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INTRODUCTION

ESTuARIES

Thefollotoingdocument is from the Pmceedings of a l 993
zebra mussel rvorkshop, conduced in Baltitnore Maryland. At
the tvorkshop, forecasts uvre presented concerning the future of
zebra mussets. Dreissena polymorpha, in the mid-Atksntic
states.

This publication is devoted to predictions of the
probability of invasion by the zebra mussel, Drezssena
Polymmgha  and the quagga mussel, Dreissena sp.! to
specific bodies of water in Virginia. Probability of
invasion is divided into nsk and susceptt'bility. Risk refers
to the chance, relative to other sites, that a body of
water will be inoculated with Dreissena, in suflicient
iiurnber t.o establish a population. Inoculation can'
.occur by natural dispersal, biit iii the mid-Atlantic
region is most likely to occur through accidental
introduction by humans, especially via boat traffic,
,Susceptibility of a body of'water refers to the probability,
based on known physiological requirements, that
&eissena could survive and reproduce, In this publica
tiotl predictions are made, concerning both risk and
suceptlbility, for several bodies of water in Virginia.

Original Dreissena populations are native to freshwa-
ter or brackish portions of estuaries, vith bidirectional
water flow, in eastern Europe and central Asia
 Staczykowska, 1977!, and most subsequent istvasions
have occurred ih lake~ and freshwater portions of
estuaries  Shtegman, 1968; 'A'niff, 1969; Staczykowska,
1977; Griffiths et al., 1991!. Freshwater portions of
estuaries, arid natural and artificial reseivoirs in thc
mid-Atlantic region'of the United States  here defined
as drainages east of the Appalachiian Mountains be-
tween New York and South Carolina! are therefore at
risk from invasion by Dreissena, given correct water
quality parameters, Dreissena populations cannot be
maintained at high levels in freshwater rivers without an
upstream reservoir or lake, because it has planktonic
larvae aud piistlarvae stages. This topit is discussed at
greater length in Critena for Pn dieting Zebra Mussel
Invasions in the Mid-Atlantic Region, a Virginia Sea Grant
Publication, which can be obtained from the Virginia
Institute of Marine Science,

TEMI ERATURE-LIMITED

SYSTEMS

None of the systems in the mid-Atlantic region fall
below the minimum temperature requirements for
Dreissena reproduction  refer to Criteria far Predicting

A zebra mussel is a smail, striped mollusk capable of
raising havoc.  Although the mollusk can grow up to two
inches, it is usually much smaller � fingernail size.!
Zebra mussels have cost millions of dollars in the Great
Lakes region where they sapidly colonized water-intake
pipes, boats, docks, piers, and other structures Oreissena
polymorpha was inadvertently delivered to U.S. waters
around 1986 through the discharge of European shipping
ballast water. � ed.

Zeb'ra Mussel Invasions in the. Mid-Atlantic Rigid!, but
most estuaries and lowland reservoirs in South Carolina
and Georgia have summer temperatures that may
exceed Dmssena tolerances, based on reported Euro-
pean limits  Strayer, 1991!, and reported physiologiaal
limits of zygotes and adults  Sprung, 1987; McMahon
and Alexander, 1991!. Reported European tempera-
ture limits for Drnssena may be based on geography as
much as teinperature, however, since the Mediterra-
nean Sea acts as a southern barrier. The movement of
Dreissena dowst the Mississippi River, tracked recently as
far as Vicksberg, Mississippi  New York Sea Grant,
1993!, should b» closely motntored as a natural test of
tcinperature tolerance of this species in North America.

Virtually all estuaries with permanent freshwater
inputs in the mid-Atlantic region have tidal freshwater
portions, ancl are potentially suceptible to invasion by
Dreissena, Examples of major estuaries  more than 3000
ha. of open, permanently fresh water! between New
York and North Carolina include the Hudson River; the

Delaware River; the Susquehanna, Potomac,
Rappahannock, Mattaponi, Pamunkey, and James Rive i s
in the Chesapeake Bay; Currituck and Albemarle
Sounds, and Pamlico, Pungo and Neuse Rivers in North
Carolina  Coupe and Webb, 1984; U.S. Army Corps of
Engineers, 1984; NOAA, 1985!.

Estuaries can be invaded by Dreissena in several wave,
all discussed at length in Criten'a for Wedicting Zebra
Mussel Invasions in the Mid-Atlantic Region. Briefly, they
can be invaded overland, usually with recreational



vessels, either directly to the freshwater estuarine
poruon. or to a lake, from where, if they become
established, they will subsequently invade aB down-
stream waters. Alternately, estuaries can be invaded
f'mm the seaward direction, with vessels traveling from
other estuaries Ballast water containing Dissents larvae
is a weil-known vector, but under some circumstances,
Ltststucna may also be introduced as adults on the hulls
of vessels, if the time spent in highsalinity water is nor,
long. This is ofter> possible, as discussed below.

