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Introduction to the Special Symposium on
Mulluscan Introductions and Transfers:

Risk Considerations and Implications

James T. Carlton and Aaron RosenfgeM

I.ITERATURK CITED

The collection of papers that appears within these proceedings
is the outcome of a Symposium entitled "Introductions and Trans-
fers of Mollusks: Risk Considerations and Implications". The
Symposiuin was heM as part of the 82nd Annual Meeting of the
National Shellfisheries Association in April 1990 in Williamsburg,
Virginia. One paper from this Symposium was published earlier in
this Journal  Mann et al. I99l!, In addition to those papers that
appear here, six other papers were presented orally during the
Symposium. Unfortunately these latter papers were not completed
in time to be included in this issue of the Journal of Shellfish
Research. Although the editors would like to allow additional
tiine, it was conduded that further delays would risk outdating the
papers submitted by the rest of the Symposium participants.

The Mollusca occur world wide in extraordinary diversity,
abundance, and distribution both in aquatic and terrestrial habitats,
They are readily available and harvestable; with cotnmon sense
and a little knowledge and care they are among the easiest of the
invertebrates to collect, manipulate, transport, and maintain for
extended periods using relatively uncomplicated conditions and
inexpensive holding facilities. It is no wonder their exploitation for
food, ornamentation, dye materials, tools, construction inaterial,
music, toys, utensils, money, and shell collections has been prac-
ticed for millennia. More recent iinaginative and remarkable ad-
vances have been made in the use of mollusks for aquaculture,
genetic engineering  including the development of transgenics!,
toxicology, and biomedicine. The use and application of mollusks
in fields such as these necessarily involve the shipment and im-
portation, that is, the translocation of mollusks from one location
to another, As can be deduced from the title of this Symposium
considerable apprehension and concern exists today over the risks
or dangers associated with the potential movement of molluscan
species from one ecosystem to another. These movements create a
strong potential for the introduction of new species or the infusion
of new genetic material into regions where they may have pro-
found impacts on native species.

In very recent years the subject of the natural and human me-
diated invasions of nuisance species into ecosysteins where they
have not been resident before has and continues to be the subject

of a great deal of attention. This attention is particularly strong
among individuals and groups associated with intentional move-
ments of molluscan species, not only for aquaculture purposes but
also for scientific study, aquariuin use, new product development
and depuration. In addition others are interested in the unplanned,
accidental translocation of exotic mollusc species and transfers or
indigenous species, either of which when released into new envi-
ronments may become nuisances themselves or act as carriers for
other plants or animals that become pests, parasites, pathogens, or
competitors with resident organisms. There are always risks asso-
ciated with translocation of animals and plants resulting in impacts
that could be either positive or negative from the viewpoints of
environmental and resource sustainability. Careful consideration
must be given to the ecological, genetic, sociological, economic,
aesthetic and political impacts that may result from undesirable
introductions regardless if they are deliberate or accidental. On the
other hand, the use of mollusks for purposes of aquaculture, stock
enhancement and improvement, sanitation, recreation, science and
technology, education, and food production could bring enormous
benefits. However, such programs must be welt thought out and
carefully designed, and must be considerate of maintaining envi-
ronmental integrity and ecological balance.

This Symposium thus considers some of these risks and ben-
efits involved with both known and anticipated introductions and
transfers of mollusks, and discusses the potential implications,
past, present, and future, of these movements.

We are inost grateful to the National Marine Fisheries Service
Office of Research and Environmental Information for providing
funding for this Symposiuin, and particularly to Dr. Glenn A.
Flitiner and Dr. Carolyn Brown for their generous support and
help in planning and conducting the Symposium.

Mann, R., E. M. Bnrreson gt P. K. Baker. I991. The decline nf the
Virginia oyster fishery in Chesapeake Bay: considerations for intro-
duction of a non-endemic species, Crassosirea gigas  Thonberg,
1793!. J. Shellfish Res. IO:373 � 388.





Introduced Marine and Estuarine

Mollusks of North America:

An End-of-the-20th-Century Perspective

James T. Carlton

ABSTRACT A review of the introduced marine and estuarine  brackish water! bivalves and prosobranch and pulmonate gastropods
of thc Atlantic, Gulf and Pacific coasts of North America reveals an established fauna of 36 non-indigenous species. Sixteen species
are native to temperate or tropical coasts of North Amenca, and have been transported to regions of the continent where they did not
occur in historical tiine; the remaining 20 species are from Europe, the Mediterranean, South America, the Indo-Pacific, and the
northwestern Pacific. The movement of Pacific  Japanese! and Atlantic commercial oysters to the Pacific coast, and ship fouling,
boring, and ballast water releases, have been the primary human-mediated dispersal mechanisms. Regional patterns me striking: 30
species are established on the Pacific coast, 8 on the Atlantic coast, and l on  he Gulf coast  three species occur on both coasts!; 19
�3%! of the Pacific species occur in San Francisco Bay alone. These panerns may be linked to a combination of human-mediaied
dispersal mecharusms and regional geologica!-biologica! Pleistocene history: at least 27 species of Japanese and Atlantic coast
mollusks were introduced to the Ainerican Pacific coast by the oyster industry, in large part into geologically young regions with low
native mol!uscan diversity. With the exception of a few species, there is !ittle experimental elucidation of the ecological impact of the
introduced marine mollusks in North America. Negative effects by introduced gastropods on native gastropods have been demonstrated
on borh the Adantic and Pacific coasts; for one species, the Atlantic pulmonate man h snail Ovarel a on the Pacific coast, experimental
evidence suggests that its establishment did not arise at the expense of native species. No introduced inarine mollusk in North America
has had a greater ecologica! impact than the periwinkle Lirrorina litiorea, which co onized the Atlantic coast froin Nova Scotia to New
Jersey in the 30 year period between l 860 and l 890, and subsequently altered the diversity, abundance, and distribution, of many
animal and plant species on rocky as we� as soft bouom shores. Future marine invasions, through ballast water release and perhaps
through aquaculture activities, can be expected with confidence.

JIEV WORDS; moiiusks, introductions, invasions, noiundigenous, exotics

JNTRODI! CTION

"A good deal of chess play has a!so been done with
clams...."

� Charles S. Elton  I958!

METHODS

At the close of the 20th century we are witnessing rapidly
growing interest in the phenomenon of biological invasions of
coastal waters. As a result of an increasing number of uninten-
tional invasions of marine organisms due to the release of ballast
water through international shipping activities, and of increasing
pursuit of the intentional use and release of marine organisms for
mariculture purposes and for open sea fisheries enhancement, con-
cem is growing relative to the potential ecological, genetic, eco-
nomic, and social risks that may be associated with future inva-
sions.

I review here the diversity, distribution, regional invasion pat-
terns, and ecological impacts of the introduced marine and estu-
arine  brackish water! bivalves and prosobranch and pulmonate
gastropods of the Atlantic, Gulf, and Pacific coasts of North
America. Introduced species  exotic, non-indigenous, alien, or
invader species! are those taxa transported by human activity to
regions where they did not exist in historical time  Carlton 1987!.
While there has been no previous continent-wide review of the
introduced rnotlusks, Quayle �964!, Hanna �966! and Carlton
�975, 1979a, 1979b! have provided regional lists and treatments
for the Pacific coast. Abbott �974!, Bernard �983! and Turgeou
 I 988! list many of the species discussed here. I include all species
which have been recorded as free-living outside of mariculturc
operations. One species, the Japanese sea scallop Parirtopecten
yessoertsis, is included because of its current rnariculture use and

potential to become naturally established. I have excluded opistho-
branch mollusks  sacoglossans, nudibranchs and pyramidellids!,
pending a global and/or continental review of the candidate spe-
cies. There are no introduced polyplacophorans  chitons! or sca-
phopods  tusk shells! in North Aruerica. I also exclude most
records of single specitnens of living rnollusks whose anomalous
presence outside their recorded ranges appears to be due to dis-
carding through hobby  aquarium! or fishing activities.

Mechanisms of introduction of non-indigenous marine organ-
isms to North American waters have been reviewed by Carlton
�985, l987, l989, 1992a!. The most important humart activities
have been or are the following:  I! the transportation of organisms
on the outside  fouling species! or on the inside  boring species! of
ships, �! the transportation of organisms inside vessels in solid
ballast, such as rocks, sand, and detritus, �! the movement of
oysters, and the concomitant movement of organisms on the oyster
shells or in associated sediments and detritus, �! the intentional
release of species for fisheries purposes, and �! the release of
larvae, juveniles, or adults of marine organisms in the ballast
water of coastal, transoceanic, and interoceanic vessels. I review
below the relative importance of each of these mechanisms to the
established introduced rnollusks in North America,

Field, museum, and literature work from 1962 to 1979 are
summarized by Carlton  I979a!, Field work during that period was
conducted from Vancouver Island to southern California; 18 mu-
seums or private collections ott the west and east coasts of the
United States and Canada were studied, From l979 to 1992 field
work was conducted from Newfoundland to Virginia, as well as ott
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the Pacific coast, and museum collections were revisited to exam-
ine additional species, Throughout both periods 1 corresponded
with malacologists and other biologists and undertook continual
literature reviews. The records and dates recorded here are thus
based upon field work, museum collections, personal communi-
cations, and the literature, and form the basis of a monograph now
in preparation. I present here an abstract of this work.

RESULTS

Jt egional Patterns af Invasion

Table 1 is a comprehensive synthesis of the introduced marine
and estuarine inollusks reported since the early 19th century in
North America. The introduced inollusks can be placed into 4
categories  Table 2!: established  naturally reproducing popula-
tions are known!, establishment not certain  no recent records, but
the species may still be present!, not established  not found in
recent surveys or, if present, naturally reproducing populations are
not known!, and cryptogenic  Carlton 1987; status as introduced or
native is not known!,

Thirty-six species of non-indigenous inarine and estuarine mol-
lusks are established on the Pacific, Atlantic, and Gulf coasts of
North America  Table 3!. Sixteen species are native to temperate
or tropical coasts of North America, and have been transported to
regions of the continent where they did not occur in historical
time, Thus, 14 species  Table 2! native to the Atlantic coast have
been transported to the Pacific coast  Table 3 indicates 15 species
on this route; this includes the European Ovatella, established on
the American Atlantic coast!. At least 3 species  Rangia cuneara,
Myrilopsis leucophaeata and Teredo barrschi! have been trans-
ported from their apparently native southern ranges to more north-
ern localities  shown in Table 3 as 1 species from the Gulf of
Mexico and 2 species from the northwest Atlantic, respectively!.
The reinaining 20 species include 4 from Europe, 1 questionably
from Europe  the shipworm Teredo navalis!, 1 from the Mediter-
ranean  the mussel Myiilus galloprovincialis!, I from South Amer-
ica  the mussel Perria perna!, 1 questionably originating in the
Indo-Pacific  the shipworrn Lyrodus pedi cellatus!, and 12 from the
northwestern Pacific.

Four species  Table 2! are questionably established; field work
has not been focused on locating these species in recent years, and
they may still be present, Seven species have not become region-
ally established: the Atlantic periwinkles Liuorina lirrorea and
Tecrarius muricarus, once found living in California and the Gulf
of California respectively; the European snail Truncarella subcy-
lindrica, found in 1880 to be cominon at Newport, Rhode Island;
the Asian clam Laiernula limicola, found over a period of several
years in Coos Bay, Oregon in the 1960s; the European oyster
Osrrea edulis, widely released on the American Pacific coast, and
the South American mytilid Myrella charruana which appeared in
numbers in Jacksonville, Florida in 1986. Of these, Littorina lit-
lorea and Osrrea edulis have become established on the Atlantic
coast. The Japanese sea scallop Parinopecren yessoensis while
present in rnariculture operations in British Columbia has not been
reported in natural sets.

Cryptogenic species include  Table 1! the pulinonate limpet
Siphonaria pectinata and the shipworm Teredo navalis, Nine-
teenth century or earlier shipping has been implicated in creating
the modern distributions of both species, but details of their his-

torical biogeography in the north Atlantic Ocean reinain uninves-
tigated.

Regional patterns  Table 3! are striking: 30 species are estab-
lished on the Pacific coast, 8 on the Atlantic coast, and 1 on the
Gulf coast � species, the snail Ovazella, the clam Corbicula, and
the shipworm Teredo bartschi occur on both the Atlantic and
Pacific coasts!. Most �7 species! of the introduced mollusks on
the Pacific coast originate either from Asia or the Atlantic coast of
North America, Of the Pacific species, 5 are recorded from only 1
locality. the Atlantic whelk Busycorypus and the Asian clam Po-
tamocorbula occur only in San Francisco Bay, the Atlantic clam
Mercenaria occurs only in Colorado Lagoon, Alainitos Bay, the
Atlantic oyster Crassostrea virginica now survives only in the
Serpentine and Nicornekl Rivers of the Boundary Bay region,
British Columbia, and the shipworm Lyrodus iakanoshimensi s has
been reported only from Ladysmith Harbor, British Columbia. I
do not include here the clam Macoma "bahhica," whose San
Francisco Bay population appears to arise froin an Atlantic coast
stock, as this genotype inay in fact be widespread in central Cal-

ifornia embay ments.
Four species are restricted to the Pacific Northwest  Washing-

ton and British Columbia!: the Japanese snails Cecina manchurica
and Xassariusjarerculus, the Japanese clam Trapezium lirazum
and the Pacific oyster  Crassosrrea gigas  which rarely reproduces
south of Willapa Bay, WA!, Two additional species reported only
from British Columbia are the questionably established Clanculus
ater and Sabia conica. Four Atlantic species are welt established
in a few restricted localities: the slipper limpet Crepidula convexa
occurs only in San Francisco and Boundary Bays  newly recog-
nized in British Coluinbia by Robert Forsyth!; the inudsnail lly-
anassa obsoleza occurs only in San Francisco, Willapa, and
Boundary Bays; the angelwing clain Perricola pholadhformis oc-
curs only in San Francisco, Newport, and Boundary Bays, and the
gem clam Gemma gemma is restricted to 5 bays in central Cali-
fomia  Bodega Harbor  not Bodega Bay!, Tomales Bay, Bolinas
Lagoon, San Francisco Bay, and Elkhorn Slough!. Seven oyster-
associated introductions occur in British Columbia/Washington
and in California, but for reasons that reinain unclear do not occur
"naturally" in Oregon bays and estuaries: these are the Japanese
snail Batillaria atrramentaria and the Atlantic gastropods Ilya-
nassa obsoleta, Crepidula convexa, C. farnicaia, C. piano, and
Urosalpinx cinerea; the fifth species, the Japanese clam Venerupis
philippinarum, occurs in Netarts Bay, Oregon only by virtue of an
intensive planting program  ihe only bay in Oregon where the
Japanese oyster drill Ceraiosroma inornaium is also established!.

The Asian clain Theora lubrica and the Atlantic mussel Geu-
kensia demissa occur disjunctly in San Francisco Bay and again in
southern California bays, The abundant and widespread freshwater
clam Corbicula fluminea appears occasionally in estuarine situa-
uons in Oregon and California. The tropical Atlantic shipworm
Teredo barrschi has been introduced to at least 2 sites in western
Mexico, and is probably more widespread than these records in-
dicate.

Of  he 30 introduced species on the Pacific coast, then, only 12
are relatively widespread. These are the gastropods Crepidula for-
nicara, Crepidula plana, Batillaria attramenraria, Urosalpinx ci-
nerea, Ceratosroma inornatum, and Ovatella myosoris, and the
bivalves Myrilus galloprovincialis, Musculisia senhousia, Veneru-
pis philippinarum, Myra arenaria, Teredo navalis, and Lyrodus
pedi cellatus.
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TABLE l.

NATIVE TO/Introduced To
 date of collection!/MECHANIS!VI  M!

 see keys, below! References and RemarksSpecies

GASTROPODA; Prosobranchia
Trochidae
Cianculus arer Pilsbry, 1911  +topsnaii! Clarke, 1972. Not reported since 1964; s atus

not known.
NW PACIFIC/NE Pacific: BC: Queen

Char!otic Sound �964!. M; BW?

Pornatiopsidae
Cecina manchurica A, Adams, 1861

 + Manchurian ccc 1 na!

Morrison, 1963a, Duggan, 1963, Carlton,
1979a. Kozloff and Price, 1987:210. High
intertidal, common, co-occurring with
Ovateiia myosoiis, found by digging down
inside piles of old oyster shells in damp,
rich organic debris  Wiilapa Bay, 1977,
JTC!, a microhabitat similar to the one in its
na ive Japan  Davis, 1979:117!, Also at
base of sah marsh plant Salicornia.

NW PACIFIC/NE Pacific: BC  date?!; WA:
Whatcom Co. �961!; Willapa Bay �963!.
M. COI

Lit torinidae
Lit/orina iit/orea  Linnacus, 1758!  common

periwink!e!
NE ATLANTIC/NW Atlantic:  <1840!

Canada to VA/NW
ATLANTIC/NE Pacific: see remarks. M:
Atlantic: SB or IR, Pacific; DA

Carlton, 1982, Carlton et ai. 1982, Vermeij,
1982a,b, Lubchenco, 1978, 1983, 1986,
Brenchley, 1982, Brench!ey and Carlton,
1983, Kemp and Bertness, 1984, Bcrtncss,
1984, lilackstone, 1986, Yamad» and
Mansour, 1987, Petraitis, 1989. Became
extinc  in North America in precontact
times; rcestablished through either
intentionai release  for food! or accidentally
with ballast rocks. Co!lee ed in San
Francisco Bay in 1968 � 1970 and again in
1977  Carlton, 1969, 1979a!, but not found
since despi e sporadic searches throughou 
 he bay  JTC, personal observations!. Now
one of the most predominant mollusks of the
Atlan ic rocky shore, and in some regions
the marshes and mudflats, from
Newfoundland to New Jersey,

Bishop, 1992, Chancy, 1992. No records since
1988.

NW ATLANTIC/Mexico: Gulf of California
�986, 1988!. M;?

Tectari us /nuricarus  Linnaeus, 1758!  beaded
periw ink le!

Trancatellidae
Truncatella subcylindri ca  Linnaeus, 1767!

 +!

NE ATLANTIC/NW Atlantic: RI'. Newport
 l880!. M: SB'?

Burch �962! is the most recent to repeat this
early record of Verri	 �880!, who found
this species to be common; it has not been
collected since.

Potarnididae
Baril?aria anramenraria  Sowerby, 1855!

 = Basil!aria zonalis auctt.!  Japanese false
cerith!

NW PACIFIC/NE Pacific: BC �959! to WA
�920s!, bu  not Grays Harbor or Wiiiapa
Bay; CA: Tomaies Bay �941!; Monterey Bay:
Elkhorn Slough �951!. M: COI

Hanna, 1966, MacDonald, 1969a, 1969b,
Whitlatch, 1974, Carlton, 1979a, Whitiatch
and Obrebski, 1980, Yamada, 1982
Abundant !ocally on mudf!ats.

