to 3.16 meq
 Strayer, 1991!, or a minimum of about 34,5 mg Ca~ 1', a

mean of about 45-52 mg Ca~ 1', and a maximum of 76 mg
Ca~ I '  Ramcharan el aL, 1992!. These values should not be
considered limits, but only the range for which large
populations of Dreisserra have been recorded in Europe.
Actual requirernen.ts for adult Drrissena have not been
determined in the laboratory. Sprung �987! reported '
minimum embryo survival at 12 mg Ca" 1', and optimum
survival at levels of 40 mg Ca' 1' �.0 meq! and above,
Larvae grew relatively well at calcium levels of 106 rng 1', the
maximum level tested.

Other salts, including MgSOe NaCI, KHCO,, NaHCO�
and MgCIv, do not appear limiting to Drrissrrra embryos
 Sprung, 1987!, Potassium  KCI! is lethal at levels of about
100 ppm  LC50 for 24 hours!  Fisher and Strpmberg,
1992!, but concentrations rarely approach this level in
natural waters. Rarncharan ez aL �992!, in a review of
European lakes, reported that the mean phosphate  PO,!
level of lakes with stable populations of Dreisserrrr is about
0,12 mg 1', with a maximum ievel of 0.18 mg 1' and a
minirnurn of 0.05 mg 1 r, although Dreissena have been
reported in lakes with no nicasurable free phosphate.
Phosphorus and nitrogen may have indirect roles on
Dreisserra population growth rates, since they'are critical
nutrients for freshwater phytoplankton, and thus affect
abundance of phytoplankton. the primary food source for
Dreisserra. Amfnonia  NH�! is  ethal at a !revel of'about
2 mg la  Nichols, 1993!, but this level is lethal to marry other
aquatic organisms as well,

OXYGEN

Sprung �987!, with limited data, concluded that
Drrissena larvae survived for short periods at oxygen levels as
low as 20% of saturation, at 18'C. This oxygcrt level in
natural systems is considered to be a hypoxic condition, and
aquatic systems with oxygen levels of 20% for signrTicarit
periods have problems far worse than zebra mussel irifesta-
tions. During periods of highest pollution in lhe 1970s,
hypoxia eradicated Drrissrrrra from much of ihe Rhine %ver
in Germany  Neumann et aL, 1993!, Survival of adults in'
hypo'xia is unknown, but juvenile oysters have been shown
to be significantly more toleran  of hypoxia than larvae
 Widdows et rrL, 1989!, so adult and juvenile Dreissrrra are
probably more to!erant of hypoxia than are larvae Llnder
anoxic conditions, 100% mortality of Dreisserrrr occurs in
about 6 days at 17-18"C, and 3 days at. 23-24"C  Miklreev,
1968!. Mclviahon and Alexander �991! concluded that
Dreissena are poorly adapted for survival at low oxygen levels
in warm water �5'G!, which indirectly supports Strayer's
�991! predictions of' a warm-water limitation to &sisrerra
invasion. ln general, however, onlv severely stressed aquatic
systems would have oxygen levels low enough to inhibit
Drsissens invasions.
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