Natural terrestrhl and high-sylinity bartiers between
major estuaries and s~ler estuaries have been partially
eliminated by canals of the Intracoastal Waterway, and
may facilitate Dreissena transfer be tween basins. For
example, the Chesapeake-Delaware canal, between
oligohaline portions of those respective estuaries, is at
times of high freshwater runoff f'resh or nearly fresh at
both ends  U.S. Army Corps of Engineers, 1985; NOAA,
1.985; MeBor, 1986!, and thus-represents a route for
iiatural invasion by Drrissents of thc Delaware estuary
froin the Susquehanna drainage, where it is foutid at
present  fange and Cap, 1992; New York Sea Grant,
1998!. Two canals, the Dismal Swamp Canal and the
Chesapeake and Albemarle Canal, connect the Eliza-
beth River estuary in southern Chesapeake Bay, Vir-
ginia, to freshwater poruons of the Albemarle atad
Currituck Sounds iii North Carolina so that freshvrater
portions of the two formerly separate estuaries are now
a single body of water. The Alligator River and Punpo
River Canal connect tidal fresh waters of Albemarle and
Pamlico Sounds, respectively, in North Carolina,
Similar examples can be found elsewhere along the
Intracoastal Waterway. Even if there are high salinity
regions that act as barriers to natural range expansion
by Drtissena, barge and other boat traffic carrying
Dreissena along these canals could pass relatively quirkly
through high saliniry areas and Dreirsena can tolerate at
least several days of relatively high salinity,

Dretssena has already invaded the f tudson River
esruary  Walton, l993!, and appears poised tojnvade
the Susquehanna River estuary  I~nge anrl Cap, 1992;
New York Sea Grant, I998!. These estildfles 'will serve as
models of the sorts of biological and economic impacts
to expect in other mid-Atlantic estuaries. In addition,
they will serve as reservoirs of Dreissena to invade adja-
cen  estuaries, particularly on the hulls of vessels
travelling between estuaries, as discussed in Cnteria fm
Predicting Zebra hfttssel 1nvasions in the Mid-Atlantic Region.

Some, but riot afl, of Virginia's f'reshvater estuarine
regions are at risk of, or susceptible to, invasion and
establishment. by Dreissentt. The risk of inoculation
va es between esniaries, according to the level of boat
trafFic and other human factors. Susceptibility of
establishment, on the other hand, varies according to
water chemistry, independently of human use', In the
following discussion for each estuary, values for pH and
calcium are the maximum reported monthly averages

for summer  Iviay to September!, based on existing
water chemistry data.

POCPfgOKE RIVER

The Pocomoke River is at low risk of inoculation, and
is not susceptible to establishment oi Dr6ssena. Like
other estuaries on the'Delmarva Peninsula, it lias
relatively low freshwater inflow, and no major upstream
reservoirs for Dreissentr to invade. There is litde com-
rnercial vessel traffic into the estuary, although the
channel is maintained to Snow Hill, Musyland, and
there is a tnarina near Snow Hill. Opportunitics for
inoculation, therefore, are relatively timited, relative to
other Chesapeake Bay estuaries.

Water chemistry data for February I 991 near the
upstream tidal limit at Snosv I Iill showed low pH �.1!
and calcium content �.3 ppm! fjarnes et trl., 1991!. If
&eiisenss were to invade tl its estuary, they probably
would not attain high population levels.

POTOM AC RIVER

'I'he Potomac River is at high risk of inoculation, and
htghly susceptible to establisliment of Dreissena. The
tidal ireshwater portion of the P'otomac estuary
stretches from Washington, 0:C., to Quatstico, Virginia
in most years. There are few, lakes adjoining the
Potomac River estuary; therefore, the invasion of the
Potomac River drainage by Dreissenrt carried by recre-
ational vessels transported froin an adjoining drainage is
less likely to occur than in soine other systems. The
Virgirua portion of. the PotornacJShenandoah drainage,
for exa'tnple, has only about 40 public boat ramps  most
of which are on rivers! compared to morc than twice
rhat number for sotne other Virginia drainages of
similar size  DeLorme Mapping Co., 1989!. Resource
nianagers have fewer major lakes to monitor in a
program to prevent tlie introduction of Dreusenu.
Invasion could occur via intentional, misguided intro-
duction to a farm pond or other small impoundment,
however. This possibility can be- prevented only
through education of landowners and users.

lnociilation of the Potomac by Dreissena could aho
occur from the seaward direction, via ballast water of

' the huBs of incoming vessels. BaHast water containiiig
Dreissena larvae or postlarvae is a disdnct risk to the
Potomac estuary. Bulk cargo ships from Quebec City,
Quebec, arrive in Alexandria, Virginia, 6-7 nmes annu-
ally  Robinson Terminal Warehouse Corp, Alexandria,
VA, pers comm.!. Alexandria is the largest. port iii thc
freshwater portion of thc Potomac; f!uebec City is on a
portion of the St. lawrence River that has estabbshed
populations of Dreissena  New York Sea Grant, 1993!.
The amount of ballast water exchanged, and the nature
of the exchange, are unknown. Commercial and



PIANKATAlsfK RIVER

recreational traffic into the Potomac estuary from
adjoining esntaries is very high, and the Potomac is the
closest Virginia estuary to the Susquehanna River, where

' Dreissena is already present,

Water chenristry data indicate that both pH  8.1-8.4,
May to September at Washington, D, C.! and calcium
content �2-40 ppm!  Prugh rt aL, 1992! are suitable for
Drsissena reproduction. If Drerssrvta becomes established
in the Potomac estuary, all indications are that it would
rapidly attain pest proportidns, This region has already
experienced invasion by the asiatic clam, Corbicuta
Jlttrninea, which has attained ltigh abundarrce  Phelps,
1991! .