Hi pponicidae
Sabia conica  Schumacher, 1817!  ehoofsnail! NW PACIHC/NE Pacific: BC: Queen

Charlotte Sound; Tab!c Island �940!;
Vancouver is!and �963!. M: BW'?

Cowan, 1974, Carlton, 1979a, Kay, 1979.
Current status not known

Calyptraeidae
Crepidula conveza Say, 1822  convex

sii ppersnail!
NW ATLANTIC/NE Pacific: BC: Boundary

Bay  R. Forsy h, personal communication,
1991!; CA: San Francisco Bay  i898!; M:
COI

Hanna, i966, Carlton and Roth, 1975,
Carlton, 1979a. Very common on snail
shells on mudt!ats along shores of San
Franc!sco Bay.

continued on next page

Introduced marine and estuarine mu!lusks of North America  exclusive of opisthobranch gastropods!. Common names after Turgeon 19$$;
 v! species listed without common name in Turgeon 1988;  +! species not listed in Turgeon 1988.



TABLE 1.

continued

Species

Crepidula fornicaia  Linnaeus, 1758!
 common Atlantic slippersnail!

Crepidula piano Say. 1822  eastern white
slippersaai 1!

Music idae
Ceraiosroma inornarum  Recluz, 1851!

 = Ocenebra japonica  Dunker, 1860!!
 + Japanese oyster drill!

Urosalpinx cinerea  Say, 1822!  Atlan ic
oyster drill!

Mc longcn idae
8usyco/ypus canaliculaius  Linnaeus, 1758!

 channeled whelk! Nasssriidae

Nassariidae
llyanassa ubsole/a  Say, 1822!   =/i/assarius

obsoletus!  eastern mudsnail!

h/assari us fraierculus  Dunker, 1860!
 Japanese nassa!

Pulmonata
Melampodidae
Ova/ella myosoiis  Drapamaud, 1801!

 =Phyria serifer  Cooper, 1872!!
 * European ovatella!

Siphonariidae
Siphonaria peciina/a  Linnaeus, 1758!  striped

false limpet!

BIVALVIA
Mytili due
/vfyri /us galloprovincialis Lamarck, 1819

  � M. edulis auctt!.  + Mediterranean
mussel!

MOLLUSCAN INTRODUCrrONS AND TRANsFERS

NATIVE TO/Introduced To
 date of collection!/MECHANISlVI  M!

 see keys, below!

NW ATLANTIC/NE Pacific; WA; Puget
Sound �905?!; Grays Harbor �970s!;
Willapa Bay �937!; CA; Huruboldt Bay
 S. Larued, collector, 1989!', Tomales Bay?;
San Francisco Bay �898!. M. COI

NW ATLANTIC/NE Pacific: WA?: Puger
Sound?; Willapa Bay �937!; CA: Sau
Francisco Bay �901!. M: COI

NW PACIFIC/NE PACIFIC: BC �931!; WA:
south to Puge  Sound �924!; Willapa Bay
 preseni populations since 1960s?!; OR:
Nctarts Bay �930-34!; CA: Tomales Bay
�941!; Morro Bay?; M: COI.

NW ATLANTIC/NE Pacific �890 and later
years!: BC: Boundary Bay; WA: Puget
Sound and Willapa Bay; CA: Humboldt,
Sau Francisco, Toruales, and Newport Bays.
M: COI

NW ATLANTIC/NE Pacific: CA: San
Francisco Bay �938!. M: COI?

NW ATLANTIC/NE Pacific: BC: Boundary
Bay �952!; WA: Willapa Bay �945!; CA:
Sau Francisco Bay �907!. M: COI

NW PACIFIC/NE Pacific. BC. Boundary Bay
�959!; WA: Puget Sound region �960!. M:
COI

NE ATLANTIC/NW Atlantic: Nova Scotia to
West Indies; Bermuda; NW ATLANTIC/NE
Pacific: BC; Boundary Bay �965! to
Mexico: Scsmrnons Lagoon �972! M:
Atlantic; SB; Pacific; COI

MEDITERRANEAN?/NW Atlantic �9th
century or earlier!. FL to Mexico, Caribbean
Cuba, and northern South America, M: S

MEDITERRANEAN/NE Pacific: Northern CA
 date' ?! to southern CA �880s'?!, Mexico
M:S

References and Remarks

Hanna, 1966, Carlton, 1979a

Carlton, 1979a, Wicksren, 1978  as Crepidula
perforans!

Chew, 1960, Hanna, 1966, Squire, 1973,
Radwin and D'Attilio, 1976, Carl on,
1979a. Locally common on oyster beds m
the Pacific Northwest.

Carlton, 1979a; populations last reported in
Humboldt Bay in 1950 are stiH present  S.
Lamed, collector, 1989!. Locally common
on oysters and rocks.

Stohler, 1962, Carlton, 1979a  who reviews
evidence for retention of 1938 date!.

Hanna, 1966, Carlton, 1979a, Race. 1982
Astronomically abundant in San Francisco
Bay.

Hanna, 1966, Carlton, 1979a, Cernohorsky,
1984:184-185

Stirnpson, 1851. Morrison, 1963a, Abbott,
1974, Carl on, 1979a, Berman and Carlton,
1991. Earliest Pacific coast rex:ord is 1871
 San Francisco Bay!; earliest record on
Atlantic coast is 1841  Massachusetts!. Very
common in high salt marsh and drift
habitats.

Morrison, 1963b, 1972, Morrison believed this
species to be introduced from the
Mediterranean on ships R. T. Abbott
 personal communication, 1990! concurs.
G. Vermeij  personal communication, 1990!
questions this conclusion based on habitat
and broad Western Atlantic distribution.
Cryptogenic  sec text!.

McDonald and Koehn, 1988, Koehn, 1991,
Seed, 1992. Late twentieth century
distribution probably enhanced by ballast
water transport as well as ship fouling. An
abundant fouling mussel.

continued on next page
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TABLE 1.

continued

References and RemarksSpecies

Geukensia ttetnissa  Dil lwyn, 1817!  ribbed
mussel!

Perna perna  Linnacus, 1758!  +edible brown
mussel!

/tfyteila charruana  d'Oibigny, 1846!  +,
charru mussel!

Anomiidae
Anomia chinensis Philippi, 1849  =/tnntnia

iischkei Dautzenberg and Fischer, 1907!
 + Chinese jing!c!

Ostreidac
Crussostrea gigas  Thunberg, 1793!  Pacific

oyster!

Crassostrea virginica  Gmelin, 1791!  eastesn
oyster!

continued on next page

/if usi uiista senhnusia  Benson, 1842!

Pectinidae
Patinopecten yessoensis  Jay, l 856!

 + Japanese sea scaflop!

NATIVE TO/Introduced To
 date of collection!/MECHANISM  M!

 see keys, below!

NW PACIFIC/NE Pacilic: IJC: Boundary Bay
 R. Forsyth, personal communication,
1991!; Puget Sound �959!; northern CA:
Bodega Harbor �971! to Elkhom Slough
�965!, earliest record for Pacific coast is
194l  San Francisco Bay!; southern CA:
Newport Bay �977! to San Diego Bay
�976!; Mexico: Papilote Bay, south of
Ensenada �970!. M: Pacific NW, northern
CA: COI; southern CA-Mexico; BW?

NW ATLANTIC/NE Pacific: CA: San
Francisco Bay �894!, southern CA:
Alamitos �957!, Anaheim �972! and
Newport �940! Bays, Bolsa Chica Lagoon,
Orange Co.  M, Wicksten, personal
communication, 1979!. M: San Francisco
Bay: COI; southern California' .S?/COI?

EASTERN SOUTH AMERICA/Gulf of
Mexico; TX: Port Aransas �990! to Port
Mansfield �991!. M: BW/S

EASTERN SOUTH AMERICA/NW Atlantic:
FL: Jacksonville �986!. M: BW?/S?

NW PACIFIC/NE Pacific; BC �984-85!, see
remarks. M: IR

NW PACIFIC/NE Pacific. WA; Samish Bay
�924!, Willapa Bay �952!; OR: Tillainook
Bay   !970s!. M: COI

NW PACIFIC/NE Pacific: Cu!tured from AK
to Mexico; well established in BC. WA.
sporadically reproducing south to CA:
Tomales Bay. NW Atlantic: Sporadic
plantings along Atlantic and Gulf coasts
since 1930s. No established populations
reported as ot' 1992, despite reported
unauthorized private plantings ot' 1000s of
bushels iu Chesapeake Bay about 1988 � 90.
M: IR.

NW ATLANTIC/NE Pacific: BC: Boundary
Bay only  since 1917-1918!. Population in
Willapa Bay WA is now extinct  K, Sayce,
personal communication, 1990!

Hanna, 1966, Morton, 1974, Carlton, 1979a.
Abundant locally in dense mats over soft
bottoms.

Hanna, 1966, Carlton, 1979a, Sarver et al.,
1992. Juvenile Geukensia occur in fouling
on ships, suggesting a mechanistn for
intracoastal transport from San Francisco
Bay to southern California. Abundant in
rnarshes, mudflats, and at bases of retaining
walls in San Francisco Bay.

Hicks and Tunnell, 1993. Also recorded from
Natnibia to Mozambique  Kennelly, 1969!.

Lee, 1986. Appeared briefly in large numbers
in seawater intake of power plant in 1986,
but disappeared by 1987  H. Lee, personal
cominunication, 1992!. Perhaps released in
ballast water of oil tankers from Venezuela.

Raised in open sea aquaculture operations in
BC  T. Carey, personal communication,
1990!, but naturally reproducing populations
not reported as of 1992.

Carlton, 1979a. Cunent status not known. May
be established  Hanna, 1966, Abbott, 1974!,
although Bernard �983! believed otherwise.

Pacific: Galstoff, 1932, Barrett, 1963, Hanna,
1966, Quay!e, 1969, Carlton, 1979a,
Bourne, 1979, Chew, 1979, Ketchen et al.
1983, Foster, 1991:41. Atlantic. Galtsoff,
1932, Nelson, 1946; Turner, 1949, 1950,
Mann 1979 Mann ct al. 1991.
Experimental introductions in 1875 in WA
 Barrett, 1963:48-49! were followed by
regular attempts throughout the Pacific
Northwest starting in 1902; CA plantings
began in 1928.

Elsey, 1933, Barrett, 1963, Hanna, 1966,
Carl on, 1979a, Bourne, 1979. Plantings
began in 1869 � 1870 in San Francisco Bay
with completion of Transcontinental
Railroad, and continued along entire Pacific
coast in subsequent years.



TABLE I.

continued

Species

Os/rea ed/dis Linnaeus, 1758  edible oyster!

Mac triade
Ra/rgia cascara  Sowerby, 1831!  Atlantic

rang ia!

Tel I inidae
/tfacorrta "balrhica"  Liimaeus, 1758!  Baltic

macoma!

Seine 1idae
Theora Jabrica Gould, 1861  Asian semele!

Dreissenidae
Dreissena polymorpha  Panas, 1771!  + zebra

mussel!

//rfyrilopsls leacophaeata  Conrad, 1831!  dark
falscinussel!

MOLLUSCAN INTRQDUcrtoNs AND TRANSFERS

NATIVE TO/Introduced To
 date of collection!/MECHANISM  M!

 see keys, below!

NE ATLANTIC/NW Atlantic: ME �949! and
Rl �991!. NE Pacific: See remarks. M:
Maine: IR; Rhode Island: ?

GULF OF MEXICO/NW Atlantic: FL east
coast to Chesapeake Bay �955!; NY;
Hudson River �988, C. Letts, collector!.
M: to Chesapeake Bay: COI?/BW?, to
Hudson River. BW

NW ATLANTIC/NE Pacific: San Francisco
Bay. M: COI

NW PACIFIC/NE Pacific: CA: Los Angeles
Harbor, Anaheim Bay, Newport Bay
 earliest southern CA record,.1968!; San
Francisco Bay �982!. M: BW

NE ATLANTIC/NW Atlantic: estuarine
populations in NY: Hudson River  summer
1992, up to 5/oo, W. Walton, personal
communication, 1992!. M: from Europe to
the Great Lakes �988!, BW; within North
America: see Carlton, 1992b

NW ATLANTIC-GULF OF MEXICO/NW
Atlantic: NY: Hudson River �937!; MA: no
locality  Marelli and Gray, 1985:118!,
perhaps Boston: Charles River? M: S/BW

References and Remarks

Loosanoff, 1962, Welch, 1966, Hidu and
Lavoie, 1991. May be established in bays
and harbors of Rhode Island  J. D.
Karlsson, collector, 1991!. Raised in
aquaculture facilities on the Pacific coast,
but not known io be naturally established
 rare natural settlement has occurred in
Tomales Bay CA  Davis and Calabrese,
1969!!. Raised along NW Atlantic coast with
small natural sets north to Halifax County,
Nova Scotia  M. Helm, personal
communication, 1990!.

Hopkins and Andrews, 1970. Newly
established in lower Hudson River perhaps
due to release as larvae in ballast water from
Atlantic or Gulf coasts

Meehan et al, 1989. The genetic similarity of
San Francisco Bay populations to NW
Atlantic populations  as opposed to
specimens from Europe or further north on
the Pacific coast! suggest that the San
Francisco /tf. "balrhica" were probably
introduced in the 19th century. Very
common.

Scapy, 1974, Carlton et al. 1990. It is of
interest to note the increase of this species
in 1978 � 79 in polluted environments m the
Inland Sea of Japan  Sanukida et al. 1981!,
the source of much ballast water carried to
the NW Pacific, and its appearance in the
early 1980s in San Francisco Bay,
Intracoastal movement to San Francisco Bay
from southern CA is also possible.

Griffiths et al. 1991, Strayer, 1991, Hebert et
al. 1991, Carbon, 1992b, Nalepa and
Scbloesser, 1992. Ballast water in coastal
vessels and ballast, bilge, or incidental
water in small sailing vessels could transport
zebra musscls between estuaries along the
Atlantic coast. Usually in low densities in
brackish water  W. Walton, personal
communication, 1992!.

Rchdcr, 1937, Jacobson, 1953. Specimens are
believed to have been collected from the
lower Charles River, near Boston
 R. T. Abbott, personal communication,
1990; R. Turner, personal communication,
1992!. Native  ?! from Chesapeake Bay
south.

continued on next page
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TABLE l.

continued

NATIVE TO/Introduced To
 date of collection!/MECHANISIVI  M!

 see keys, below! References and Remarks

Trapezi idae
Trapezium iiranan  Reeve, 1843!  + Japanese

trapezium!

NW PACIFIC/NE Pacific: BC: Ladysmith
Harbor �949?!; WA: Willapa Bay? �947?!.
M: COI

Corbicul idae
Corbicula jluminea  Muller, 1774!  = C.

mani?ensis auctt.!  Asian clam!
Counts, 1986, 1991; estuarine populations:

Diaz, 1974, Carlton, 1979a, Nichols et al.
1990, Counts, 1991:105. Abundant locally,
but in lower densities in brackish water.

Veneridae
Venerupis pfd?ippinarum  A. Adams and

Reeve, 1850!  = Tapes sernideeussaza
Reeve, 1864; = T. japonica Deshayes,
1853; also placed in subgenus Rudirapes!.
 Japanese littleneck!

NW PACIFIC/NE Pacific: BC �936! to CA:
Monterey Bay: Elkhorn Slough �949!, OR:
Netarts Bay  see remarks!. M: COI except
for OR: IR

NW ATLANTIC/NE Pacific. 'CA: Bodegs
Harbor �974! ta Elkhorn Slough �965!;
earliest record 1893, San Francisco Bay.
M: COI

Gemma gemma  Totten, 1834!  amethyst
gemclam!

Carlton, 1979a. Records from north of Bodega
or south of Monterey Bay are based upon
misidentificatians. Abundant in soft
sediments.

ivfercenaria mereenaria  Linnaeus, 1758!
 northern quahog!

NW ATLANTIC/NE Pacific; CA; Alamitos
Bay �967!. M: IR

Petricol idac
Perricola pholadiformis  Lamarck, 1818  false

angel wing!

NW ATLANTIC/NE Pacific: WA: Willapa Hanna, 1966, Carlton, 1979a. In higher share
Bay �943!; CA: San Francisco Bay �927!, hard shale, clay, mud substrates.
Newport Bay �972!, M; COI

Myidae
/vfya arenaria Linnaeus, 1758  softshell! NW ATLANTIC/NE Pacific: AK �946! to

Monterey Bay: Elkhorn Slough  �911!,
M: COI

continued on next page

NW PACIFIC/NE Pacific: estuarine
populations in OR: Siuslaw River; CA:
Smith River, Ssn Francisco Bay; NORTH
AMERICA/NW Atlantic: estuarine
populations in Chesapeake Bay: Jaines
River. Freshwater populations throughout
the United States, northern Mexico. M:
froin Asia to N. America �920s-l930s!,
IR; within North America: see Counts, 1986

Carlton, 1979a. Populations are present in BC
 R. Forsyth, personal communication,
1991!. Status in WA noi known. Never
established in CA; report in Abbott �974!
of appearance "prior to 1935" based upon
interceptions in Pacific oyster shipments.
Nestling in fou! ing communities.

Fisher-Piette and Metivier, 1971  specific
taxonomy snd synonymy!, Bourne, 1982,
Anderson ei al. 1982, Bernard, 1983,
Kctchen et al. 1983. Generic placement
follows E. Coan and P. Scott  personal
communication, 1992!. Intentional plantings
in OR: Netaris Bay sporadically from
1960s-1980s resulted in a naturally
reproducing population  Gaumer and
Farthing, 1990!; also planted in other OR
bays, where specimens should be expected.
Common to abundant in coarser sediments.

Crane e  al. 1975, Murphy, 1985a, 1985b.
The only established population on the
Pacific coast of this common Atlantic
species is in this small CA bay. Hertz and
Hertz �992! report a single live speciinen
from Mission Bay, San Diego, probably
from discarded bait or food.

Carlton, 1979a, Bernard, 1979. Became
extinct on Pacific coast from southern AK
south in late Tertiary; reestablished  earliest
record 1874, San Francisco Bay! through
accidental introduction with Atlantic oysters.
Now one of the most corninon upper bay
clams from WA to San Francisco Bay.
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TABLE I.

continued

NATIVE TO/Introduced To
 date of collection!/lVJECHANISM  M!

 see keys, below! References and RemarksSpecies

Corbu lidae
Poramocorbula amurensis  Schrenck, 1861!

 + Amur river corbula!

Carlton ct al. 1990, Nichols et al. 1990. In
densities of tens of thousands per square
meter in estuarine reaches of San Francisco;
to be expected in other CA bays through
intracoastal transport of larvae in ballast
water.

NW PACIFIC/NE Pacific: CA: San Francisco
Bay �986!. M: BW

Teredinidae
f.yrodus pedi cellaius  de Quattcfages, 1849!

 = Teredo diegensis Bartsch, 1927!  blacktip
shipworm!

Kofoid and Mifler, 1927, Turner, 1966,
Ecklebarger and Reish, 1972, Carlton,
1979a

Pophum 1983.Lyrodus rakanoshimensis Roch. 1929  + !

Teredo barrschi W. Clupp, 1923  Bartsch
shipworm!

NE ATLANTIC?/NE Pacific; BC: Pendrcll
Sound �963!; WA: Willapa Bay �957!;
OR: Coos Buy  !988!; CA: San Francisco
Bay �913!; southern CA? NW ATLANTIC:
see remarks M: S

Teredo navalis Linnueus, 1758  naval
shipworm!

Teredo furcifera vou Murtens in Semon, 1894
 +!

NW ATLANTIC  Caribbean north to FL!/NW
Atlantic: NJ Barnegat Bay �974!, M: S

Laternu! idae
Laternula limicola  Reeve, 1863!  =L.

japonica aucrt.!  +!
NW PACIFIC/NE Pacific: OR: Coos Bay

�963!. M: BW
Keen, 1969. Not recorded in Coos Bsy since

1965, and not re-discovered there despite
intensive searching from 1986-1989  JTC
and students, field records!.

Mechanisms of introduction
= Ships  fouling and boring!
= Ships  solid ballast: rocks, sand!
= Ship~  ballast wa er!
= Fisheries: Accidental release with coinmercial oyster industry
= Fisheries: Intentional release
= Fisheries: Accidental release with discarded algae  seaweed! in shcflfish packing

continued on next page

S
SB
BW
COI
IR
DA

INDO-PACIFIC?/NE Pacific: CA: San
Francisco Bay �920!; Monterey Bay
�935!; Santa Barbara to San Diego Bay
 earliest southern CA record 187 P!. M: S

NW PACIFIC/NE Pacific: BC: Ladysmith
Harbor �981!. M: COI  in wooden oyster
boxes!

NW ATLANTIC/NW Atlantic; NJ: Barnegat
Bay �974!, CT: Long Island Sound:
Waterford �975!; NE Pacific: Gulf of
California: La Paz  �971!; Mexico;
Sinalao �978 � 79!. M: S

NW Atlantic: Hoagland and Turner, 1980,
Hoagland, 1981, 1986, Richards et al.
1984. Gulf of California: R. Turner in
Keen, 1971:282, Hendrickx, 1980. Reported
by Abbott �974! as introduced to CA, u
record based upon specimens from San
Diego Bay in the 1920s  Kofoid and Miller,
1927!. May no longer be present in
Barnegat Bay in therma! effluents, but still
established in Long Island Sound heated
power plant effluents a  Millstone.

Turner, 1966, Carlton, 1979a. Coos Bay
record: JTC, field records. Cryptogenic in
NW Atlantic: early American records
include reports both from visting vessels
 Russell, 1839, MA! and from established
populations  DeKay, 1843, NY!. Grave
�928! eniginatically noted, "The date of its
first appearance in [Woods Hole] is not
known," noting records as early as 1871. If
introduced, it may have arrived centuries
ago with visits of curliest European vessels.

Hoagland and Turner, 1980, Richards et al.,
1984. Probably only temporarily established
in Bamegat Bay in thermal effluents of
power plant  K. E. Hoagland, personal
communication, 1992! and may no longer
be present there. Turner �966! records an
earlier nonestablished population in NC.
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TABLE I.

contlnucd

NATIVE TO/Introduced To
 date of collect!on!/MECHANISl4l  M!

 sce keys, below! References and RemarksSpecies

Regions  as used here:!
Northwest  NW! Pacific = Asia: China, Japan, Korea
Northeast  NE! Pacific = Pacific coast of North America: Alaska io Mexico
Northwest  NW! Atlantic = Atlantic coast of North Amenca: Canada io Floods
Northeast  NE! Atlantic = Europe: northern and western

AK Alaska NJ
BC British Columbia NW
CA California NY
CI' Connecticut OR
FL Florida Rl
MA M assachiisetts TX
ME Maine VA
NC North Carolina WA
NE Northeast

New Jersey
Northwest
New York
Oregon
Rhode Island
Texas
Virginia
Washington

It is of interest to note that 19 �3%! of the 30 species occur in
San Francisco Bay. Only the embayrnents of the Pacific Northwest
approach this number of estabhshed species, with Willapa Bay
having 12 species, Puget Sound l l species, and Boundary Bay l3
species. These nuinbcrs will increase with further exploration  for
example, Trapezium liratum, Crepidula convexa and Crepidula
plana should be expected inore widely than now reported in Wash-
ington and British Columbia! and with new introductions.

Four of the introduced mollusks on the Atlantic coast are from
Europe and 3  as noted above! are southern species now estab-
lished in northern localities. Only 2 species are widespread, the
European periwinkle Littorina littorea, and the Gulf of Mexico
clam Rangia cuneata, The European oyster Ostrea edulis, long
restricted to lvtaine, now occurs in Rhode Island as well, although
the means of introduction of this population  whether by transport
from Maine as a ship-fouling organisms, or by intentional release,
or by escape from aquaculture facilities! is not yet known. The
shipworm Teredo bartschi occurs within the thertnal plume of a
nuclear power plant in Long island Sound;  he status of the pop-
ulation of this species, and of another southern teredinid, in New
Jersey is not clear. Estuarine populations of 2 typically freshwater
bivalves, the Asian clam Corbicula fluminea and the European
zebra mussel Dreissena polymorp!ta, arc known from limited lo-
cations.

The sole clearly introduced marine mollusk in the Gulf of Mex-
ico, Perna perna. is from South America. Were it not for this
recent report, there would be no certai records of introduced
rnollusks in the Gulf fauna.

Regional Patterns of Meeltanisms of Introduction

The human-mediated dispersal rnechanisrns that have led to the
introduction of non-indigcnous mollusks to North American coasts
have played strikingly different regional roles  Table 4!. Far ex-
ceeding all other inechanisrns in terms of number of species suc-
cessfully transported and introduced is the now largely historical
movement of the Atlantic oyster Crassostrea virginica and the
Pacific  Japanese! oyster Crassostrea gigas to the bays and estu-
aries of the Pacific coast of North Atnerica froin the 1870s to the
1930s, and from the 1900s to the 1970s, respectively  Table I!.

Atlantic oyster importation ceased due to lack of breeding success
and because of coinpetition with the increasing importation and
culture of the Pacific oyster. Pacific oyster irnportations stopped
after sufficient natural sets and regional aquaculture operations
were able to supply adequate amounts of seed.

These industries led to the introduction of at least 22 mollusks
to the Pacific coast  Table 4: the 20 species shown for COI plus the
2 species of oysters!; 9 are from Japan and 13 are from the At-
lantic. Intentional fishery releases added another 2 species  the
Asian clam Corbicula fluminea and the Atlantic quahog Merce-
naria mercenaria, which curiously did not becoine established
through the oyster industry! io the Pacific coast fauna.

Prior to these industries and releases, only a few species of
inollusks had been uansported to or wi hin North America, The
earliest introduction may have been the cryptogenic shipworin
Teredo navalis to the New England coast. The European snail
Littorina littorea, prehistorically present in the northwestern At-
lantic, was returned to North America before 1840 either inten-
tionally  released by European sett!ers in eastern Canada to estab-
lish a periwinkle fishery! or accidentally  with ballast stones!, A
late 18th century � early 19th century introduction to the Atlantic
coast with ballast stones may have been the European marsh snail
Ovatella myosotis  subsequently then transported with oysters to
the Pacific coast!. On the Pacific coast, rnid-19th to early 20th
century ship-mediated introductions included the shipworms
Teredo navalis and Lyrodus pedicellatus, as well as the Mediter-
ranean mussel Afytilus galloprovincialis, whose introduced status
was Iong overlooked in California due to its previous identification
as the "native" /Jfytilus edulis.

Ballast water has played a small role in terms of the numbers of
introduced species, although at least 2 of the species introduced by
this means are ecologically and/or economically significant inva-
sions. For a number of species, the role of ballast water as a
mechanism is submerged among a number of other mechanisms
that are not easily distinguished from each other. Thus, ballast
water or ship fouling may have led to the 20th century movement
of the North American native dreissenid Mytilopsis leucop!taeata
to the Hudson River. Either mechanism may also have played a
role in the appearances of the South American bivalves Mytella
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TABLE 2.

Introduced marine and estuarine mollusks of North America: Established and other species arranged by donor region.
Regions. See Table I, footnote.

Receiver RegionDonor Region

ESTABLISHED
Cecina manchuri ca
Barillaria attramentarla
Ceratostoma inornatum
Xassarius fraterculus
Muscu Rsta senhousi a
Crassosrrea gigas
Theora lubri ca
Trapezium li ratum
Corbicula jluminea

hfytilopsi s leucophaeata
ESTABLISHMENT NOT CERTAIN
Clanculus arer
Sabia conica
Anomia chinensis
Teredo Iurci fera
NOT ESTABLISHED
Littori na li ttorea
Ostrea eduli s
Tectari us muri catus
Truncatella subcylindrica
Afytella charruana
Patt nopecten yessoensis
Laternula llmi cola
CRYPTOGENIC
Siphonarla pectinata
Teredo navalis

NE Pacific
NE Pacific
NE Pacific
NJ: Bsmegat Bsy

NW Pacific
NW Pacific
NW Pacific
NW Atlantic

NW Atlantic
NE Atlantic
NW Atlantic
NE Atlantic
South America
NW Pacific
NW Pacific

NE Pacific
NE Pacific
NE Pacific
NW Atlantic
NW Atiamic
NE Pacific
NE Pacific

NW Atlantic?
NW Atlantic?

Mediterranean?
NE Atlantic' >

from where it may have been carried in ballast water to the Hudson
R.iver.

On the California coast, a complex mixture of ballast water,
ship fouling, or the movements of shellfish may have led to the

Venerupis phi lippinarum
Potamocorbula amurensi s
Lyrodus takanoslu'mensi s
Lyrodus pedicellatus
Llttorl na littorea
Ovatella rnyosotis
Ostrea edulis
Dreissena polymorpha
ltfytilus galloprovl ncialls
Teredo navalis
Crepldula conveza
Crepldula fornicata
Crepldula plana
Urosalpl nx cinerea
Busycotypus canali culatus
Ilyanassa obsoleta
Ovatella myosotis
Geukensia demissa
Crassostrea virginica
hfacoma "balrluca"
Gemma gemma
Afercenaria mercenaria
Petricola pholadiformis
ltfya arenaria
Perna perna
Rangla cuneata
Teredo bartschi

charruana in Florida and Perna perna in Texas. Ballast water or
the movement of commercial oysters may have transported the
clam Rangia cuneata from the Gulf of Mexico to Chesapeake Bay,
from where it may have spread down the coast to Florida, and

NW Pacific
NW Pacific
NW Pacific
NW Pacific
NW Pacific
NW Pacific
NW Pacific
NW Pacific
NW Pacific
N America
NW Pacific
NW Pacific
NW Pacific
Indo-Pacific?
NE Atlantic
NE Atlantic
NE Atlantic
NE Atlantic
Mediterranean
NE Atlantic?
NW Atlantic
NW Adantic
NW Atlantic
NW Atlantic
NW Atlantic
NW Atlantic
NW Atlantic
NW Atlantic
NW Atlantic
NW Atlantic
NW Atlantic
NW Anantic
NW Atlantic
NW Atlantic
South America
Gulf of Mexico
NW Atlantic
NW Atlantic
NW Atlantic

NE Pacific
NE Pacific
NE Pacific
NE Pacific
NE Pacific
NE Pacific
NE Pacific
NE Pacific
NE Pacific
NW Atlantic
NE Pacific
NE Pacific
NE Pacific
NE Pacific
NW Atlantic
NW Arlantic
NW Atlantic
NW Atlantic
NE Pacific
NE Pacific
NE Pacific
NE Pacific
NE Pacific
NE Pacific
NE Pacific
NE Pacific
NE Pacific
NE Pacific
NE Pacific
NE Pacific
NE Pacific
NE Pacific
NE Pacific
NE Pacific
Gulf of Mexico
NW Atlantic
CT: Long Island Sound
NE Pacific
NY: Hudson River
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TASLE 3.

Summary of introduced marine and estuarine moIInsics  excluding upisthobranchs! of North America.

Establishment
Not Certain

iVot
EstablishedFstabiished C ryptogenic

To Pacific cttast t?Vorrheust Patific! frotn:
Northwest Pacific
indo-Pacific'!
Northwest Atlantic
Northeast Ailaniico
Northeasr Atlantic
Mediterranean

12
1

15
1

30Subtotal
To Atlantic coast  JVorthwest Atlantic> from:
Northeast Atlantic
Gulf of Mexico
Northwest Atlantic
South America
North America

Subtotal
To Gulf of Mexico from.
Mediterranean
South America

1'?

Subtotal

39 '!Total

 *! Total of 36 species; Ovaiella, Corbicula, and Teredo bartschi arc each scored twice  see Table 2!, because they originate from different donor regions
depending upon ihe recipient regions.

DISCUSSION

Regional Patterns and ltf eehanisms of Introduction

transportation of the Atlantic mussel Geukensia demissa from cen-
tral California to southern California and of the Japanese mussel
lrfusculista scnhousia from the northern Pacific coast to southern
California. Superimposed upon these potential intracoastal inech-
anisrns and routes is the probability that Asian mollusks have been
introduced more than once to the Pacific coast; early introductions
of the mussel Musculista are linked to the commercial Pacific
oyster industry, while its appearance in the 1970s in southern
California may be due to ballast water release directly from Asian
ports. Similarly, the Asian clam Theora iubrica may have been
introduced in separate incidents from Asia to bo h central and
southern California; nearly 15 years separate its initial discovery in
southern California bays  to where it was probably introduced in
the ballast water of ships returning from Indonesia and southeast
Asia during the Vietnam War! from its later discovery in San
Francisco Bay. The latter invasion may be linked  Table 1. re-
marks! to an increase in Theora' s population in regions which now
supply large amounts of ballast water to thc Bay,

In contrast to these complex dispersal histories, 2 bivalves have
appeared in North America whose introduction is clearly linked to
ballast water release. These are the Asian corbulid clam Pota-
ttuicarbultt atnurensis and the Eurasian zebra mussel Dreissena
pttlymorpha. Ptttaraocorbulu established large populations in San
Francisco Bay in the 1980s  Carlton et al. 1990, Nichols et al.
1990!, at the same time Dreissena was establishing large popula-
tions in the Great Lakes  Griffiths et al, 1991!. Dreissena is in-
cluded here by virtue of its spread into brackish  oligohaline!
waters  Table 1!. A second species of Dreissena  May and Mars-
den 1992!, whose specific name remains unclear, also introduced
by ballast water into the Great Lakes, has not appeared  as of
November 1992! in estuarine environments in North America.

The striking differences between the number of molluscan in-
vasions on the Atlantic, Pacific, and Gulf coasts of North America
 Table 3! may be due to a combination of human-mediated dis-
persal events and regional geological and biological Pleistocene
history. The two are difficult to separate.

A global mechanism for the potential introduction of non-
indigenous moliusks to allshores is shipping, With the ebb and
flow of human colonization and commerce, shipping has had a
differential impact upon different regions at different times. Soci-
etal changes  the colonization of new lands, the opening and clos-
ing of ports due to political changes, the birth of new or the demise
of old commodities, regional and world wars! and shipping
changes  the replacement of wood with iron ships, increased ves-
sel speed, the development of more effective antifouling paints,
the advent of ballast water in thc 1880s! have led to new invasions
in largely unpredictable manners, Colonization and commercial
shipping have occurred on a regular basis between Europe and
Atlantic America since the early 17th century  or for about four
centuries!. While contact between Europe and Pacific America is
just as old, regular shipping did not commence until the early 19th
century, or about two centuries later  Carlton 1987!. Despite this
two century dichotomy, shipping does not contribute significantly
to the regional differences in invasions between the Atlantic and
Pacific coasts  Table 4!.

A major mechanistic distinction occurs, however, in the history
of commercial oyster movements to the two coastlines. Massive
inoculation of the Pacific coast of North America for 60 years
between 1870 and the 1930s with millions of tons of living oysters
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TABLE 4.

Introduced marine and estuarine moiiusks: Mechanisms of introduction of established species
 M! ln parentheses indicates one of two possible transport mechanisms; sec key, Table I footnote.

To:

Gulf
Coast

PaciTic
Coast

Atlantic
Coast

MECHAWISAf
Shipping:
Fouling/Boring Perna  BW!!If y i l opsis  8 W!

Teredo
hfyrilus
Geukensia  COI!
Lyrodus pedicellarus
Teredo � spp.!

Shipping:
Solid Ballast Li  orina  IR!

0vaiella
Shipping:
Water Ballast Perna  S!Rangia  "*!

lvfyri lopsis  S!
Dreissena  u!
Rangia  *e!Commercial Oyster

Industry

Lir orina  SB!
Osrrea
Corbicula  **!

Inten iona 
Release

* Dreissena was transported to North America in ballast water from Europe  Carl on, i992b!, bu  its occurrerice in the oligohaline zone of  he lower
Hudson River is probably due  o natural transport as larvae or as juveniles on f!oa ing materials from the upper River basin.
'u Rangia may owe its reappearance on the Atlantic coast in Holocene tirues either  o the transportation of oysters from the Gulf of Mexico to

Chesapeake Bay or to iis transportation as larvae in bagas  water from the Gulf. Ballast water is the probable mechanism of its recent introduction to
the oligohaline portions of the Hudson River. Genetic analyses would bc of interest  o es abiish whether the Hudson River population originates from
the Atlantic coast  such as Chesapeake Bay! or the Gulf coast, if indeed these potential parental populations are genetically distinct.
*vi' Corbicula was probably transported and released inten ionally in Western North America no later than the l920s-!930s  perhaps in more than one
incident!; subsequent dispersal froin western to eastern America has been both  hrough anthropogenic means  the usc of the clam as bait, for example!,
and by natural dispersal along water corridors.

from Japan and froin the Atlan ic coast led to the simultaneous
unintentional inoculation of scores if not hundreds of species of
associated protists, invertebrates, algae, scagrasses, and perhaps
fish. No such introductions of exotic oysters on this scale occurred
on the Atlantic coast of North America.

As a result, 27 species of Asian and Atlantic rnollusks have
becoine established on Pacific shores. The bays and estuaries of
the Pacific coas  where these species are established are geologi-
cally young  recently flooded, �0,000 years old! and do not have
a diverse native biota, suggesting that these systems were rela-
tively susceptible to invasion  Carlton 1975, Carlton 1979b,
Nichols and Thompson 1985!. Only one introduced species, the

Thenra
Poiamocorbula
hf usculi s a  COI!
Cecina
Bari llari a
Crepidula � spp.!
Ceraiosioma
Urosalpi ns
Busycorypus
! lyanassa
/V assari us
0valella
Geukensi a  S!
hfusculisia  BW!
kfacoma
Trapezium
Venerupis
Gemma
Perricola
hfya
Lyrodus rakanoshimensis
Crassosrrea � spp.!
Venerupis  Oregon!
Mer cenaria
Corbicula  *""!