RAPI AHANNDCK RIVEII

Risk of innoculation to, and susceptibility of, the
Rappahannock River to Dreissrna invasion, are moder-
ate. The tidal freshwater portion of the Rappahannock
estuary extends upstream frotn Fredricksburg, Virginia,
to somewhere between Port Royal and Tappahartnock,
depending'on freshwater inflow levels. Insmion of the
Rappahannock could occur from upstream, where there
are several reservoirs of moderate size, if they werc
invaded. There arr 11 public boat ramps in the fresh-
water portion of the Rappahannock drainage
 DeI.orme Mapping Co., 1989!, and there are also
several large, privately maintained reservoirs', such as
Lake of the Woods, which is surrounded by a housing
development. inoculation could also occur from the
seaward direction, via fouling on the hull~ of vessels
moved from nearby estuaries already invaded by
Dreisscna, but both commr.rrial and recreational move-
mcnt from other estuaries to the Rappahannock is low
to moderate.

The lower Rappahannock River has relatively low pll
�,8 in August, at Fredrirksburg! and very low calcium
�.2 ppm!  Prugh et al., 1992!. Based trn these data,
even if Drzitsena becomes established herc, it. is rrot
predicted to have high reproductive sucress most years,
and is unlikely to maintain pest proportions.

'I'he,tidal frteshwater portion of the Piankatank River
ls at. relatively low risk of inocculation, and is not
suceptible to establishment of Dreissena. The
Piankatank, and its adjoining freshwater tidal portion,
Dragon Swamp, is the largest of a number of small
estuaries on the west side of Chesapeake Bay for whir.h
the drainage basins arise entirely within the coastal
.plain region. There are no large upstream reservoirs,
and rio cornrnercial traBic into freshwater tidal portions,
so the only likely mechanisnrs of Dricssena inoculation

- would be via private introductions to upstream farm
ponds, or via the hulls of small pleasure vessels from
other estuaries. The Piankatank has low pH �.5 in July

at Mascot! and low calcium �3 ppm!  Prugh rt aL,
1992!, so Drn'ssenawould be unlikely to survive or
reproduce,

Data for other small Virginia estuaries are limited,
and while some  e.g. the Pocomoke, discussed above!-
are known to be acidic, pH and calcium of small- to
medium-sized impoundments upstream on these varies
dramatically within the same drainage  Virginia Depart-'
rnent of Game and Inland Fisheries, unpubl. data!. No
small estuary, therefore, should be considered safe from
Drzisserta invasion until water quahty has been measured
and determined torbe unsuitable for Dreissrna growth
and reproduction.

MATTAPONI AND PAMUNKEY RIVERS .

The Mattapom and Pamunkey Rivers, which trnite at
West Point, Virginia, to form the York River estuary, are
both at moderate risk of inoculation by Drrirsena,' and
are moderately susceptible to establishment of this
species. The York River is rarely fresh. or oligohaline,
even at West Point  NOAA� 1985!, so freshwater por-
tions of the Mat taponi and Pamunkey are normally
distinct from each other. Small tributaries of thc two
subestuaries are very close ro each other, though, and
could be host to brief overland transmigration by
anitnals such as turtles  see Criteria for Predtcti ng Zebra
Afttssel Invasions in ttse bifid-Atlantic Regtort! .

Inoculation of either estuary by Drzissena cori}d occur
from upstream reservoirs which had been previously
invaded overland. The Mattaponi River has several
upstream reservoirs of moderate size and recreational
use, such as Ni River Reservoir, and Caroline Reservoir,
and in the Pamunkey rlrainage there is the relatively
large Lake Anna  discussed separately in this chapter tn
tire section on lakes!. There are about 12 and 15 public
lx>at ramps in the Mattaponi and Panrunkey d.rainages,
respectively  DeLorme Mapping Co., 1989!. Inocula-
tion of the estuaries could also occur via Dmkserra
attached to hulls of vessels incotning from other., already
itrvaded estuaries, but probability of invasion by this
method is low, due to the relatively limited traBic,
compared to other major estuaries. Barges with wood
chips travel between the upper York River and other
estuaries, but the major moorage site, in the lower
Parnunkey, is rarely fresh, and the salinity regirrrc
probably is suboptimal for reproduction of l~srna.

Both rivers are slightly acidic and have low calcium,
and are titus only. marginal for Drrissrna growth and
reproduction. Near Beulahville, pH of th» Mattaponi in
July is about 6.9, while calcium content is only abou t 3.7
ppm. Near Hanover, pH of the Parnunkey in June is
about 6.9, with a calciutn content of about 9 ppnr
 Prugh st aL, 1992!. Even if Dreissena becomes estab-
lished, it is unlikelv that they would attain pest propor-
tions in either estuary.



JAMAIS R1VEa

The James River is at high risk of inoculation by
Deissess<s, and is highly susceptible to subsequent
establishment of large populations, The freshwater
tidal portion of the James River extends downstream
from richmond to Jamestown, and includes large

'portions of the Chickahominy and Appotnattox Rivers,
with over 8000 ha of open freshwater. Th» James River
drainage has many large reservoirs with heavy recre-
atiqnal use  high risk of inoculation!, and some of these'
reservoirs could support Drnssasscs populations. Ex-
amples include Briery Creek Reservoir, Lake Chesdtn,
Swift Creek Reservoir, Lake Moomaw, and Little Creek
Reservoir.  Lake Chesdin, the largest of these, is
discussed separately under the section on lakes.! The
datlger of introduction via vessel hulls or trailers
increases with the amount of recreational use, and the
Jasncs River drainage has 6ver 90 public boat ramps,
mostly on lakes  DcLormc Mapping Cc>.,'1989!. ln
addition, there arc a.nnual prohessi<>real bass lishing
tournaments on the tidal freshwater pc>rtions nf thc
Janres and Chickahomrny Rivers, witlr marry vessel»
trailcr+d in from other states, where they may have bec n
in Drcisse>r<s infested waters only a day ar two previously.

The risk of inoculation from the seaward direction,is
also high, via both ballast water and thc hulls of incorn-
ing vessels. Large vessels containing varying amounts of
ballast water regularly visit the Port of Richmond from
freshwater European ports  Meehan Overseas Terminal,
inc., 1991!, some of which have large: Drvr'sscrrrs popula-
tions. Whether freshwater ballast containing Drn'sse>s<s
larvae is acquired in Europe and released, undiluted by
seawater, in Richmond, is unknown, but it appears
probable, Barge and 'other vessel n aHic between
industrialized areas of the James lbver and other
estuaries in Chc.sapc akc. Bay is heavy. Thc re is also
heavy recreational traHic from other esnraries,

' Conditions for Lhrisse>r<s reproduction are favorable
throughout much of th» estuary, and two other non-
native bivalves, Cr>rt>irrsks firs>ri >carr and- Rs>rgi<s ca>recrta,
have already successfully invaded f'rcshwater and
oligohalinc portions of this. estuary  Diaz, 19&, 1989!,
The native bivalves hfytrfopsis trrscoI>hcscrsta  a close
relative to D>sissy<>!, 5phrsrnrcrrr trasrsvcrsrsrrr, and Prsi&'rcrrr
c<ssert<snrswr are also common in oligohaline and freshwa-
ter portions of the James River  Diaz, 1977!. Near
C~erssille, pH in August is 8.1, and calciutn content is
about 22 ppm  Psugh ct <>L, 1992!, both within the
minimum requiretnents for Dz<rissc>ra reproduction.

EL1ZABETH R1VER AND ALBEMARLE

SQUND

Tidal freshwaters of southeast Virginia, including the
Ebzabeth Riverbed parts of the Albemarle Sound

system, are at risk of inoculation by Drsisscrs<r, and some
regions within this area are susceptible to establishment'
of thc species. The Elizabeth ~ Nansemond; and
Lynnhaven Rivers in southeast Virginia, Currituck
Sound and the Pasquotank River in North Carolina
 Albemar}e Sotlnd!, «nd many lesser bodies of water,
form an extremely complex estuarine and freshwater
system, because of the 1nu acoastal Waterway and many
lesser canals. The northernmost portion of Cunituck
Sound is Back Bay, in Virginia; other connected bodies
of water include Lake Drummond  Dismal Swamp!,
Lafayette River  Norfolk!, Rudee inlet  Virgini» Beach!,
and various stnaB lakes in the cities of Virginia Beach,
Chesapeake, Nc rfolk, and Suffolk. The freshwater
portions of the Elizabeth, Nanse mond, apd Lynnhavcn
Rivers arc relatively small, but the Chesapeake and
Albemarle  anal, the Dismal Swamp Canal, ared lesser
waterways arc usually fresh, and all of Currituck Sound
anti m'<>st <>f A!ben>arle Sound arc olig<>halinc or fresh
water, dope'r>dir>g on freshwater inflow  NOAA, 1985!.
All of tlress b<>dies of'water arc intimately connected by
a nctw<>rk <zf carrals or ditches  r< frr to United States
C~c>1<>gical Survey topographical maps!, so if' I!recssc>r<r
1>ec<>rrrc s established ir> any part of  his system it could .
c:vcrrttrallr sprcacl to all others.

Irroculatior«>f thc abc>ve region by Dreisse>ra is most
likely to occur via the }>cavy recreational and commer-
cial rraf lie incoming from other estuaries. There are
fcw freshwater lakes in Virginia Beaclr with boat ramps,
so the risk of inoculatiorr by Dm'ssc>ra on the hulls of
recreational vessels trailered from other systems is low.
Ca>nversely, there arc thousands of small recreational
vessels whiclr use creeks, canals, and oligohaline por-
tions of' thc tnany small subestuaries in this area, and
tlrcre is heasy barge traffrc along the Chesapeake and
Albemarle Canal, parr of thc intracoastal Waterway.
D>zisse>res need bectrme astablished only irr one of the
other Chesapeake cstuarie» and, sooner nr later it will
appear in Virginia Beach or the City of Chesapeake
waterways, as fouling organisms on small vessel hulls.