Mediterranean mussel lrfytilus galloprovincialis, occurs in open
coast, high energy environments on the Pacific coast; all remain-
ing species are restricted to bays and estuaries. While the extraor-
dinarily d' verse molluscan fauna of these open coast rocky shores
 nay thus, in turn, resist invasion, few human-mediated rnecha-
nisms serve to transport rocky shores species, and it  nay be that
few if any non-indigenous species from comparable habitats
around the world been released into these cominunities. Thus, on
the Pacific coast, there was an apparently coincidental combina-
tion of biotically depauperate regions subjected to invasions by a
transport mechanism that served to bring species appropriate to
those habita s from other regions of the world.
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It is of interest to note that in a parallel sense the most signif-
icant molluscan invasion of the Atlantic shore also occurred in a
geologically young  recently deglaciated, <10,000 years old!, bi-
otically depauperate environment. The European periwinkle Lit-
torina littorea invaded hard and some soft bottom intertidal corn-
inunities of the Atlantic coast in the presence of relatively few
native herbivorous or omnivorou~ gastropods. Why, however,
other western European rocky shore gastropods failed to colonize
American Atlantic shores during centuries of intensive shipping is
not clear. It may be that European populations of the common
periwinkle Littorina saratilis have been mixed in with abortginal
populations and thus gone undetected. However, it is clear that a
variety of other small to medium size European snails  such as
trochids and patellid limpets! either were not introduced or were
not successful, Here again transport mechanisms may have been
care, with little solid  rock! ballast originating from these habitats
 which may suggest that ballast rocks may not have been the
means of introduction of Littorina littorea to America!.

The near absence of recorded introduced mollusks in the Gulf
of Mexico may be linked, as with the Atlantic coast, to the absence
of large scale importations of commercial oysters or other shellfish
from other regions. Pre-ballast water shipping contributed few or
no clear innoductions, although a detailed biogeographic analysis
of the shipworms of the Gulf of Mexico would be of interest. The
recent appearances of the South American fouling bivalves My-
tella and Perna in Florida and Texas may suggest that the global
increase in ballast water-mediated invasions  Carlton 1985, 1987!
may be an active mechanistn that will add to the non-indigenous
mollusks of the Gulf. The tnovement of the zebra mussel Dreis-
sena polyrnorplta down the Mississippi River and its arrival
 perhaps by 1993! in the oligohaline waters of that delta will
add a second species to the list of Gulf marine and estuarine in-
vasions,

Ecological Impacts

With the exception of a few species, there is little experimental
elucidation of the ecological impact of the introduced marine tnol-
lusks in North Atnerica, Carlton �979b! reviews general ecolog-
ical considerations, including a remarkable, albeit anecdotal, early
account of the interactions between the introduced Atlantic marsh
mussel Geukensia dernissa and the California clapper rail, Nichols
and Thompson �985! document the persistence of an "introduced
mudflat community" in San Francisco Bay, where all of the mol-
tusks are introduced  l{facoma "baithica," indicated as native in
their paper, was later shown to be a probable introduction to the
Bay  Meehan et al. 1989!!.

Retnaining largely uninvestigated is the alteration of benthic
community dynamics by the abundant introduced bivalves on the
Pacific coast, such as Afytilus galloprovincialis, Geukensia de-
missa, Musculista senhousia, 1{fya arenaria, Crassostrea virgin-
ica, Venerupis philippinarum, and Getntna gemma. All of these
species can occur in great densities. Certain community-level in-
teractions for some of these species  such as Getdtensia, lvlya, and
Gemtna! are known in their donor regions, but are applied with
difficulty to the Pacific coast where different suites of potentially
interacting species occur. Only the most recent bivalve introduc-
tion, the Asian clam Potatnocorbula atnurensis, has been the sub-
ject of intensive observational studies relative to its rapid predom-
inance in certain parts of San Francisco Bay, reaching densities of
	0,000 per square meter at sites where the former biota has
become rare or absent  Nichols et al. 1990!. Potamocorbula thus
joins hfya, Musculista, and Gemma as species potentially critically

important in regulating phytoplankton dynamics in the Bay  Carl-
ton et al, 1990!.

On the Pacific coast and Atlantic coasts, interactions between
several pairs of native aud introduced gastropods have been ex-
ainined, Interactions between thc introduced European periwinkle
Litrorina lirtorea and native gastropods on the Atlantic coast have
been studied by a number of workers. In experimental studies,
Petraitis �989! found that Lirtorina littorea negatively affected the
growth of the native limpet Tecrura testudinalis. Yamada and
Mansour �987! also experimentally demonstrated that Littorina
littorea can depress the growth rate of the native rocky shore snail
Littorina saxatilis. Brenchley �982! documented that Littorina
littorea was the most abundant consumer of eggs of the native
mudsnail llyanassa obsoleta in mid-intertidal habitats on the At-
lantic coast. Brenchley and Carlton �983! further demonstrated
that there has been a historical change in the distribution of llya-
nassa due to competitive exclusion by Littoritut littorea, with mi-
crohabitat displacement in the mid intertidal zone of 70% of llya-
nassa, calculated from littorinid removal experiments. Littorina
also litnits both the upper and lower distribution of llyanassa.

On the other hand, Race �982! found that the Atlantic llya-
nassa obsoleta, introduced to San Francisco Bay, in turn limits the
distribution of the native tnudsnail Cerithidea californica, by
means of competitive mteractions and by predation on Cer-
ithidea's egg capsules, Whitlatch and Obrebski �980! found that
while the introduced Japanese snail Batillaria and the native Pa-
cific coast snail Cerithidea can be sympatric in Tornales Bay, CA,
similar-sized individuals exclude each other when feeding on the
same size diatoms.

8ertnan and Carlton �991! examined the potential interactions
between the introduced Atlantic marsh snail Ovatella myosotis and
the native Pacific coast marsh snails Assitninea calilornica and
Littorina subrotundata. No observational or experimental evi-
dence of cotnpetitive superiority by Ovatella could be found, and
they concluded that the establishment of the introduced species in
high shore, semitetTestrial environments did not arise at the ex-
pense of the native species.

While the introduced freshwater bivalves Corbicula fluminea
and Dreissena polymorpha have had and are having profound
impacts on the communities in which they have invaded  refer-
ences in Table I!, ecological interactions of these species in brack-
ish water remain largely uninvestigated.

Perhaps no introduced marine mollusk in North America has
had a greater impact than the periwinkle Linorina littora, which
colonized most of the Atlantic coast from Nova Scotia to New
Jersey in only 30 years, between 1860 and 1890  references in
Table I!. Perhaps because little or no economic impact has been
associated with this invasion, it has attracted relatively little notice
globally as a classic example of an invasion, aquatic or terrestrial,
Littorina has fundamentally altered the distribution and abundance
of algae on rocky shores  references in Table 1!, altered hard-
bottom, soft-bottom, and salt marsh habitat dynamics  Bertness
1984! negatively interacted with native gastropods  reviewed
above!, dramatically altered the hermit crab shell resource  pro-
viding an abundant larger shell! and modified shell utilization
and preference patterns of the native hermit crab Pagurus longi-
carpus  Blackstone 1986!, and as grazing herbivores and vacuum-
ing omnivores, tnay have important impacts on a wide variety of
small invertebrates, such as barnacles, whose newly settled larvae
are consumed in large nutnbers  see "Life Habit" review in
Brenchley and Carlton 1983!.

In summary, all but the snail Ovatella of the abundant species
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Future Invasions
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of introduced mollusks that have been studied have been shown to
have drainatic impacts on the pre-existing structure of the corn-
munities in which they have invaded, These results would suggest
that the extensive populations of those species not yet studied may
also have had, or are having, substantial impacts on population
dynamics and interactions among co-occurring species, both na-
tive and introduced. Numerous fruitful investigations reinain to be
undertaken,

Predictions of what species will invade, and where and when
invasions will occur, remain one of the more elusive aspects of
biological invasion science  Mooney and Drake 1986; Drake et al.
1989!. Thousands of species of marine and estuarine mollusks that
occur in Europe, Africa, South America, Asia, and Australia over-
lap in basic environinental requirements with habitats that occur in
North America. Selecting probable invasion candidates from this
vast fauna, and predicting competitive, predatory, or other inter-
actions with previously established molluscan species or ecologi-
cal equivalents as potential mediators of successful establishment,
is a frustrating task, It is doubtful, for example, if an examination
of the Asian biota would have identified the clam Potamocorbula
amurensis. ainong a background of scores of other estuarine taxa,
as a high profile potential invader,

Nevertheless certain limited projections may be made. The
New Zealand fresh and brackish water snail Potamopyrgus anti-
podarum, established in western Europe, and occurring in densi-
ties of up to 800,000 snails per square meter, is a probable future
invader of eastern North American fresh and oligohaline habitats
 JTC, C. L. Secor, and E. L. Mills, in preparation!. Abundant
fouling bivalves in India and Asia, such as the rnussels Modiolus
striatulus and Limnoperna fortunei  Morton l 977!, may yet reach
North America. If large scale inoculations of the Pacific oyster
Crassostrea gi gas on the Atlantic coast commence in the 1990s  as
opposed to the inany smaller previous releases!, successful estab-
lishment may nd<e place  presumably the species will be raised on
the Atlantic coast from larvae or clean seed, and the introduction
of associated organisms with large stocks of adult oysters will not
take place!,

Also predictable are the eventual detection of natural sets of the
Japanese sea scallop Patinopecten yessoensis in British Columbia,
the spreading of the European edible oyster Ostrea edulis from
Rhode Island south and west into Long Island Sound, the estab-
lishrnent of the periwinkle Littorina littorea in San Francisco Bay
if not elsewhere on the Pacific coast, the establishment of the New
Zealand green lipped mussel Perna canaliculus  Carlton 1992a:
16! in California  to where it is now imported daily in large num-
bers for direct human consumption! and the spreading of the Asian
clam Potamocorbula amurensis from San Francisco Bay to other
bays on the Pacific coast.

Broadly, the recent appearances of Rangia cuneata in the Hud-
son River, of Perna perna in Texas, of two species of the zebra
mussel Dreissena in the Great Lakes and thus much of the rest of
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North America, and of Potamocorbula amurensis in San Francisco
Bay, argue strongly that future, ballast-water mediated invasions
will continue to be a regular phenomenon in North America. On
any day, perhaps any hour, it is likely that the larvae of dozens of
species of mollusks are released into coastal waters of North
America by ballast water. Similarly, steadily increasing local, na-
tional, and global pressures to expand mariculture industries
through the importation of new candidate species will almost cer-
tain! y mean the accidental  or intentional! release of novel species.

These predictions arise from the projection that the basic mech-
anisms of human-mediated transport of non-native species out-
lined at the beginning of this paper will remain in place for many
years to come. This forecast is despite the existence of a nuinber
of international guidelines  including those of the International
Council for the Exploration of the Sea, Carlton, 1989! that exist to
prevent the release of detrimental species through fisheries and
mariculture activities, and despite growing international awareness
of the role of ballast water in transporting exotic species trans-
oceanically and intcroceanically, While our inability to always
distinguish between certain mechanisms of introduction of exotic
species may make full control difficult, identifying and quantify-
ing the role of such mechanisms, followed by cooperative man-
agement efforts, are the necessary precursors to eventually mod-
ifying the rate of "chess play" of new invasions.
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Writings on ecological biogeography provide a global histori-
cal perspective for presentations to be given at this symposium
 Ekman 1953, Briggs 1974, Vermeij 1978, Pielou 1979, Cox and
Moore 1985, Mooney and Drake 1986!. In the course of geologic
epochs, floral and faunal populations of the world have become
naturally distributed into generally defined geographic areas
whose boundaries have expanded or retreated over the centuries.
In quite recent geologic history, however, humans have been al-
tering this pattern critically, wittingly and sometiines unwittingly,
manipulating artificially the redistribution of many species popu-
lations. Molluscs have been no exception, These introductions and
transfers have occurred, sometimes beneficially, more often in
muddled uncontro!led ways, and occasionally with "disastrous
backlash consequences" to the receiving communities  Odom
1971, Rosenfield and Kern 1979, Mooney and Drake 1986!. Elton
is quoted as writing "... about this spate of invasions... make
no mistake: we are seeing one of the great historical convulsions in
the world's fauna and flora"  Dobson and May 1986!!

ln this overview I introduce the symposiuin, consider the sig-
nificance of artificial dispersal of inarine molluscs, and whether
the reportedly worrisome probleins of these invasions are exag-
gerated or real. Speakers in the symposium will no doubt set me
straight, and bring us all up-to-date on the problems, advantages,
and safety practices related to human-directed introductions and
transfers of commercial and potentially commercial marine mol-
luscs.

That dispersal has been occurring with increasing intensity, is
confirmed by many biological surveys. Results of these show that
marine molluscan biota, especially commercial estuarine and
coastal populations, continue to be moved about widely  for ex-
arnple, Korringa 1942, Allen 1953, Cairiker 1955, Hanna 1966,
Ansell 1968, Mann 1979, Counts 1983!. Large scale global inter-
mingling, fueled by an increasing commercial market for edible
molluscs, will undoubtedly accelerate its pace.

But why the flap over the fact that several molluscan species
populations are becoming geographically homogeneous? Why not
adopt the noninterference attitude of "let nature take its course'"?
Some would suggest that, anyway, little can be done about the
problem, and besides some invasions can be beneficial. Take for
example, the case of the early, little-controlled importation of
Crassosrrea gras to the West Coast of the United States, which
reaped a valuable commercial industry, a recreational fishery, and
a seed-producing operation  Bourne 1979, Chew 1979!.

But alas! because an introduction has been profitable in one
venture does not guarantee that others will be also. Courtney and
Robins �989! put it this way: "What is happening is at best a
lottery in which an occasional lucky or even well thought-out
success is replayed, only to result in losses in the form of noncor-
iectable environinental mistakes of varying severity,"

If invasions do constitute a gamble, we should next explore the
consequences of uncontrolled introductions and transfers. Three

major sequels come to mind: a! a wide spectrum of other organ-
isms can piggyback on or in the invaders, h! potential genetic
changes can occur in both invaders and residents, and c! physical
alteration of the invaded habitat can result  Sinderrnann 1970,
1977, Vermeij 1978, Bourne 1979, Rosenfield and Kern 1979,
Courtney and Taylor 1986, Ward 1986, Fisher 1988!. Let's con-
sider these consequences in more detail:

a! Organisms carried on, or within invaders, for example,
could include:

Disease inicroorganisms  viruses, bacteria, fungi, yeasts,
sporozoans, ciliates, dinoflagellates!,

Multicellular parasites  copepods, trematodes, cestodes,
odostomid snails, pinnotherid crabs!,

Predators, especially their larvae and young  muricid and
naticid snails, conchs, octopuses, crabs!,

Competitors contending for food and space  barnacles,
bryozoans, sea squirts, chitons, limpets, other com-
mercial bivalves!.

In this lengthy list, disease microorganisms and parasites with
a single host and with direct waterborne transmission and short
generation times, are potentially the most pernicious in cultivated
molluscan populations  Sinderinann 1970, 1977, Dobson and May
1986!. The likelihood of introductions of disease inicroorganisms
is very high  Fisher 1988!; and because checks and balances in the
new habitat are rarely the same as in the original environment,
invading nucroorganisms are less apt to be restrained. Because of
their long association with, and natural immunity to their hosts,
pathogens carried by invaders can have deleterious effects on un-
protected resident species. Unquestionably, diseases will continue
a significant problem in mariculture; the limiting factor in their
control is the meager knowledge available about them  Sinder-
mann 1970!. Nonetheless, Sindermann �970! is optimistic about
their eventual control. Little, also, is known about multicellular
parasites; how they become established in new hosts remains es-
sentially unexplored  Fisher 1988!.

b! The genetic consequences of introductions and transfers of
molluscan species can be exainined instructively with reference to
how readily they will hybridize. In this context, closely related
invading and native species will produce hybrids differing in fit-
ness from that of the natives. If survival and reproduction of these
hybrids is greater than that of the natives, it is probable that in-
vaders carry genes, which in combination with natives genes, are
advantageous, The rapid introgression of favorable genes will
likely decrease the distinctiveness of the native species � with un-
predictable consequences, If fitness of hybrids is inferior to that of
the natives, then introgression of alien genes will probably de-
crease the fitness of hybrids in the short term; whether reduced
fitness persists, will be determined by whether or not it is elimi-
nated by natural selection. As to whether distantly related species
will hybridize, is probably not possible to predict. If they should,
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little genetic interaction can be expected, It is thus quite clear that
it is possible to assess on!y short term genetic interactions be ween
invaders and natives; those occurring after acclimation of invaders
to thc invaded habitat are not foreseeable  S. Allen, personal corn-
munication!, It is also evident that monitoring of these hybrid
species, if they occur, is difficult � if not impossible  Andrews
1979, Newkirk 1979, Courtney and Taylor 1986, Regal 1986,
Pimentel et al. 1989, Tiedje et al. 1989!.

c! A third consequence of uncontrolled molluscan invasions
could include alteration of the ecosystem by invaders as well as by
their genetically modified descendents. Changes could take place
in the physical structure of' the habitat, redistribution of popula-
tions, or trophic interactions, resulting in a modified ecological
balance not necessarily commercially beneficial. Unfortunately, it
is not yet possible accurately to predict the ecological impact of
molluscan invaders  Courtney and Taylor 1986, Pimentel et al,
1989!.

Indisputably, then, intentional and accidental spreading of inol-
luscan species about the rim of the world-ocean can be danger-
ously risky. But why some species are extreinely successful in-
vaders, while close relatives may no  be  Ehrtich 1986!, and some
habitats are colonized while others are not, is still a puzzle  Cox
and Moore 1985!. Ekman �953! observed almost four decades
ago that organisms become distributed in conformity with their ge-
netic nature, which is adapted to specific environmental conditions.