The Chesapeake and Albecnarle Canal is potetttiaBy
important in aiding dispersal of Ls>zisscn<>t Even if the
canal does not serve as a reservoir for Drrisserra recruits,
it will serve as a temporary relief nf ossnotic stress to
Xbcisscr>a that are fouling vessels 1 Javc.ling elong the
intracoastal Waterway. This could prolong the survival
of Drzisse>rcs on vessels otherwise traveling in relatively
high-salinity areas.

Some regions within southeast Virginia are suscep-
tible to establish ment of ~ssvrcr; others are not. Back
Bay, the northernmost extension of Currinick Sourrd, is
normally fresh, bu.t in some years, salinity can increase
to as high as 10 for extended periods, although small
tributary estuaries remain fresh  Norsnan and
Southwick, 1991! The only bivalve which presently
persists in Back Bay is the non-native obgohaline clam,
Bar>gi<r crsrrecst<s  fane and Dauer, 1991! . Alkalinity and



T~bl~ I sumtnarizes the informadoh for estuaries
~e relative chance of inoculadon, or

IsigIt trloderate, or low," based on
factors discussed above tIsing availabte water chemistry
data and published data on I ~sena physiological
reqtnre ments the reLative threat 'of establishment of
large populations crf IPreissenrs following inoculation, or
susc~nbitit " is also given as "htgh moderate or
low High predicts that tf Drnssena becomes estab-

lished, it will rapidly attain high population levels, and
those levels at least until the ecological comrnu-

nity adjusts to the irtsrasion. "Moderate" predicts that if
Dreissena becomes established, it wig reproduce success-
fully only during certain, favorable periods, and will
attaitt pest proportions only occasionally. "Low"
indicates that ~setsa is unlikely be able to reproduce
successfuBy.

I AKES AND RESERVOIRS

All major rivers artA tnany small rivers in the rnid-
Atlantic rey'on have large artificial impoundments. It is
unlikely that Dreisserus cortld become estabtisbett itt a
river system by a. single inoculation into the river itself,
but once they becoxne esrabltshed in a reservoir, they
would then spread to downstream reservoirs and
freshwater portions of estuaries. Only unfavorable
water quality, such as low pH and low cakium concen-
trations, would then limit Dreissena population levels.

Water chemistry data were available for some Virginia
' lakes, discussed in alphabetical order hereafter, except

where two or morc

PREDICTED INVASION SUCCESS Ilti FRESHWATER
ESTUARIES

TAeLE t.

Estuaries are listed approximately from north to south, Risk refers to the retattive
chance that Oreissena will be introduced, and susceptibility refers to the retatfsee
charce that Dreisserra wiN attain high population levels.-

SusqeptIbIIIty

tow

Estuary

Pocomoke River, MO Ik VA

Potomac River, MD & VA

low

highhigh

Rappahannock River, VA moderate lnode rats

Piankatank River, VA

CI.AYTOR LAKEMattaponi River/
Pamunkey River, VA

The risk of inoculation
by Deeissena to Clay%or
Ltke, is high, relative to
other lakes, but i rs suscep
tibility to the estyblistt-

highhighJames River, VA

Elizabeth River, VA/
Albemarle Sound, VA Ik NC highhigh

calcium levels for Back Bay are matginal for ursus~
reproducdon  mean pH 7 7, calcium content of Itl.pp
PPm!  Sincock et aL, 1966!, but the Presence of itasca'
infers that other species of bivalves s«h as Dreiser
could su'rvive there. Once establtshed Dreissentt would
survive high-salinity periods by persisting in freshwater
tributaries.

The Dismal Swamp and the Dismal Swamp Canal tn
contrast to Back Bay, have very low pH  maximum 6,7 in
July! and calcium �,2 ppm!  Lichtler and Marshall,
I979!, probably tnuch too low for the reproduction or
even extended survival of Dreissena Thc Dismal Swamp
Canal therefore is unlikely to be irtvaded by, or setve as,
a route for natural dispersal of Dreissena, but it remaitts a
ready passage for dispersal by fouling on the hulls of-
vessels passing betweett the Elizabeth River, in the
'Chesapeake Bay system, and the Fasquotank River, in
the Albemarle/'Fanttico Sound system,

Urban development'in southeast Virginia has lead to
the creation of many small lakes, most of which are
connected by ditches or pipes to other waterways.
Water quality and chemistry arc.unknown for ntost of
these, but it is probable that at least some will have ideal
conditions for Dreissena, For example, Smith and
Whitehurst Lakes, in thc Little Creek drainage adjacent
to the Norfolk International Airport, are both rnodally
alkaline with sufficient calcium for Dmssena reproduc-
tion  Virginia Department of Game and Iriland Fisher-
ies, unpubl. data! . If Dreissena is introduced, therefore,
the probability that it could become established in some
part of the system is high,

adjacent reservotts are
discussed together. Water
chemistry data, especially
calciutn levels, are incom-
plete for most lakes, and
while risks have been
assessed based on known

data, it is possible that the
known data are not
representative of cogtnon
conditions. The role of
water chemistry in
Dreissena survival and
reproduction are discussed
in Criteria for Predicting
Zebra Mussel Invasions in tlte
hfi d-Atlantic Regton.



ment of large populabons is only moderate. Claytor
Lake is a multi-purpose reset voir  recreation,
hydropower! on the New River  Kanawha River!, a
tributary of the Ohio River, lt receives heavy
recreational use,'with eight improved public boat
ramps, as well as e'ight more on the Ncw Riv&
upstream  DeLorme Mapping Co., ]989!. Tht.re
are thus many opportunities for accidental inocula-
tion of Ksisr'assno via the: hulls of small recreatioftal
vessels. Fields Dam impounds the New River
upsttearn of Claytor Lake, but the reservoir is
probably too srnaH  flushing rate too high! to act «s
a reproducthx refuge for Dntisssrsrs Although
Drrissrrrrs is already present in other portrons of the
Ohio River basin  New York Sea Gran , l995! ~ the
probability of its dispersing naturally upstream to
C4ytor Lake is low, relative to the risk posed by
human-merhatcd invasion. Surface waters are
normally quitr alkaline �.5-9,5 in Junc !, b»t
calcium is generally Iow �-10 pprn!, In»orne years,
however, calcium levels can attain % ppm  Virginia
State Water C ~>rrtrol Boarti, unpubl, data!, so thc
question of ~srna success in Lake Cfaytor, sfioufd
it be inc icidated, wnllld depend osl tlic varying water
ch«rnisuy.

F LA N N AG A N RES LRVOlR

John W. Flannagan Reservoir is at high risk of
inoculation by l>vHssersa, but its susceptibility to
establishment of' large populations is on'ly moder-
ate. Ff'an»agan Reservoir is on the Pound River, a
bibutai y of the Ohio River via the Big Sandy River.
The reservoir has tlirt e iniproved pubiic access boat
rasnps; thcrt «rr two more jirst upstfeant on tribu-
taries, and three more arc on Nqfdi Fork Potmd
River fake, abri upstream  Dela>rive Mapping Co.,
1989!. Tfirre are tliiis r»aiiy opportunities for
in scufatiosi via tlir IiiilLs of sinall rerreational
vessels. Althiiugli fsrrisssna is present in other
fsortim>s of die Ohio River basin  New York Sea
Grant, 1998!, thc pro'bability of its dispersing
naturally upstream to Ban»agan Reservoir is low,
relauvr to the risk posed by humatt-mediated
invasiur» Thr surface waters are afkafiste  pX 7.6-
8.9 iii June!, with low to moderate levels of calcium
 9-29 ppm!  Virginia State Water Control Board,
unpubl. data!, Drrisserr rr ~ould survive, if released
into Fianiiaga» Reservoir, but in some years repro-
duction may be calcium-limited.

HARA'OOD MlLLS RESERVOER

Harwot>d Mills Reservoir is one of many small
multi-use  fishing, municipal water storage! reser-
voirs in urbanized southeast Virginia. The risk of
inoculation by L'irrissrrux is low, but the lake is highly
susceptible to establishment of this species, should
it become introduced. Harwood fvhfis, on the

headvraters of the Poquoson River, in Newport News.
has a single public boat ramp, litnited to craft without
internal+ombustion engines. This reduces but does not
eliminate the possibility of Dreissena inoculation via the
hulls of recreational vessels. Like the majocity of small
municipal reservoirs in southeast Virginia, it is modally
alkaline {pX 8.1 in June!, with moderate leveb of
calcium �5 ppm!  Virginia Dept, Game and inland
Fisheries, utspubf. data!, These conditions are favorable
for Drssrsrna reproduction,

Of ten similar smaH reservoirs in that area surveyed
by Virginia Department ol'Garne and tnland Fisheries,
six have water chemistry that would support high
populations of Drrisrerra, three have chetnistry that
v ould support at least moderate populations, and only
onc  Kilby Reservoir! has water chemistry that would be
unlikely to s»pport I rrrssrnrr populations,

KERft Rf.'SERVOIR AND LAKE GASTON

Jof>n 1 i. Kerr Reservoir, and Lake C'aston, just
downstsrai», are at high risk of inoculation by Orrissrrra,
and «t least portions of bot.h lakes are highly susceptible
to establisliment of large populations of this species.
Bath reservoirs are large miilti-use  recreation, hydro-

. power! impoundments on the Roanoke River,'astride
the Virginia North Carolina Reservoir. Just below Lake
Gaston in North Carolina is the Roanoke Rapids darn
and reservoir, and the Roanoke ends in Albemarle
Sound, North Carolina, whicb has an extensive freshwa-
ter portion, Kerr Reservoir and Lake Gaston arc heavily
used liy rrcreatioiial boatcrs and fishermen, with a total
of about 50 public boat ramps. ln addition, both are
downstrearti of a variety of public-acress reservoirs,
including Philpott Reservoir, Bariisu r fwkr, Smith
Mountain Lake, and I>esvifle Lake iii Virginia, aridi
Hyco Lake, Mayo Reservoir, and After Bay Reservoir in
North  carolina, with over 80 public access boat ramps
 Alexafidria Drafting Co., 1981; Del.orme Mapping fm.,
l989!, Water cliemistry in both Kerr Reservoir and
Lake C'aston varies between stations, and on thc basis of
this McMahon � 992! considered the susceptibility of
Lake Gaston to be relatively low. Bodi lakes, however,
Eiavr semi-enclosed branches in which water chemistry
may differ, and in both lakes there are rnodagy alkaline
regions  pH 6.9-9. S!. Calcium levels for Kerr Reservoir
were unavailable, but calcium content of the alkaline
stations in Lake Gaston are about 2444 ppm  Virginia
State Water Control Board unpubl. data!, and because
of the proximity of the two lakes, it is safest to assume
tha  Kerr Reservoir, more complex even than Lake
Gaston, also has regions o modally high calcium.