It follows, consequently, that successful geographic dispersal
is the product of an interaction between physiological properties of
the organisin and the quality of the environment, A case in point
is estuarine species, which though broadly tolerant to a widely
fluctuating complex of ecological factors  Hedgpcth 1957, Car-
riker 1967!, only rarely invade oceanic habitats; and conversely,
oceanic species seldom successfully inove into sharp estuarine
gradients. On the other hand, successful invasion by estuarine
species into other brackish waters, especially at similar latitudes
does occur � not only undesignedly on bottoms of ships and in
their holds, but also through intentional huinan ventures  Allen
1953!, Natural barriers to dispersal are also imposed by latitudinal
thermal zones along coasts, as well as by differences in aerial
exposure on intertidal-subtidal reaches. Huinan enterprises, iron-
ically enough, have aided the insidious, highly surcessful spread
of some species by inadvertently making available ecologically
"open" habitats  Mooney et al. 1986!; deplorable examples are
the catastrophic invasion of human-made waterways by Asian
clams of the genus Corbicula  Counts 1983, Iviooney et al, 1986!,
and the devastating infestation of the Great Lakes by the zebra
mussel Dreissena polyinorpha  Garton and Haag 1989! called "an
ecological disaster of oil-spill proportions"  D, Israelson, Toronto
Star, Canada, March 12, 1990!. Most recently word has come
 Williams 1990! that there are at least three projects in the greater
Caribbean region raising Pacific giant clains  Tridacna sp.!;
whether these inolluscs have been properly screened for potential
pathogens has yet to be determined,

Can biological  morphological, physiological, reproductive,
genetic, behavioral, etc.! characteristics of successful invaders be
identified with any degree of reliability? Probably not, None he-
less, Ehrlich �986! has coine up with the following possible at-
tributes of potentially successful invaders: abundance in the native
habitat, polyphagous, short reproductive cycles, high genetic vari-
ability, fertilized females able to colonize alone, larger in size than
most relatives, associated with Homo sapiens. and able to function
well in a wide range of physical-cheinical environmental factors.

At this stage in the advancement of biology, identification of even
a few of these attributes would not be easy, if indeed possible,
Hence, it is no surprise  hat prediction with certainty of successful
invasions is not yet within our grasp  Mooney and Drake 1986!.

ln view of the serious risks of introductions and transfers,
concerned biologists and inanagers in many countries have been
developing strict policies and procedures to control them, The
latest revision of guidelines for control encompasses a worldwide
prograin. The guidelines are suinmarized in the ICES "Codes of
practice and manual of procedures for consideration of introduc-
tions and transfers of marine and freshwater organisms"  Turner
1988!. A section on inolluscs is included. A rigorous procedure for
limiting risks of introductions of sheHfish diseases has also been
prepared by Sindermann �970, 1977!, who cautions that even
with safeguards a disease in the enzootic phase could escape de-
tection,

As might be anticipated, not all aspects of the "Codes" are
acceptable to everyone. Soine sections are controversial, others
are difficult to implement, and some aspects of control have not
been addressed. With references to the latter, Mann �979! noted
that the document deals almost exclusively with the limiting of
adverse biological effects of introductions, and does not speak to
supportive socioeconomic and political pressures that may favor
introductions. As he emphasizes, the guidelines should be irnple-
mented in a practical way and in a realistic tiine scale, or they will
be ignored. Notwithstanding its deficiencies, the "Codes" is an
important guide and must continue to evolve and fine-tune to
international needs a! as new knowledge on invading species, their
diseases, parasites, predators, and coinpetitors becomes available,
and b! as the "Codes" program is more widely adopted and tested
across international boundaries,

The biological characteristics of many inarine inolluscs, espe-
cially bivalves and gastropods, simplify the arduous task of control
of introductions and transfers. For one thing, although they create
the same range of inherent ecologic, pathologic, and genetic prob-
lerns as other organisms, roost coinmercial adult bivalves and gas-
tropods are capable of no, or only localized movement on their
own; thus risks attending their handling can be controlled more
effectivel than those of inore inotile species  Turner 1988!. For
another, many species of molluscs can now be raised in hatcheries
to the F2 and F3 generation, shelled species can be disinfected
upon arrival at their destination, fertilized eggs can be disinfected
before shipment, and hatchery-raised shelled pediveligers can be
transported for setting in tanks near planting grounds. It goes
without saying, that all steps in introductions and transfers should
be computer-recorded so that original sources and history of move-
ments can be traced readily,

As already stated, attention on introductions and transfers has
been focused primarily on the biological aspects, and little on the
socioeconomic and political considerations  Mann 1979!, Several
writers have touched on the latter; some of their thoughts follow:
Managers, when considering the introduction of a foreign species,
should seriously question why a local native species would not be
coinmercially adequate  Courtney and Robins 1989!. Foreign spe-
cies should probably be considered only if there is a demonstrated
scientific need or a high potential for commercial success  Mann
1979, Rosenfield and Kern 1979!, Approval of introductions
should be based only on biological decisions � not on management
or political mandatcs alone. Federal and state agencies should
support, more than now done, research on the biology of potential
introductions, making available a biological base for management
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in the present scenario where sparse, discase ravaged populations
survive in disparate, low salinity sanctuarie~ as sub idal ciusts of
living material overlaying a base of reef material. Thc importance
of the oyster as a cornerstone species in Chesapeake Bay surpasses
that of the directed fishery in both ecological and economic tcrins,
yet it is the latter that embodies a disproportiona c poli ical power
and which, by default, will eventually drive decision processes
concerning restoration and rejuvenation including possible intro-
ductions. With this political reah y clearly stated wc will procccd
with a greater focus on thc dircctcd cornrnerciaI fishery aspect of
the discussion,

The oyster  Crassasrrea virgi nica! resource of Chesapeake Bay
has been in continuing decline since the turn of the century  Ha-
ven, Hargis and Kendall 1978, Kennedy and Breisch 1981, Hargis
and Haven 1988!. Prior to 1960, average annual oysier production
was '3.5 million bushels in Virginia and 2.2 million bushels in
Maryland. Virginia oys cr proijuction in the 1980s decrcascd from
over 1.0 million bushels in 1981 to 209,000 bushels in 1989.
Current estimates for public fishery market oyster production in
Virginia in the 1990 � 91 season arc at an all time Iow of 43,000
bushels. Thc continuing decline due  o overfishing has been as-
sisted by the action of two diseases, Haph>sporidium neisani
 commonly known as MSX! and Perk>nsux mar nun  commonly
known as "Dermo"!. Hupir>spar d u>n neisani and P. >narinus
were at record high levels of abundance during 1986 and 1987 as
a result of continuing drought conditions over the Chesapeake Bay
watershed  Burreson and Andrews 1988!. During 1986 and 1987,
estimated overall mor ali y on public beds in Virginia was bc ween
70 and 90% each year, the highest values recorded in 28 years of
continuous monitoring  E. M. Burrcson. unpublished data!. Dur-
ing 1988 P. marinus spread to all monitored oyster beds in the
Virginia portion of Chesapeake Bay, Since that tiinc some abate-
ment has occurred in low salinity areas  Burreson. unpublished
data, May 1991! but the disease remains endemic io the majority
of formerly productive oyster bottom. Thc coinbined el'feet of both
oyster diseases has been thc recen  elimination of commercial
oyster production froin essentially all wa ers in the Virginia por-
tion of the bay with the exception of three oys cr bars in thc upper
James River and very lirnitcd areas in thc upper Rappahannock
River. Many oyster bars in the Maryland portion of thc bay have
also been denuded by the diseases. Thc remaining loca ions in
Virginia. about 5'7c: of thc total public oyster grounds, are the
subject of continuing, intense fishing pressure. Between 1987 and
1989 approximately 90% of the entire Virginia harvest came from
the upper James River, although this declined to approximately
68% in the 1990 � 91 public oyster season. Thc magnitude of de-
struction and the economic implications are obvious,

In order to allow recoloniza ion of formerly produc ivc oyster
beds, the distribution of diseases must bc forced in a downs rcarn
direction by a decline in ambient salinity duc to increased stream-
flow in the tributaries ot Chesapeake Bay. Conditions typicaI of
the 1950-1980 period still result in large, salinity rc!a cd disease
endemic areas and associated unproductive oyster bottom. Give i
the drought conditions of thc 1980s in the rniddle Atlantic region.
which exacerbated disease related losses. a marked and sus ained
change to wetter cliinatic conditions in the watershed is needed.
Current. admittedly limited. understanding of the impacts of pre-
dicted global warming suggest this is unlikely. Furthermore even
a temporary increase in rainfall would result in only a  cmporary
reduction in disease pressure. The life cycle and growth of the
native oyster are such that even coloniza ion of a presently dc-

nuded, high salinity oyster bed would require a minimuin of three
years without serious disease losses before a single crop of inar-
ke ahIc oys crs would bc at aincd. Clearly, manage ncnt around
typical, rather than a ypical, rainfall and s rcamflow conditions is
unpredictable and imprudent.

The subject of natural discase resistance and the dcvcloprneni
of disease resistance in cultured stocks of the native oyster, Crai-
sosrrea virgini a. has received considerable attention. Distinction
should be made between tolerance to a greater parasite burden,
wherein mortalities will eventually occur but at a decreased rate,
and resistance, where no parasite related lo~ses are observed. The
no ion that disease resis ance would allow rccoloniza ion of pres-
ently barren area~, with the ensuing rejuvenation of the industry,
is untenable with rcspcc   o Chesapeake Bay for several reasons,
Natural populations, with their enormous fccundities, have failed
 o produce extensive beds of tolerant. Iet alone resistant oyster~
through natural selection as deinonstrated by the continued and
almost total absence of oysters from high salinity areas of the bay.
This is probably duc, at least in part, to the large gene pool of
unselccted oyster~, especially flir H. nelxani, in the upper reaches
of the major tributaries in Virginia and in the upper portion of the
bay in Maryland. Et or s at Rutgers University to select such
strains by mampulative breeding have resulted in some iinprovc-
ment in survival in response to challenge by H. nelsani after 25
years of research and over eight generations of sclcction  Ford and
Haskin 1987!. Irnprovcmcn  in survival in response to H. neisani
challenge is not corrclatcd with the activity of a particular cellular
or humoral defense mechanism  Douglass 1977, Ford 1986!, but
appears to be the result of an overall physiological superiority in
which tolerant oysters, by more efficiently utilizing available en-
ergy, are able to inhibit the development of the disease  IVlyhrc
1973, Newell 1985, Barber, Ford and Haskin 1988a,b!; however,
 hese strains are potentially useless in Chesapeake Bay because of
the presence of P magnus as wcII as H. nelsoni. Resis ance to
both diseases. as opposed to tolerance of a higher parasite number,
is csscn ial to recstablishing stable oyster populations on alI for-
incrly produc ivc oyster bonom in the Virginia portion of Chesa-
peake Bay. The unusual intensification of both diseases in recent
years and the resulting high oyster mortality dictate that the time
required to select native C. virgini a for disease tolerance and,
eventually, resis ance using traditional methods niay not be ade-
quate to deal with current econo nic needs. Alternative approaches
to res ore a productive resource and thereby rejuvenate the indus-
try must be considered. The introduction of a non-ende nic oyster
species  o reestablish productive bottom in currently denuded, dis-
ease endeinic areas, is such an alternative.

Legal and permitting Requirements Refuted ro Inrruduenons of

,'Yon.ende>nic' Species> Can Introductions Be Effected in Virginia?

Federal and s ate legislation applies in two related areas. These
are respectively. experimentation with non-endemic species, com-
pliance with ICES guidelines and U.S. Federal Law  the Lacey
Act!: and permi  ing requirements for study of non-endemic spe-
cies in the Commonwealth of Virginia. U.S. Federal Law, in thc
form of the Lacey Act Amendments of 1981, Public Law 97-79,
con ains provisions for con rol of movement of non-endemic spe-
cies into the U.S.A. and across state lines. [n essence the Lacey
Ac  is complied with if approval for possession is obtained at the
state level. The appropriate sec ion of the "Laws of Virginia re-
lating to the Marine Resources of the Commonwealth: 1984 Edi-
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 ion" are found under section 28.1-183.2 en i led "Importing Fish
or Shellfish for In roduction into Waters of the State." Such im-
por a tons are unlawful unless written permis~ion is ob aincd from
the Cominissioncr of the Virginia Marine Resources Com<nis-
sion � the designated state regulatory agency. A written rcqucst
containing all pertinent information  i,e, species, origin, quan i-
ties, tiine period, ctc.! must be submi tcd at least 30 days prior  o
importation. The Director of  hc Virginia lnstitu e of Marine Sci-
ence must approve all requests prior to approval by the Cornmis-
sioner. Provided appropriate permission is granted by the afore-
mentioned Direc or and Com<nissioner then the legal prerequisites
are fulfilled.

Neither the Lacey Ac  nor the Laws of Virginia address the
legal and moral obligations of either intorining or even seeking
comment on proposed introductions from neighbouring legal ju-
risdictions if they are likely to bc affected by such mtroductions.
lndccd, there appears to be no specific ins ructions requiring such
action. Formal in crstate advisory and managcincn  bodies do cxis 
but their legal authoritics on the issue of introductions appear
limited. Although the present discussion focusscs on the Virginia
portion of the Chesapeake Bay. any introduc ion of rcproductivcly
active, non-endemic species will potentially have impact in both
Maryland and North Carolina waters if pelagic larval stages are
widely dispersed and survive. Even wider geographical impact
may occur over time in the even  of establishment in the recipient
environment. Clearly, the ability of neighbouring state~ to influ-
ence the permitting process through alternate legal challenges re-
mains un estcd,

Selecriorr of Species for Ir<troducriou: Why Crassostrea glg<Ls?

When considering the selec ion of spccics for introduction it is
important to effectively rnatch  he donor and recipient environ-
ments to insure greatest possibility of successful survival of the
introduced spec <es. The Chesapeake Bay env ironment can be char-
acterized as having a continental climate wi h large air and water
tcinperaturc ranges: large temporal and spatial salinity variation; a
geologically young, scdirncntary basin that has been extensively
dredged to facilita c past and current commercial shipping; a re-
gion whcrc salinity related endemic diseases currently limit native.
oyster distribution, and an irretrievably altered watershed that cur-
rently serves as home to over 14 million people. 1n summary, this
is a high stress environinent that is drastically altered from tha 
poor to colonial settlemen  � thc environment in which Crassns-
rreu v<rgraira flourished to form reefs that were major geological
feature~ as well as dominant components of the benthic cominu-
nity of Chesapeake Bay. The magnitude of change over  he past
four centuries should bc underscored. Despite continuing efforts to
improve water quality in  hc bay i  must be realized that thc cu-
 nulativc abuses of urban and agricultural development to the bay
watershed <nake the goal of restoration of the bay to its former
pristine condition  as described in Captain John Smith's logs! un-
tenable. 1n ertidal oyster reefs no longer exist in the bay, they have
been tonged and dredged to subtidal depths gcncrally exceeding
one mc er. The quantitative change in oyster reef s ructurc asso-
ciated with their degradation from intertidal to subtidal features is
<Bus rated by the fact that present, iminediate subsurface shell
dcposi s have been radiocarbon dated at several hundred years
before prescn   DcAltcris 1988!.

I  is appropria c  o begin a search for an alternate species within
 he genus Crassosrrea � reef forming species tolerant of mid to

subtropical latitude, high stress cnvironmcnts. Tables 1-3 summa-
rize spccics in thc genus Crasiaiirea, and compare published data
descobing their temperature and salinity tolcranccs as bo h farval
and adul  form~. Caution roust be applied in literature review in
determinmg the geographic origin of C. v<rg<ruca under examma-
 i<in  see comments in Hedgecock and Okazaki 1984, Reeb and
Avisc 1990, concerning lack of genetic uniformity throughout the
zoogcographic range of  his species!, and, where possible, which
geographic type of C. gigas   herc arc four, named by prefecture
of origin, Hokkaido, Myagi, Hiroshima and Kumamoto, see com-
ments in Torigoc 1981, Quay!e 1989, Kusuki 1990! is being de-
scribed, Geographic types of C. gigas are characterised by distinct
growth rates and forms  so much so that they serve quite different
commercial markets! that may have different temperature and sa-
linity optima and tolerances. Such information on geographic type
is rarely given, therefore data in tables 1 � 3 encompasses all types.
For the present coinparative purpose this is acceptable in that i 
 nay ovcres ima e rather  han underestimate possible ranges of C.
gigas in thc Chesapeake Bay. ln general,  he Myagi stra~n has
been  he focus of work in the hatchery based fishery of the Pacific
coast of North America; however,  here has been much intentional
intcrbrccding of introduced stocks and precise pedigrees are lack-
ing. The predominant oyster of that and the European fisheries can
better be described as Myagi-like. Several other species lack ad-
equate documentation for co nplete coinparison; however, i  is
evident that strong similarities exist between C. virginica and C,
gigas.

Crassostrea gi's is ac ively cultured elsewhere in the world,
especially so as an introduced species. Crassasrrea gigas bas been
cx cnsivcly  both accidentally and inten ionally! moved beyond its
native oriental range for culture purposes to locations in the Pacific
basin  Cos a Rica through Alaska, Australia, New Zealand!, and
the Atlantic basic  North Sea through Mediterranean and Atlantic
Coast of Morocco!. Comprehensive summaries of these activines
are given in Mann �979, 1981! and Menzel �990!. Crassosrrea
gigas is the basis of the largest oyster fisheries in the world.
During 1987 the leading oyster producing countries in the world
were Korea and Japan with production of 303,233 and 258,776
metric tons respectively, this product being predominantly

TABLE I,

Crassostrea species: Distribution and Synonyms. Source material: t.
Ahmed, 197I; 2. Boffi, 1979; 3. Carreon, 1969; 4. Chen, 1972; 5.
Dang, 1972; 6. Durve, t<t67; 7. Kamara et al., 1976; 8. Kong and

Luh, t97?; 9. Mann,  9ttt; 10. Menzel, 1974; tl. Newball and
Carrlker, 1983; 12. Shafee and Sabatie, 1986; 13. Tebble, 19�6; 14,

Torigoe, 1981; 15. Zenkevitch, 19�3.

Atlantic coast of North America. virgin<ca   = rhizophoraeb 1!.
Bras<k brasiliensis  = rhizophorae = virginica?!, 2, 7
Western Europe, English Channel io Morocco  now rare!: aalu a a, �,

13.
Furope, North Sea through Mediierannean io Monx:co: gigas, 9. 12.
Pacific coast of North Amenca: gigas. 9, 12.
Japan. Korean Pcninsu a through Vietnam: gigas, araikensis

  = rivu aris!, nippo«a. 5, �.
indite gryphnides, madraseasis, rivu aria < = araikensis!, 1. 6
Thai a«d<Ma aysia. be cheri   = nippoaa?b 4. 8.
Phi ippincs. iredali   = madrascnsis or eve« = rivu aris?!, 3.
West Afnca: gasar   = lul<pa!, 7,
Black Sea: iaurica, 15.
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TABLE 2.

Temperature and salinity ranges af adults of Crassostrea species, Optimum ranges given in parentheses.

Temperature  C! Salinity  ppt!

Species Spawning SpawningGrowth Growth Reference

virginica
angu!ata
araikensis

5-34 �8 � 32!
20-30

18 � 25 �3!
20

7 � 40 �0 � 40!
5 � 34

16-30 �0-25!
27 � 31

<45
141  8 � 25!


 �2 � 27!
2143

!8
�3

7,8,20,21,22,3!
3,4,16
5,11,16
1,28,29
2,4,15,18,19,24,25
11,13,23
4
16,17,26,27,30

25-30
3-35 �1-34!