LAVa ANNA

Lake Anna is at high risk of inoculation by LSrsissena,
but its susceptibility to subsequent establishment of this
species is low. It is on the North Anna River, a tributary



of the Pamunkey, and is the largest reservoir in the
Pamunkey River rlrainage. fake Anna is used heavily by
re'creational boatcrs and fishermen, and is the water

. source for the >North Anna Nuclear Power Plant.
downstream is the freshwater tidal portiort of the
pamunkey River. There are 9 improved public access
ho~"ps on Lake Anna. Upstream of I~ke Anna «re
Lake Orange, with one public boat ramp, and Lake
I.o<tisa, which is surrounded by a ht>using development
 DeIdrnre Mapping Ca�1989!. McMahon �99$!
co»side rs fake Astra to lx. 1>ighly vcsc<'ptible to tile
establishment of large 47rrixienu populatiorrs, b<t t based
on tmpublished water chemistry data provided hy
Virginia Pr>wer  Intusbrook T«-' fr»ical Center, Glen
Allen, VA!. tlris seertts urrfikely. Altlrouglr pH often rises,
as high «s 7.9 in some branrhcs of lake Atrrta during
tire ~ummer, most of the lake is modally acidic, arrd
evc.n wltcrc waters arc alkaline, the calcium content
renrains too low  maxiurunr al><nrt 6.0 pp"! for
Drrrx>ma r<'prodt<ctipn.

, LAKE CHESOIN

I <ke  ;lresdin is at relatively lriglr risk ol'irroculatiorr
by Drmsrna, but its susceptibility to establislrment of this
spe<.ics is low. Orr thc App<nrrattox Riv< r  ;> tributary of'
thc James!. it has srveral publi<-access boat ramps, and
reccivcs heavy rccrcational use from the nearby Rieh-
rnor>d area. It has a water clremistry unsuited for
Lbrrssmu, however; the pll is variable �.4-8.7!, but
modally «cid in strmmer in shallow water, arrd calcium
levels are very low  about F10 ppru!  Virginia State
Water C<>ntrol Hoard, unpubl. data!.

LAKE GASTON  SEE KERR RESERVOiR!

LAKE MOOMAW

PHILPOTT RESERVOIR

Philpott Reservoir is at reladvc lv high risk of Dvn<sena
in<x'uhtion, but its susceptibility to establishment of this
species is Iow. It is on thr Smith River, a tributary <>f the
Roanoke River via dtr Dan Riv<.r, and has I I improv<-d.
public «ccess boat ramps. Th< water is modally alkaline
 pH 7,2-8.7!. bpt available ralcium riant indicates <erv
h>w levels �5 ppm!  Virginia State W.<ter  a>rrtr <>1
Board, <tnpubl, <4ta!. which woukl inlribit l~<srnu
reprndu< tion, lf'it does becorrrc cstablislred. howrvrr, r<
will spread to Kt rr Reservo<r and l>ake Gaston. d<>wn-
ktrranr, which have >nore benigm w;<ter ch< rnistrv.

SMITH MOUNTAIN LAKE AND

LEESVILLE LAKE

Smith Mountain Lake is a large reservoir c>n thc
headwaters of the Roanoke River anti Iwes<ilfr I <k<- rs
directly f>clew it. Hotlr are at high risk frorrr iru>ctrk<t«>rr
by Drrissma, although the susceptibility of both lake>< t<>
< stal>lishment of large Ix pulatiotrs is <mly nrodc ra<re
There are. only two frnpr<>ved public access bodt rdrrr ps
i<<to I.eesville Lake, hut there are nt<>rc tlrar< 17 irru.>
Smith Mountain lake, upstream. Smitlr hi<><rrrt <in I rkc.
is also the stte of a large, annual pr<>fessional bass
fishirig tournament, The pH of b<>th lakes rn shallow
water during the sumnrer is normally high �.  ~!I 1! ..uul
calciurrr levels are about 15-17 Ispnr  Virgir»a State
Water C~nrro! Hoard, unprrbl. data!. These corrdirions
p< rmit reproduction ol Dmssena, although in son>e
years calcirun content may limit p>pu}atio» Ic.vets.
Downstream of these lak<'s are Jotrn I i. Kerr Reservoir
and lake  ~<ton.

SOVTH HOLSTON LAKE

I~k» Moon>aw is a rarity irr Virginia: a large rcscrvotr
at relatively lr>w risk of r'nocula<ion by Drezssrnu. If
f~userruwere introduced, however, lake Moomaw is
moderately susceprible to esrablishment of a large
p<>puf' lion. It is on the Jackson River, in the headwa-
ters <>f the James River, witlrirt a state wi!dlife rnar<age-
ment ared, where recreational ust. is linrited. DeI~rrne
Mapping Co. �9B9! shows no public drc:ess boat ramps
on or upstream of Lake Moonraw. The pH is rnodally
a!@dine �.68.4! in shallow water in summer, with
calcium levels of about 13-17 ppm  Virginia State. Water
Control Board, unpubl. data!; marginal conditions for
Des>mu reproducer>n.