!9 � 33
30-33

26 �0!
no data

14 � 20
1042 �5!
4 40 �0401
>15

17 � 35 �0 � 35!

gasar
gigas
gryphoides
iredaii
madrasens is

10-30 �0-30!
13 � 29

nippona
rhi zophorae
taurica

2240 �6-37! 4,5,12
323-28 17-18

Reference: l. Ajana, 1980; 2 Allen ei a!., 1988; 3. Amcroiya, 1926; 4. Bardach ei a!., 1972; 5. Boveda and Rodriguez, 1967; 6. Breese and Malouf,
! 977; 7. Butler, 1949; 8. Chanley, 1958; 9. Davis, 1958; 10. Davis and Calabrese, 1964; 11. Desai ei a!., 1982; 12. Dos San os and Nascirnenro, !985;
13. Durve, 1965; 14, His ei a!., 1989; 15, Hughes-Gains, 1977, 16. Jhiogran and Gopa!akrishoao, 1974, 17, Joseph and Madhyas ha, 1984; 18. King,
1977; 19. Le Gall aod Rai!!ard, 1988; 20 Loosanoif, 1958; 21. Loosanoff, 1969; 22 Lsrosanoff and Davis, 1952; 23, Mane, 1978; 24. Muranaka and
Laonan, !984; 25. Nelland Holliday, 1988; 26. Rao, !951; 27. Rao and Nayor, 1956.' 28. Sandison. 1966, 29. Sandison and Hill, 1966; 30. Stephen,
1980; 3I. Wells, 196!; 32. Zenkcviich, 1963

C. gigas appears resistant to challenge by both Bonarnia ostreae
and Marteilia refringens, diseases that continue to decimate native
European oysters, The analogie~ with Chesapeake Bay are pain-
fully obviou~.

Risk Analysis for Introduction of Diseases with Crassostrea gigas

TABLE 3.

Temperature and salinity ranges of Crassostrea !arvae. Optimum
ranges given in paren heses. Reference material as in Table 2

Species Temperature  C! Salinity  ppt! Reference

virginica
angula a
araikens is

20-33 8 � 39  �-29!
2! � 43 �8 � 35!
10-30 �0!
19-35
20-40 �8!

3.9.10
3,4.16
5
2.14.15
12

20 � 28 �6 � 28!
18-35 �0!

�0 �5!
gigas
rhizopborae

no darn available for gasar, gryphoides, ircda!i madrasensis,
nippona aod tarrrica,

C. gigas. By comparison the United States, ranking third, pro-
duced 2! 7,632 metric tons  a mix ol C. gigas and C. virginira!
and France, producing predominant!y C. gigas atter initial intro-
duction of the species some 
 years earlier, ranked fourth at
123,�2 metric  ons. Crassustrea gigas is c!cgant!y suited for
hatchery produc ion as demonstrated by the enormous success of
the hatchery-based indus ry in the U.S. Pacific Northwest. Com-
mercial production based on ha chery produced seed oysters in thc
Northwest far exceeds present oyster production from the entire
Chesapeake Bay. Domestic oyster production cannot satisfy the
market need and thc United States has, since 1985, held the du-
bious distinction of being the world's leading importer of oysters
in fresh and frozen form.

The native northern European oysters Osrrea edulis and Cras-
sostrea angulata were decimated by disease in the rnid 1970s.
Production of  hc former fcg from 15,000 tons to the present day
!eve! of 2,500 tons per year. Production of the la ter fell from
60,000 tons per year  o zero. The industry was saved from eco-
nomic extinction by the introduc ion of C. gigas. European C.
gigas production  including French! now employs over 20.000
people and produces approximately 140,000  ons of oysters per
year, this representing over 80% of the total production. Further.

The argument in support of po~~ible use of Crassosrrea giga.s
in restoration of the presently unproductive areas of the bay has, to
this juncture, appeared positive. Questions of diseases associated
with C. gigas in its na ive and introduced range remain � are there
such diseases and could they be transferred to the bay with an
introduction? Crassustrea gigas has, in its native range, no known
diseases that have been associated with large-scale mortalities
 Koganezawa 1975!, In addition. it has been used successfully as
an introduced species in areas where the native oysters have been
decimated by diseases. Crassostrea gigas has been resistant to the
local diseases and no new disease introductions have been posi-
tively documen ed even though, in certain areas, C. gigas has been
introduced with few, if any, control measures. For example, C.
gigas is not susceptibfe to Bonarnia ostreae and Mar cilia refrin-
gens, diseases that have caused massive mortalities in Ostrea edu-
lis, the native species in western Europe, and it has not been
susceptible to similar protozoan diseases where it has been intro-
duced in Australia and New Zealand. In addition, C. gigas is
resistant to the viral diseases that caused mass mortalities of the
Portuguese oyster in France, The Japanese oyster is the basis for
the hatchery-based industry in the Pacific Northwest and no new
diseases  that cause measurable mortality! have been introduced
into  ha  region  G!ude 1975! even though there have been periodic
importations of C. gigas since 1902 and early introductions were
effected without any control measures being enforced, Andrews
�980! reviewed oyster introductions around the world and dis-
cussed potential prob!ems with such impottations and precautions
necessary ro avoid disease introductions.

The extensive movement of C. gigas has provided, in addition
to the native range, tnany potential sources for broodstock for a
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proposed introduction. For thc present discussion we will essen-
tially !imi  our consideration of source broodstock io tha  from  he
state of Washington. Dcspi c  hc fac  that the pedigrees of these
stocks are not defini ively docuinenied, the stocks are mostly of
Myagi Prefecture origin but many years of hatchery breeding may
have resulted in some limited crossing wi h stocks from other
sources, they do have a known and docurncntcd his ory concerning
associated pests, parasites, and diseases. The listing below in-
c!udes only those organisms reported froin C. gigas that arc actual
or potential disease agents in oysters or other bivalve molluscs, It
does not include the numerous parasites, mostly metazoan, found
in oysters world-wide that have never been implicated in host
mortality.

1. Diseases of Unknown Etiology.

Hernatopoietic Nenp!asia. This disease results in a massive
tissue invasion of abnormal blood cells and is analogous to leu-
kc nia in vertebrates, It has been implica cd in large-scale mortal-
ities of inussels in the state of Washington and of soft-shell clams
in Chesapeake Bay. The syndrome has been reported in C, gigas,
C. virgin!ra, and O. larida, but has not been associated with
mortality in these species. A virus has been suggested as thc cause
for this disease, but  he evidence is weak.

Potential implications: This syndroinc is already presen  in
Chesapeake Bay and has been observed occasionally in C. vir-
ginii a.

Z. Viral Diseases.

a. Oyster Velar Virus. This disease affects oyster !arvac and
has been reported from two hatcheries in the state of Washington
 Els on and Wilkinson 1985!, It has been observed occasionally in
hatcheries from March to August in larvae greater than ! 50 p.m in
shell heigh . Infection results in loss of inotility and death of
larvae Measured losses of hatchery production up to 50% have
been recorded, but there is no established link between the disease
and mortality since it has not been experimentally transmitted.
There have been no reported ou breaks of the disease in recent
years  R. A, Elston. Battelle Center for Marine Disease Control.
Sequim, WA. personal conununication!.

Potential implications: This virus is primarily a hatchery
problem where larvae are held at high density in tanks, but even in
hatcheries  he virus has never caused mortality over 50%. It is not
expec ed  o be a problem in nature where density of larvae is much
lower than in hatcheries and transmission of viral particles be-
tween larvae is greatly reduced.

b. He nocytic Infection Virus  HIV! and GIB Necrosis Virus
 GNV!. These iridoviruses have been reported froin C. gigax in
France. Both viruses were implicated in mass mortalities of the
Portuguese oyster C. ang  la a in France during thc 1970s  Comps
and Bonami 1977!, but neither virus causes mortality in C, gigas
in the sarne area  Comps 1988!, In fact, Comps �98&! states  hat
the ability of C. gigas to resis  morta!ity from these viruses re-
solved a very ser ous economic problem associated with the total
elimination of the Portuguese oyster.

There has bccn some speculation  hat C. gigas is a carrier for
these viruses and tha  one or both of them was in roduced into
France with importations of C. gigas from Japan. According to
Henri Grizcl, IFREMER, France,  personal communication, 12
March 1990! the lesions characteristic of the viral infections were
observed in C. angola a prior to introduction nf C. gigas, which

suggests that the viruses were already present in France. Unfor-
tunate!y, no atte npt was made to iso!a e viruses at that time, so we
wi! 1 never know with certainty if the viruses were a!ready present,

Potential implications: GNV and HIV have never been ob-
served in C gigai from the Pacific Northwest. In addition, the
very characteristic gil! lesion caused by GNV has never been ob-
served  R. A. Elston, personal communication, 14 March 1990!.

There are many reports in the !i erature of other viruses in
oysters and other marine molluscs, including five different viruses
from the eastern oyster, C. virginica  Johnson 1984!, There is no
firm evidence  hat any of' these viruses  other than HI V and GNV!
can bc pathogenic to their hos s,

3. Bacterial Diseases.

a. Bacillary Necrosis. Many species of bacteria in the genus
Vibrio are present naturally in seawater, They are not normal!y
pathogenic, bu  can become so because of adverse environ nental
conditions, usually high temperature. These bacteria have been
iinplicatcd in of en complete inortality of larvae in hatcheries from
various regions of the world. Juvenile oysters have also been re-
ported to be affected in hatcheries in Maine, Affected oyster spe-
cies inc!ude C. gigas, C. vi rginica and Os rea edit!is  Elston 1984,
Sindermann and Lightner 1988!.

Potential implications: Vibrios and other bacteria that may
cause this problem are present naturally in seawater. Rigorous
hatchery sanitation measures usually are sufficient to prevent mor-
talities. The Virginia Insti utc of Marine Science oyster hatchery
has experienced no problem of this type.

b. Nocardiosls. This disease is caused by the actinornycete
bacterium Xacardia and often results in raised green to ye!low
nodules on the mantle, It is apparently at least partially responsible
for the historically reported phenomenon of summer mortality in
adult C. gigas in the Pacific Northwest  see Friedman, Beattie,
Elston and Hedrick 1991!, Similar nodules have been observed in
other oysters from other areas, including C. virginica  Elston,
Beattie, Friedman, Hedrick and Kent 1987!, but the cause of the
nodules has not been determined in those cases.

Potential implications: This is a husbandry disease with local
environmental sources of the bacterium in Washington and British
Coluinbia which is restricted  o certain embayments, It is not a
disease of major concern in those areas.

c. Rickettsiae. Rickettsiae are obligate intracellutar organisms
and have been reported from digestive diverticula epithelial cells
in C. gigas, C. virgirii ca, and many other bivalve molluscs  Kinne
1983!, but are not known io be responsib!e for mortality.

Potential implications: Rickettsiae have already been reported
from C. virginica in Chesapeake Bay.

4. Protozoan Diseases.

a. hfarfeilia refrirtgerts. This parasite has been responsible for
 nassive inortality of the na ive oyster Os rea edulis in France.
Mar cilia refrirtgens has also been reported in C, gigas in France
 Cahour 1979!, but prevalence and intensity were low and only
carly stages of development were observed. The infections were
considered to be  ransient and no mortality has been observed in C.

glgas,
Potential implications: This parasite is known only from Eu-

rope and does not develop nor nal!y in C. gigas, There is liule
chance of importing this parasi e if the broodstock is limited to C,
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gigas from the state of Washington, and ICES guidehnes for quar-
antine of broodstock are followed.

b. Hapfosporidium spp. A parasite that is morphologically
similar to Haplosporidiunt nelsoni  MSX! has been observed in C.
gigas in Korea  Kern 1976!. Prevalence was very low, on/y 0.28%
in 1,438 oysters examined, and no mortality has bccn reported.
One of the four infected oysters contained spores and they were
restricted to epithelium of thc digestive diver icula, as they are in
H. nelsoni. Another haplosporidan was reported in a single C.
gigas from California  Ka kansky and Warner 1970!. Spores were
observed throughout the connective tissue, similar to Haplospnri-
dium cosrale  SSO! in C. virginiia, but spore size was in erme-
diate between H. nelsnni and H. cosrale. Plasmodia! stages of a
haplosporidan were observed in a single C. gigas from Washing-
ton  Percya 1964!.

Potential implications' .Thcrc has been speculation that the
two haplosporidans from Korea and California are H, nelsoni and
H. cnsrale respectively and that  hey were introduced to Chesa-
peake Bay region with unauthorized private plantings of C. giga.s
during the 1950s; however, there is no direct evidence and it
reinains only speculation. There is no danger of importing these,
or any other, parasites with C. gigas if initial broodstock are kept
in quarantine and only uninfected progeny from the ha chery are
used in susceptibility studies or possible in roductions.

e. Marreilioides chungmuensis, This parasite infects eggs of
C. gigas in Japan and Korea  Co ups, Park and Desportes 1986!,
lt is related taxono nicatly to important oyster pathogcns such as
Mar cilia refringens discussed above. but M, < hungrnuensis is no 
known to cause mortality. This parasite may be wha  Becker and
Pauley �968! observed in eggs of C. gigus in California. Less
than 10% of' the eggs were infected in any one female oyster and
there was no evidence of oyster mortality.

Poterttitel irnplicationsi Transmission studies have never been
attempted with  his parasi e and the life cycle is unknown: how-
ever, this parasite infccts eggs suggesting that quarantine ol' brood-
stock  nay not provide sufficicn  control. This parasite is appar-
emly no  pathogenic and it has never been rcpor ed from the Pa-
cific Northwest.

d. llfikrocJi os mackini, This parasite infects vesicular connec-
tive tissue cells and causes abscess- ype focal inflam natory le-
sions in thc mantle and gonad of C. gigiis. It is known only from
British Columbia, Canada although a siinilar parasite has been
observed in C. grgir s from Hawaii  Parley, Wolf and Elston 1988!,
Average rnor ality of 34% was observed during early occurrences
of the disease be ore growers learned proper management tech-
niques to avoid rnortali y  Bower 1988!. Oys ers less  han two
years ot age arc not a I'ected and mortahty ol older oysters is
reduced when held high in the intertidal zone.

Potential implications: This parasite is not known from thc
state of Washington. Quarantine of broodstock and usc of progeny
for field studies would prcvcnt introduction of the parasite even if
it were present,

5. Metazoaei Parasites.

lltfytilicola orieseralis. This highly niodil'ied copcpod inhabiis
the digestive tract of C. gigeis in Japan. It was introduced to. the
Pacific Nor hwest with early shipmenis of C gigas seed from
Japan and is now endemic «long  he wcs  coos  ot' he United States
 Sindermann and Lightncr 1988!. This parasite has been impli-
cated in sporadic mo ta!i ies of C. gigas. bu  the evidence bas

never been very strong. A recent, thorough, ten year study  Davey
1989! on a rela cd species in mussels found no evidence of host
mortality and the author argues forcefully that Myri licnla has been
wrongly indicted in previous mortalities,

Potential implieatio ts: This parasite infects adult oysters and
can bc easily controlled by quarantine of broodstock in the hatch-
ery,

ln summary, quarantine of broodstock in a ba chery and the use
of first generation offspring for any field studies, that is compli-

.ance with ICES guidelines for introduction of non-native organ-
is ns, will prevent introduction of all disease agents listed above
except viruses, bac eria and the ovarian parasite Afarieilinides
chungrnuensis, which is not known to cause mortality lf brood-
stock were limi ed to one source.  he state of Washington, such
problems could be miniinized in that no pathogenic viruses are
known in adult C. gigas from Washington and M. chungmuensis
is absent from that area, There are no published reports of a serious
disease outbreak in C. gigas froin Washington and there are no
documented disease introductions  that have resulted in ineasur-
able mortality! from the numerous introductions of C. gigas that
have occurred around the world. Some incidental parasites have
been mtroduced, but such introductions would not have occurred
if ICES guidelines had been followed.

guscepribiliry of Crassostrea glgas io Diseases Fndemic to Chesapeake
Bay: Perktnsus iuarlnus and Haplosportdium nelson 

Of the two diseases endemic to the bay Perkinsus niarinus is
the only one amenable to laboratory experimenta ion. Haplns-
pnridium nelsnni challenge can only be adequately effected by in
situ exposure in H. nehsrrni endemic areas. All stages of P. cari-
nas are infective and the addition of finely ininced, infected oyster
tissue has been found to be very effective a  imtiating new infec-
tions in previously unexposed oysters in laboratory systems  Mey-
ers, c  al. 1991!.

The susceptibility of both C. virginica, originating from Mob-
jack Bay broodstock, and C. gigas. Fl animals cultured at
Glouces er Point. VA from a broodstock iinported from Washing-
ton state in February 1989 and maintained in quarantine under
ICES guidelines  hroughout study, to P. rnarinus was examined in
two separate cxperiinents by Meyers, et al. �991!. In the first
experiment of 83 days duration 40"7o of the C. gigas became in-
fected compared  o 100% of the C. virginha. In the second ex-
perirnents prevalence was high in both species after 60 days, but
differed in intensity with modera e to high levels in C. virginica
but low levels in C. gigas. Cumulative  nortality over a 150 day
period was 100'7o for C. virginica but only 25,1% for C. gigas.
Other evidence suggests that C. gigas mortalities were not disease
related. In su nmary, C. gigns consistently exhibited much higher
tolerance of P. marinus than did C. virginica.

Where non-ende nic material is introduced to a quarantined
system for subsequent disease challenge the question arises as to
the status of the stock before challenge begins. The ICES proce-
dures are designed to preclude the possibility of vertical transmis-
sion of a disease from the introduced parent stock. Experience
with applica ion of ICES guidelines with oyster movements else-
where, through the Conwy laboratory in the United Kingdom for
example, indicates their effectiveness. Given  he continuing quar-
an inc maintenance regiine for C gigas in our laboratory, where
sani a ion procedures limit water and food availability and thereby
provide continuing stress on maintained animals, it is probable that
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discase, ifpresen , would have already manifested itself; however,
no evidence of disease organisms has been scen in histological
sections of sampled animals.

The Di ernrnar Where to?Vaw?

To this point we have prescn cd argurncnts  o support the fol-
lowing:

 I! Native oyster populations continue to bc decima cd by en-
demic diseases. leaving large areas of formerly produc ivc
bottom unproductive in disease cndcmic areas.

�! Current management practices have failed to reclaim to
permanent production areas lost to disease,

�! Selected strains of native oysters, developed at Rutgers
University, have developed tolerance to H, nelson ; how-
ever, the surviving population in the Chesapeake Bay has
developed neither tolerance nor resistance to the two en-
dernic diseases when they occur in combina ion as dem-
onstrated by their absence from disease endemic areas.

�! It is timely to consider another oys cr species  hat may have
improved tolerance or resistance to the endcinic discascs to
assist in reclamation of currently unproductive bottom.

�! A survey of the available literature, although liinited, sug-
gests tha  Crassos reu gigas has salinity and temperature
tolerances similar to the native oyster.

  i! Laboratory challenges oi' Crassosrrea gigas with Perkinsus
man'nus strongly suggest  hat it is much more tolerant than
the native species of oyster.

From this basis we will proceed to presen  arguments in favor
of con inuing examination of the proposed introduction and the
benefits thai will accrue. It is important to underscore that any
further pursuit of this line of investigation in  erms of disease
challenge will necessitate de facto introduction of Crassosrrea
gigas into Chesapeake Bay waters This is the only way to effect
meaningful challenge with H. neisoni. Despite the availability of
ICES protocols to insure practically minimal introduction of asso-
ciated pcsts, parasites and diseases, and triploid induction tech-
niques  o minimize spawning  review by Beaumont and Fair-
brothcr 1991!. there is no practical manner to absolutely insure
 ha  no spawning of stock introduced for experiinen al purposes
will occur. A comprehensive examination of such issues as tem-
perature and salini y tolerances of the various life history stages of
C gigas, and laboratory examina ion of susceptibility to local
predators and physical environinent can only provide greater abil-
ity to evaluate possible establishment and range extension in Ches-
apeake Bay. They cannot provide an avenue to eliminate thc pos-
sibility of spawning. In situ H. neisoni challenge of C. gigas has
already been the subject of pointed debate among academics, reg-
ulatory bodies and industry a  both an intra and interstate basis.
Effecting such a study cannot be accomplished without limited risk
of development of a self sustaining, resident population of C,
gigas in Chesapeake Bay. Proceeding with such H. neisoni chal-
lenges arc an integral and necessary coinponent of identification of
disea~e  olerant or resistant stocks, be they of native or non-
endemic origin. Even ually, a balanced decision must be made by
regulatory agencies concerning the competing pressures  o expe-
di e rejuvcna ion of an ailing industry and consider the unpredict-
able biological conscqucnccs of introduction of a non-endemic
species

A major source of debate subsumed in the question of in situ
testing is the possible impact of a resident C. gigas population in

Chesapeake Bay and cornpe i ive interaction with the native spe-
cies, C. virginica, both within the bay «nd potentially outside the
bay if C. gigas were to spread to either the north or the cmouth of the
bay mouth. During the penod 1940 through 1960 testing of C.
gigus was conducted m the lagoon systems of the Delmarva pen-
insula and Delaware Bay. Resident populations have not re~ulted
although these  nay have been precluded by the nature of the
in roductions. Adequate documentation is unavailable. The Del-
inarva coastal lagoons and intertidal flats still maintain consider-
able oyster rcsourccs. On thc Atlantic seaboard north of the  nouth
of Delaware Bay, where P. rnarinus is absen . the na ive oyster
continues to exist as disjunct populations of various sizes, but
always at levels well below historical records. These regions have
again suffered variously from disease, including H. neisoni, sus-
tained harvesting and degrees of environmental degradation. Re-
cent cf  orts to revive the Connecticut oyster industry through ex-
tensive shell planting and resource inanagement are meeting wi h
some success. Limited, culture based production exists in New
England, and both cultured and wild caugh  oysters are available
from the Canadian Mariti ne provinces. Investigations at Rutgers
University, described earlier, concerning increased tolerance to H,
nelsoni offer some hope of expanded oyster production in this
geographic region but large scale production and reintroduction of
the native species remains an enormous tusk. With respect to pos-
sible establishment of C. gi gas south of Chesapeake Bay, the data
of tables 2 and 3 are of liinited use in estimating range extension
in that defini ive temperature and salinity tolerance tests have not
been published for C, gigas. Such da a are clearly desirable, Some
further information  nay be obtained from detailed examination of
current oriental culture practices within the native range of C.
gi gas  see Kusuki 1990!; however, caution must again be applied
in determining which geographic type of C. gigas is being de-
s ci i bed.

Cornpe i ive interactions in a two species scenario in Chesa-
peake Bay with C. gigas in higher salini ies and C. virginica in
lower salini ies are difficult to predic  because only a few mean-
ingful analogies exist. One such analogy is the Chinese culture of
C. gigas relative  o that of the Surninoe oyster, Crassosrrea rivu-
iaris. The laner species is, like the Myagi type of C. gigas. fast
growing and often quite large; however, it is generally acknow!-
edged by Chinese workers  personal communication to Roger
Mann! to tolerate lower salinities. What limits the distribution of
each of the Crussos rea species in the Chinese fisheries? This is
not adequately documented, thus limiting our predictive capability
for Chesapeake Bay if a reproductively active population of C.
gigas is introduced. The second analogy is the estuarine environ-
ment of the Gironde on the Charentc River in western France  the
major seed oyster producing area for C. gigas! and in south west
France where harvest pressure is comparatively light, allowing
greater densities of oysters to develop  Heral and Deslous-Paoli
1990!, The foriner location can be used as an analogy to the James
River seed oyster beds and the latter location as an analogy to a
situation in Chesapeake Bay where C. gigas is introduced as a
icproduc ively active population to curren ly unproductive bottom
in disease endemic area~ and allowed to proliferate without exces-
sive harvcs  prcssure. Such a situation would obviously necessita e
several prcrequisi es including regula ory approval to effect in si u
disease challenge, a demonstrated resistance to H. neisoni. and a
furthcr regulatory decision to effec  refurbishment by release of
reproductively active C. gigas cultured through ICES protocols.
The arguinent for a comprehensive examination of both the Chi-



MOLLUSCAN INTRODUCTIONS AND TRANSFERS

AC KVOWLEDG MENTS

LITERATURE  :!TED
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c!inc in oyster production are widespread and demand rcsponsib!c
action in a viable time frarnc. Identification of a disease rcsistan 
oyster is only the beginning of the solution, irrespective of whether
that be C. glgai or any other species of oyS er, If diSeaSe reSiS anCC

Ahmed, M. 1971. Oyi er ipeciei of Weir Pakistan. Pal<slue J. Zrr<rtrrgv
3�!: 229-23 S.

A!una, A, M.  9 �. Fiihely of  he mangrove oyster, Crussuslreu gusur
Adanson �7S7! in ihe Lngoi area, N ger a Art<<<i< Flair< 21�!:129�
137.

Al!cn. M. J., R. J. Wo!oiira, Jr, T. M Sample. S. f. Noel & C R. !leo.
19 !  . Life hii ory uod hurveii rnformu ion tol  he Pacific oyiier. Crus-
srlstrru glgus  Thunherg, 17931. NWAFC Tech. Mem. Ser

Amenuya. 1. !OZA. Notes on experiments on the early developmental
iiagei of ihe Poiiugueie. American. nnd Eoghsh oullve oyiteli. wl h
spec in! re erenee  o  he etf'ee  Of saryiog infinity. J. Mur Birr . Asser< .
U.K 31�! �1 � �5.

Andrews. J. ff. !9!� A review of io ro<fue roos o  exoile oys eli a<id
bio ogieul p!aoniog for new imporinifoni M<lr Fish. Rrv. 42 !Z!:1�
11.

Barber. B. J.. S. E. Ford & H. H. Huikio. 19!!8u. Eftec s ot  he parasite
MS!  �«trl<>Str<rr«lr<rrtr llelSOlll! Otl OYS et  CruSSuilreu vlrgilli<'u! en-
ergy me ubo!iim.   Con<!i ion mdex uo<f re ause  eeondi y. J. Sllell-
fish Res. 7:Zs � 31.

Barber, B. 1.. S. E. Ford & H. H. Haikin.  9    h Effee s oi'ihe pnrniiie
MSX  Hupl<rstr<rri<t«rrrr aelsoni I on oyi er  Crass<>sir«l < irgiru< ui en-
ergy me nbohsm.   . Tissue biochcmienf composition. C<rrr<p. Bi<i-
< hrm. Physi<>t. 9 A:603 � fr !f .

Bnrdneh, J. E, J. H Rvther & %.  !. Me!.arney 1972. Aqoneu! ure: The
Farming and Husbandry ot FleShwu er and Manne Organicmf John
Wi!ey & Sons, Ioe., New York. NY: Hfst  pp.

Beaumoo , A. R. & J F. Fafrhroiher  991 Ploidy mnofpulni!ourn mo'I-
1oseno ihe11tlsh. A review. J. Sh< t fist< R< s. ! !I 1 k ! � ! !!.

Becker. C. D &  L B. Pau!ei. !96! . An ovarian parasite P<oiiiiu ineer-

is deinons rable and a decision  o proceed with in roduction is
forthcoming. then a hatchery based program functioning under
ICFS protocols must be irnplernented on a sufficient scale to pro-
vide iced in a  imely manner to main uin and rebuild the depressed
resource and the industry it supports. The present indus ry rc!iei
upon a natural!y reproducing resource and a critical decision
would rc!ate to dcvcloprncn  und pro cc ion of actively spawning
broods ock regions, similar to that operated in thc Girondc, rather
than the clearly un enab!c option of attempting to continually sup-
ply seed for extensive planting in the current "put and take" mode
of operation. Alternatively, utilization of triploid oysters, both
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tions may be cconoinica! ly attractive, Rejuvenation of the Virginia
oyster industry is a task of immense proportions and wi11 require
revision and diversification of many current practices if formerly
unproductive bottom is to be rec!airncd to stable produc ion, and
produc ion levels increased to allow continued competitiveness in
un international marketplace for  hc end product. Based on the
available i !formation we believe that serious consideration should
be given to the utilization of an introduced species, C, gigas, as
part of that effort.
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Figure I. East coast oyster landings by region, 1950-1988.

value from $9.6 inillion in 1950 to $1.3 million in 1959. Produc-
tion has remained at that magnitude until recently.

It is instructive lo observe the effects in Maryland and Virginia
from the decreases in Ibid-A lan ic harvests. Ex-vessel prices rose
nearly 15% in Maryland and 10% in Virginia. In response, the
Chesapeake harvest in 1954 rose by nearly 50%, Maryland, which
relies priinarily on harvest from public grounds, had a spurt in
production for approxirna ely three years �954 � 57!, followed by
a gradual decline in the harves . A  this point in time, the decision
was implicitly inade by the state not to increase expenditures to
expand the industry. Budgetary constraints both at the state and
private harvester level prevented it,

Virginia's production, on the other hand, was principally from
grounds leased by private interests. The increase in price signalled
greater profits to the private growers and they increased purchases
of seed from Virginia's vast seed beds on the James River. Pro-
duction rose from under three million bushels in 1950 � 1952 to
around 3.5 million after 1954. The peak occurred in the 1959
season when nearly four million bushels were harvested in Vir-
ginia.

Whether the private growers and Virginia's seed resources
could have sustained this production into the future became a inoot
point when MSX began to affect Virginia production around 1960,
By 1964, Virginia production was one-half of the 1959 peak har-
vest. Growing areas in the southern portion of the Chesapeake Bay
were devastated because, to a degree, the disease is confined to the

& chesenesse I@Maryland M Gulf & Pecttlo CZ Imoorle
F gore 2. Oysier production aud imports by region aud selected
years.

higher salinity areas of the Bay, However, some sections of Mary-
land's Tangier Sound, Pocomokc and Fishing Bay were also affected.

Maryland was fortunate, however, as the disease did not move
further north in Chesapeake Bay until much later, a fact which
per nit ed actions which temporarily rcvcrscd the declining har-
vest. Thc kcy to thc reversal was oyster shell, The nature of oyster
reproduction is such that young larvae require a hard subsuate on
which to attach. The oyster shell provides such a substrate. How-
ever if the harvested shell is no  replaced in the Bay by a suitable
substrate, there is a strong likelihood that the future availability of
oysters will be reduced. This relationship was recognized Iong ago
and the Maryland legislature in 1927 passed 8 law providing funds
for state she/l-planting ac ivity  ' Kennedy and Breisch!. That leg-
islation also required processors to make 10% of their shucked
shell available for purchase by the state. These efforts were at least
partially responsible for the upswing in oyster production from
around 2 million bushels in the 1928-29 season to over 3 million
a decade later. As the years passed, however, it became more
expensive to use the shucked shell for the repletion program.

However, the discovery of pre-historic fossil shell sources and
the development of a dredge to extract i  provided a cheap alter-
native  o freshly shucked shell and fueled the resurgence observed
in the 1962 to 1967 period, The use of inexpensive dredged shell
momentarily changed the philosophy of oyster management froin
trying to sustain a collapsing industry to a philOSOphy Of revital-
izing 3 potentially valuable industry, In the process, the funda-
rnentals of oys er production also changed. No longer would the
watcrincn bc solely dependent on the "recycling" of processed
oyster shell, they would have a partial reprieve from the con-
straints of nature, Assuring a strong marke  with high prices was
the new focus of attention.

In 1960, Maryland devoted substantial resources to the use of
dredged shell for repletion of beds and enhancement of oyster
production. There were 1,2 million bushels of fresh shell planted
and 3.3 million bushels of dredged shell planted in that year. By
1966, fresh shell plantings had fallen to .5 million bushels whereas
dredged shell plantings had risen to nearly 6 million bushels.

The resul s of the increased enhanceinent activi y on Mary-
land'5 production are evident in Figure 2, In the period from
1960-1966, Maryland oyster production doubled, fioin around 1.5
million bushels to around 3 million, and nominal value increased
froin $7 million  o $13 million. While the production stayed high
through the 1967 season, it began to wane in the late 1960's and
continued the trend throughout the 1970's.

Despite the trend, Maryland oyster production remained over 2
million bushels until 1981. The increase in importance of the
repletion program relative to natural set transformed the oyster
fishery from traditional natural resource gathering into a "pu -and-
take" state fishery. The constraining feature was no longer the
natural reproduction but rather a belief that the market could not
absorb, at an acceptable price, more than about 2.5 million bush-
els. The repletion program used this level of harvest as a target for
its programs.

Reasons for the shift relate both to costs of acquiring the shell and the
relative productivity of the iwo types of shell. AI hough cos Jbushel dais
for fresh shell does not extend back to 1960, there are records in 1970
showing that the cost of dredged shell was about $.15/bushel whereas the
cOSt of freSh Shell Wai araund $.25/bushel. It haS alSO been Shown that a
bushel of dredged shell has po eniially greater effect on future oyster
production than a bushel of fresh shell  Cabraal, 1978!.
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There was a reason for concern over the price in this period.
The real price obtained by Maryland watermen was greatest in the
1962 season when both Maryland and Virginia harvests were low.
The near doubling of Maryland production in the 1966 season
caused real prices to drop by nearly 20% in the short-run and by
about 40% in the longer run. The lowest real price received by
Maryland watermen occurred in the 1974 season.

The importance of the period is in the change in the role of the
state in "managing" the industry. At the beginning of the period,
the role was primarily to make it difficult for the industry to
deplete the natural oyster beds. The discovery of an inexpensive
alternative to provide seed created a different role for the State.
The choice was made to increase production, rather than build up
natural beds. Rather than being regulators, the State became the
source of growth. However, the production was constrained by the
market � production was not to surpass 2.5 million bushels.

The dominant factor in the Maryland oyster industry after 1980
was the reappearance of the disease MSX and greater outbreaks of
Dermo  Perkinsus rnarinus!. Unlike the previous invasion in the
1960's which was limited to Maryland's portion of Tangier Sound,
this invasion affected most of Maryland's major oyster bars from
1981 � 1983, There was a brief reprieve in disease-related mortality
in 1984 and 1985, but a return of MSX in previously infected areas
and an expansion into inore areas followed in 1986-1988.

The hend in oyster harvests during the period parallels the
course of MSX infection. Harvest declined from over 2,5 million
bushels during the 198&1981 season to just over a million bushels
in the 1983 season, In the next two seasons, the catch increased to
almost 1.6 inillion bushels. This brief revival did not last and
production fell to around 0.4 fnil lion bushels in the 1987 and 1988
seasons.

The more than doubling of the real ex-vessel price of oysters
from the 1980  $8 per bushel! season to the 1987  $20 per bushel!
season did not offset the effect on watermen income of the decline
in oyster harvest. As a result, gross revenues fell from over $20
million dollars to less than $8 million. The higher prices, however,
did act to keep the level of effort  as measured in mandays! rela-
tively constant even though the landings were declining. The num-
ber of individuals commercially harvesting and selling oysters de-
clined by around 40%. The low resource abundance had the effect
of removing most of the part-time fishermen and raising the level
of effort of full-time fishermen.

The sporadic nature of the MSX infection made it difficult to
develop a comprehensive strategy for the oyster repletion pro-
gram. The amount and location of shell and seed plantings de-
pended more on availability of seed and the location of disease
than on any other factor. Initially during the period, seed oyster
plantings closely followed the index of spat set in the previous
year. With the 1983 and 1984 season being particularly poor for
spatfall, seed plantings in 1984 and 1985 were extremely small
even though they included several year classes of submarket oys-
ters. Seed plantings increased steadily from 1985 and peaked in
1988, assisted by relatively good spat sets during the drought years
from 1985 through 1987. In 1989, seed plantings were down 37%
from 1988 but were still the second highest of the decade.

'Real prices are acnfal prices adjusted for the general level of inflation,
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Figure 3, Maryland oyster harvest, by season, 1950 � 1988.

The pattern of decline in Maryland oyster landings over the
period differs slightly froin the pattern observed in other regions
 Fig, 3!. Over the entire period �980-1988!, Maryland's decline
in landings was 82%, while other regions declined only 37%. The
Gulf states' oyster production increased to a record 29 million
pounds of meats by 1983, but harvests declined continually to 16
million pounds in 1988, Only Pacific oyster production was
greater in 1988 than it was in 1982, and that increase was only 600
thousand pounds.

Imports, which are principally low value canned or smoked
oysters, increased from 27 million pounds of meats to a record 52
inillion pounds in 1987. Imports declined to 27.5 inillion pounds
in 1990.

Interestingly, the source of production for the increased im-
ports and West Coast production is the species, Crassostrea gigas,
The reason is it has not been exposed to the levels of infestation of
either MSX or Derrno that occur in Maryland, Virginia, Delaware
and New Iersey. Thus, the obvious interest in importing it into
Maryland, and Chesapeake IIay waters to test its hardiness against
those diseases,

It is within the context of a devastated East Coast oyster in-
dustry that the introduction of C. gigas is being contemplated. In
Maryland, harvesters have tumed to an alternative resource, the
softshell clam  iN'ya areffaria! for some economic relief. In Vir-
ginia harvest and culture of the hardshell clam  Afercenaria mer-
cenaria! have helped cushion the impact of a declining oyster
industry for some watermen. If C. gigas could be introduced,
another possible source of income could inake the difference be-
tween continuing to fish or having to leave fishing altogether.

EFFECTS OF RECENT MOLLUSCAN INTRODUCTIONS

Introductions of many aquatic species have taken place over the
centuries, However, many attempts to establish populations have
not been reported. The establishment of a reproducing population
of the species is, presumably, the goal of an introduction, How-
ever, this goal is not always realized. As such, the examples we
have are somewhat self-selecting; that is, many of the failures are
not documented in the literature because researchers have little to

Compansons are made on a calendar year basis and in fneat-weight rather
than bushels because the available data are given in these terms.
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report. Thus, our examples of introductions are those that have
been mostly successful to date. France is the notable exception,
the victim of many unfavorable experience~.