LEESVILLE RESERVOIR

 SEE SMITH MOUNTAIN LAKE! .

South Holston Lake is at relatively high risk of
irroculatiorr by Drttssena, anrl rts susceptibifin lo subs<-
quent establishment of large populations of this spec><.s
is also high. South I lolston take is a hrgc rnuhi-
purpose reservoir  recreatiorr, lryclropc>wer! on the
South Fork Hobton /ver, a tributary of the Tennessee
River. It is in sopthvkkt Virginia, and thc majorrry of tire..
lake is vithin Tennessee. The lake is withm a few lrc>uv '
drive of otlrer lakes in dr e Tc.<rnessec River svstern
containing Drnssena  New York Sea Gran t, 1993 t.
There are 16 public access boat ramps orr thc lak», a»d
two more upstrcarn on the smaHer I iungry Mod>er
lake. The pH of South Holston lake r's reldtiveh swblc
and modally alkaline �.9-8.6 in June and July!, wstlr
rrroderatelv Illglr-IM<els of cdlciunr  I g-%! ppn>!, base d
upon data collected largely irr the 197 is  Tent>easer
Valley Authority unpubl ~ data!. Thew cc>nditi<>ns are
favorable for Drrisscna gr~xh and rc..pr<>ducuon. dnd
once introduced, it would rapidlv anain peat prc>por-
tions.



WESTERN BRANCH RESERVOIR, LAKE
MEADE

C;oupc, R.H., Jr. and W.L Webb. 1984. Water quality of the
tidal Potomac River and estuary � hydrologic data
reports supplement, 1979 through 1981 water years.
U.S. Cwo]ogical Survey Open File Rcport 84-152. 855

pp.

Dcl.orme Mapping  :o. 1989. Virginia Atlas ond Caettrer.
I'reeport, MF.

TABLE 2. PREDICTKD 1NVASION SOCCESS lN VIRGINIA LAKES AND RESERVOIRS

Reservoirs are listed alphabetically, invasion Risk refers to the relative chance that Dreissena will be intro-
duced, and Suscepti'bi lify refers to the relative chance that Dreissena will attain high population levels. See
also text for explanation of terms,

Recreational
Vessel Use

Other
Uses Susceptibility

moderate
moderate

RiskDrainage

hydroelectric power high
high

high
high

Ohio
Ohio

municipal water
hydroelectric power
nuclear power plant

high
high
low

low

high
high

moderate
moderate

iow
moderate

high
high

low
high
high

. high
high

moderate,
low

high
high
high
high

moderate

moderate

high
high
high
high
high
low

moderate
high
high
high

moderate

Poquoson
Roanoke
Pamunkey
James
Roanoke
Nansemond
James

- Roanoke

Roanoke
Roanoke
Tennesse
Nansemond

hydroelectric power

wildlife rngmt. area

hydroelectric power
municipal water

10

Western Branch Reservoir, Lake Meade, and some
adjacent reservoirs are a  moderate risk of inoculation
by Dnissorsti, and highly susceptible to establishment of
large'populations of this species. Western Branch
Reservoir is the largest of seven impoundments in the
Nansetnond River drainage, in southeast Virginia. It is
on the Western Bran'ch Nansemond River, while Lake

Meade is the largest of four impoundments on the
Eastern Branch Nattsemond River, but the drainages of
these are very close to each other. Other lakes include
Lake Prince and Ldr.e Burnt Mills, upstream of Western
'Branch Reservoir, and Lake Cohoon, Lake Kilby, and
Spaetes Run Lake, upstream of Lake Meade, 'Western
Bi anch Reservoir has two public boat ramps on or
upstream of it, and Lake Meade has four.MI lakes are
used heavily for recreational fishing, but the majority of
the users are local  Virgitiia Dept. Game fte Inland
Fisheries, pers, comm.!. Water chemistry data shows
moderately alkaline water  pH 8,2 at 2 rn depth, Junc!
with moderate levels of calcium �0-25 ppm! in all of
these Jakes except Lake Cohoon and Iwke Kilby  no
data is available for Spaetes Run Lake!. Lakes Cohoon
and Kilby stre often acidic, and their levels of susceptibil-
ity are thus moderate or low.  Virginia Dept. Carne and
Inland Fisheries, unpubl. data!, In the reinaining four
lakes, conditions are favorable for Droissorta reproduc-
tion, Once invasion occurred in any of those four lakes,

Claytor Lake
Flannagan Res.
Harwood Mills Res.

 Newport News!
Kerr Reservoir
Lake Anna
Lake Chesdin
Lake Gaston
Lake Meade
Lake Moomaw
Leesville Lake
Philpott Res.
Smith 54', Lake
S. Holston Lake
W. Branch Res.

Drzisserttr would reach high population levels. Natural
dispersal, perhaps by adults attached to turtles or other
amphibious organisms, could then spread Dret'ssonrs to
the other itnpoundments in the Nansemond drainage.

Table 2 stuntnarizes the information for reservoirs
discussed above. The definitions for "risk" and "suscep-
tibility are the same as for Table I.
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