British Columbia

More than twelve known exotic species have been accidentally
introduced in British Columbia  Quay!c 1964!. The introductions
of Crassostrea virginica and Crassostrea gigas, however, were
intentional

Ostrea lurida  the Olympia oyster! is the sole native oyster of
British Columbia, and was the basis of the early oyster industry.
Overfishing, and later, competition from introduced species led to
its decline as a major fishery  Ketchen et a!. 1983!. Its diminutive
size, slow growth, and high labor cost caused the industry to seek
other species for cointnercial use  Bourne 1979!.

Crassostrea virginica was first introduced to British Colum-
bian waters in significant nutnbers in 1906, although minor intro-
ductions had occurred previously. Attempts ceased in 1936 due to
limited natural spatfall and high mortality rates  Quayle 1964!.
Currently only a small population exists in Boundary Bay, Along
with C. virginica, Urosalpinx cinerea  Eastern oyster drill!, and
lstassarius obsoletus  Eastern mud snail! were accidentally intro-
duced. U. cinerea has the potential to cause severe damage to
commercial shellfish popu!aiions. However, its population is ap-
parently small and declining due to the limit of a suitable envi-
ronment. At, obsoletus is well estab!ished in some areas, but ap-
parently has not created any ecological harm.

Mya arenaria was planted in Puget Sound from Willapa Har-
bor, Washington, and water movement patterns distributed the
species northward along the U,S. and British Columbian coasts
 Quay!e 1964!. To date, the British Coluinbian and U.S. West
Coast market for softshel! clatns has not developed to provide the
incentive for significant commercial exploitation of the established
tvl. arenaria population. A significant recreational fishery has de-
veloped, The !ack of high fishing mortality has probab!y contrib-
uted to the successful establishment of the hf. arenaria population,

Crassostrea gigas has been introduced to British Columbia on
nuinerous occasions. The initial introductions are believed to have
taken place in 1912 or 1913. The first significant official intro-
duction occurred in 1926, with oysters from both Japan and the
state of Washington  Quayle 1969!. Reliable seed sources were a
problem at the start of the industry as no local seed was available,
and the unposted seed had low survival  Im and Langino 1977!. It
is too cold in most British Columbian waters for regular breeding,
but Pendrall and Hothatn Sounds have good breeding conditions,
and now serve as the main sources of seed oysters. imported seed
has been completely displaced due to the natural set and the supply
of domestic hatchery seed. C. gigas now constitutes the entire
commercial oyster industry in British Columbia, at a catch of
nearly 1800 tons in 1980  Ketchen et a!. 1983!. Although the C.
gigas introduction resulted in numerous accidental imports, as a
whole, the introduction is viewed as a success.

Venerupis japonica  Manila clam! was accidently introduced
with C, gigas  Quayle and Bourne 1972, Bourne 1982, Ketchen et
al. 1983, Chew 1989!, lt is believed to have been included with
oyster introductions on mote than onc occasion, establishing a
strong population in the southern areas of thc Province. Later
intentional plantings in 1962 and 1969 in Northern British Colum-
bia were unsuccessful, The V. japonica catch fluctuates greatly,
and in good years coinprises a significant portion of the loca! clain

fishery. The landings have increased drainatically of late, from
700 metric tons in 1982 to approximately 1400 metric tons in 1989
 Chew 1990!. Production figures detnonstrate that although a spe-
cies may require little effort to become established, its long-term
success as a fishery requires good manageinent.

Another accidenta! introduction, Ceratostorna inornatum  the
Japanese oyster drill! was potentially threatening to the local oys-
ter stocks. Fortunately, its lack of a pelagic larval stage resulted in
negligible initia! dispersal, When first observed, regulations were
itninediately enacted to prevent further spread. However, its pres-
ence has caused closing of some oyster beds  Quayle 1984!, An-
other introduced oyster dri	 species, Put pura clavigera, does have
a pelagic larval stage. Distribution appeared unavoidable, but a
prompt, aggressive eradication program removed adu!ts and egg
capsules in the initial location area, and no others have been de-
tected  Quay!e 1964!.

Other organisms accidental!y introduced with the Japanese oys-
ter include.

Batillaria zonalis � a somewhat common but innocuous gastro-

pod.
hfytilicola orientalis � a parasitic copepod, also reasonably
coinmon in areas. Apparently the copepod does not cause harm
to oysters, although it tnay pose a problem with mussels.
Limnoria tripunctata � the marine wood borer, responsible for
significant damage to wood pilings in Southern British Columbia.
Pseudostylochus ostreophagus � a flatworm predator of small
oysters, has not posed a serious problem in British Columbia,
although it is a problem with oyster spat in Japan.
Sargassum ntuticum � a seaweed which has not posed any prob-
lems except as a nuisance to people using the shores for recre-
ation.
hfikrocytos ntackini � the Denman disease, an oyster ailment,
was discovered after the introduction of the Japanese oyster.
However, there is not conclusive evidence linking it to the Jap-
anese oyster, The industry is said to have "learned to live with
it"  Bourne 1979!,
As previously noted, the introduction of C. gigas into British

Columbia is considered successful, even though it was accoinpa-
nied by accidental imports, C, gigas has prospered where the
native oyster  O. lurida! failed. The accidentally introduced V,

japonica is viewed as an important resource. Although serious
biological and economic damage could have resulted from a few of
the other accidental introductions, quick action and good fortune
denied them any significance,

U.S, West Coast

California, Oregon, and Washington have followed similar
routes in mollusc introductions. O. lurida is the native oyster
species, currently comprising a small percentage of the commer-
cial oyster catch. C. virginica was introduced in the late 1800's to
northern California and Washington. As in British Columbia, its
estab!ishtnent as a commercia! fishery failed, but its import was
responsible for the introduction of Wassarius obsoletus and hfya
arenaria  Quayle 1964!. htassarius obsoletus, although abundant,
is apparent!y innocuous, as aforementioned. The success of M.
arenaria, as in British Columbia, is !itnited by the lack of a strong
market.

Crassostrea gigas was first introduced to the Northwestern
states of the U,S, unsuccessfufly in 1902  Chew 1979!, The first
marginally successful introduction to Washington occurred in
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1919. With subsequent introductions, commercial cultivation of
C. gigas was realized by 1928. As in British Columbia, the C,
gigas industry of the U.S. west coast at first relied upon seed
imported from Japan, For some time, the Washington State De-
partment of Fisheries monitored the concentration of oyster larvae
in natural spawning areas  such as Dabob and Willapa Bays! and
notified culturers, who then collected  he pelagic larvae on cultch
for their own leased beds, However, spat was not abundant enough
to allow the industry to become independent from Japanese seed.
Currently, cuiturists rely on purchasing larvae from hatcheries to
sustain the industry and the dependence upon Japan for seed has
lessened  Burrell 1985; Chew, personal conununication!, C, gigas
does best in Washington; prolonged periods of relatively high
water tempemtures inay be the reason for its limited success in
California  Chew 1979!. Regardless of the limitations of the nat-
ural set, C. gigas is the basis for the oyster industry in both states,
Oregon harvests have never been significant. The 1988 commer-
cial catch for the U.S. west coast totaled 7,97 miltion pounds, of
which 6,6 million pounds originated in Washington. The ex-vessel
value of the harvest in 1988 was $14.5 million. Although such a
harvest may appear impressive, they represent a decline from the
record 1946 harvest of 13.4 million pounds of meats. Expansion of
the industry has probably been limited by the size of the market,
competition from low cost imported oysters, and until recently, thc
availability of East and Gulf Coast oysters.

Other recogmzed accidental introductions with C. gigas to
these states are O.japonica, V.japonica, and P. nxtrenphagas. C.
ionrriaram, as in British Columbia, has limited distribution due to
its lack of a pelagic larval stage. With regulations, further distri-
bution has been avoided.

Venerupis japonica grows well in these areas, particularly in
the slightly wartner waters. Harvests fluctuated somewhat in the
early years, possibly due to the erratic nature of reproduction in
small populations, but has increased greatly since 1975, and may
be stabilizing, The 1980 harvest was second in pounds landed and
econoinic value  at $1,1 inillion! to Panopea geaerosa  geoduck
clam!, In Washington, approximately 1,5 million pounds were
landed in 1981, while the commercial harvests in California and
Oregon are negligible. Ninety-five percent of the commercial
catch is from natural set, but culturists are beginning to use hatch-
ery seed on leased beds.

Ostrea edaiis was introduced to northern California and Wash-
ington beginning in 1951. The oysters originated from the newly
developing O. edidis population of Maine  Loosanoff 1955!.
There is no natural spawning in the west coast waters, and al-
though a fcw hatcheries produce O. edidis seed, interest in cul-
turing the European oyster in these areas is limited � the majority
of interest remaining with C, gigas  Hulbrock, Chew, personal
communication!. There is no evidence of accidental introductions
with the European oyster. There is a protozoan parasite  Boaamia
osrrea! discovered in 1965, but it inay be native to California and
Washington waters  Katkansky et al. 1969!. It attacks O. edaiis'
immune systein, but apparently does not harm C. gigas or C.
virginian. O. edidix populations in Washington, having been ex-
posed to the disease, have been found to harbor the parasite while
resisting damage  Elston ct al. 1987!.

Hawaii

Hawaiian molluscan shellfish introductions are unique in that
according to state ]aw, non-native organisms are prohibited froin

introduction to open waters. Therefore, all culturing of exotic
species is done in landbased pond operations  Fassler, personal
communication!. The practice of purely landbased operations is
costly. Consequently, only a smattering of exotic molluscan in-
troductions have ensued. One  now bankrupt! oyster farm cultured
C. gigas, C. virgiaica, and O. edulis, which all did very well from
a biological standpoint. There was a slight problem with the mud
worm  Poiydnra sp.!, but placing the oyster in warmer water
killed the worm. Although achieving biological success, the high
costs of the operation precluded the possibility of economic suc-
cess.

A recently opened oyster farm is anticipating its first harvest
this year, 1991  Archibald, personal communication!. At present,
only O. edulis is cultured tor harvest, In order to approximate the
oyster's natural habitat, salinon and kelp are also maintained in the
ponds. Sea urchins and abalone are present to control the envi-
ronment in the main kelp growing ponds, To miniinize  he possi-
bility of introducing disease and other organisins, all eyed larvae
are purchased from a single Maine hatchery. Each shipment is then
kept in separate growing tanks. The coinpany is optimistic about
the economic success of the harvest; for there is promise of great
demand for the product. It is now left to the market to determine
if the introduction and culture of O. edidis in Hawaii under such
costly conditions is economically feasible.

Thc native oyster of Maine is C. virginica. The present stock is
sparse, with successfu'1 spawnings in only the warmest of years
 Lewis, personal communication!, As a result, Atlantic oyster pro-
duction is erratic, yet it remains a significant component of the
oyster industry. Reported commercial harvests of C, virginica
were 2,510 bushels in 1988, and 3,715 bushels in 1989, worth
$277 thousand.

Osrrea edu is was introduced in Maine in 1949  Loosanoff
1955!. Although oysters from Holland were brought to Connect-
icut for research purposes, a few bushels werc held in reserve at
the Boothbay Harbor Maine Laboratory where spawning occurred,
Some spat survived and later reproduced, forining the foundations
of a resident population. Thoughts turned to further introduction of
the species in order to rcplacc a then-failing softshell clain indus-
try. Later introductions were made at various points along the
coast from Boothbay Harbor to Merepoint Bay  Welch 1963!.
Al hough O. edalis is fairly well distributed, the populations are
no  very large, with the industry having just attained commercial
significance in 1984. The 1988 harvest was 6,346 bushels, and in
1989: 14,435 bushels. No accidental introductions accompanying
the 0, edalis introduction have been discovered. The oyster is
harvested froin both natural and leased cultivation beds; leased
beds utilizing both naturally produced spat and hatchery seed
 Lewis, personal communication!, The hope is for 0, edidis to fill
a market niche in  he domestic market for gourinet oysters, and for
possible export to Europe.

Fraace

Ostrea eduiis is the sole native oyster species of France. The
oyster, considered an important component of French culture, has
always been in high demand. The fishery, however, has a volatile
history. Two distinct diseases caused production to fall in 1920
and 1950  Goulletquer undated!. In 1968, the protozoan parasite
Murreiiia refringens further reduced stocks. The origin of these
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diseases and the protozoan is uncertain. kI. refringens is hmited to
estuarine areas, between which it was transferred with the move-
ment of oysters.  Goulletquer undated!. In 1979 Bonarnia ostrea,
a protozoan that generates microcell disease, was introduced. The
protozoan was introduced with O. edulis adults froin Washington
state, the progeny of infected Californian oyster stocks  Elston et
al. 1987, Mann 1983!. These oysters were intended to supplement
the low French stocks. B. ostrea is considered by many the final
blow to the industry, causing the flat oyster fishery in Brittany to
fall from a harvest of 4,000 tons in 1978 to 2,000 tons in 1987.

Other oysters were introduced over the years to ineet the high
French demand and later, to compensate for the falling stocks of
O. edulis. Crassostrea angulata  Portuguese oyster! was intro-
duced in the 1860's without official regulation. The oysters
thrived, with harvests reaching 85,000 mt in 1960  Goulletquer
and Heral 1991!. However, C, angulata experienced high inortal-
ities from an iridovirus damaging the labia and gills in 1964 and
1965  Farley 1991!, and again from 1970 to 1972 from damage to
the blood by yet another iridovirus  Grizel and Heral 1991!. The
latter outbreak was estimated to cost the industry $90 million a
year in revenues  Goulletquer and Hdral 1991!. The present C,
angulata population is negligible.

Unofficial importations of C. gigas began in 1966 because of
the oystermen's frustrations with the declines in O. eduh's and C.
angulata. Officials, alarmed by an increase in C, angulata mor-
talities, prevented further C. gigas introductions until studies in
Japan cleared C. gigas of any responsibility for the C. angulata
deaths. Official introductions of C. gigas froin both Japanese and
British Columbian waters ensued in 1971. C. gigas, as previously
mentioned, is resistant to Bonamia ostrea. The resistance of the
Pacific oyster to the diseases of the Portuguese oyster as well
allowed the expansion of an otherwise failing oyster industry in
France  Grizel and Kdral 1991!. Presently, C. gigas is the princi-
pal species in the French oyster industry, accounting for 92% of
the 1990 landings which were a record 150,000 metric tons valued
at $210 million  Goulletquer and H6ral 1991!. It will not repro-
duce in the northern waters of France, however, reproducing best
in the warmer waters of southern France.

Accidental introductions did occur with the importation of C.
gigas, although precautions were taken in the official introduc.�
tions. A few of these species are still present, although in low
numbers. These species include: Balanus amprhitrite and B. al-
bicostatus, Aiptasia pulcltella, Anornia chinensis  Grizel and
Htlral!, The low numbers render the organisins of relatively little
concern to the French, although the significance of any accidental
introduction, harmful or not, should not be denied.

Currently, research is underway to seek out other oyster species
with a resistance to B. ostrea. As mentioned, a strain of 0, edulis
in Washington state was found to carry, but not be highly damaged
by the parasite. Also, breeding the immune C. gigas at the same
time as O. edulis reduces the severity of the protozoan in O.
edulis, Other species that have been studied in labs include O.
chi liensis from Chile in quarantined system in 1981. Studies were
abandoned due to lack of success  Mann 1983!, O. puelchana, of
Argentina, however, appeared insusceptible to the parasite in
hatchery lab studies and was subsequently planted in northern
Patagonia waters in 1988, the success of which is still to be de-
termined  Goulletquer undated!.

The French oyster industry has experienced what may be the
most severe problem encountered thus far with the introduction of
species, when O. edulis of America's West Coast brought new

disease to a declining industry. The utilization of C. gigas has
helped overcome that failure. C. gi gas has eventually gained mar-
ket acceptance as an alternative to C, angulata, although both are
considered inferior to the native O. edulis. The French have pre-
surnably decided that an inferior oyster is better than no oyster.
Further research on both of these species and others bring hope to
the industry, which apparently has decided that one tragedy should
not preclude further development.

Australia

The experience of Australia in regards to mollusk introductions
depends on the state involved. In Tasmania and South Australia,
C. gigas has been successfully introduced and is forming the basis
for a cultured oyster industry. In 1989-1990, 3.5 inillion dozen
oysters worth 13.7 M$Aus were harvested  Ayres 1991!. In both
these states there is no extant native oyster to compete with, How-
ever, in New South Wales there is an existing fishery based on the
native rock oyster  Saccostrea cotnmercialis!, An unofficial or
accidental introduction of C. gigas occurred in the seed production
area of Port Stephens sornetirne prior to 1985. After several years
of trying to eradicate C. gi gas, because it interferes with the setting
of S. comrnercialis, the government finally decided to allow the
cultivation and sale of C, gigas from Port Stephens  Ayres 1991!.

tVew Zealand

The native oyster in New Zealand is the rock oyster  Saccos-
trea glornerata! which was the basis of an oyster culture industry.
C. gigas was accidently introduced to New Zealand waters in the
1960's and 1970's  Dinamani 1991!. Distribution was aided by the
traditional movement of S. glotnerata seed in which was mixed C.
gigas seed. In the course of about a decade, C. gigas went from a
density on spat collectors of I/1000 to 4/5. Harvests in 1985
reached 2000 mt. C. gigas is now the basis of the New Zealand
cultured oyster industry.

NET BENEFITS OF MOLLUSCAN INTRODUCTIONS

Esamating Direct tv et Benejl ts

ln some ways, the estimation of nei benefits for rnol]uscan
introductions is easier than inost cost-benefit analysis. Many net
benefits from environmental improvements arise froin consumers'
use of goods not sold in the marketplace. These non-markei goods
pose special difficulties in measurement, For example, improve-
ments in water quality may improve recreational fishing opportu-
nities, but because there is not a market with corresponding prices
and quantities of fishing, there are unique problems in ineasuring
the change in benefits to sportfishermen  Bockstael, Hanemann
and Strand 1986!. Fortunately, molluscs are market goods for
which we can observe changes in prices and quantities, and thus,
estimate supply, demand and corresponding welfare changes from
introductions.

Although detailed data on the distribution of oysters in the
marketplace are not available, it is common knowledge that the
flow of West Coast C, gigas to the East Coast has increased since
the cogapse of the Chesapeake oyster fishery, lt is not known to
what extent consumers are aware or care about what oyster species
they are consuming. In cases where a species is introduced to
replace a depleted local species, and the two species are consid-
ered by the consumer to be close substitutes, demand studies based
on a time series of prices and quantities of the depleted species
tnay serve to estimate demand for the introduced species. Thus, in
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France where there was an industry based on C. anguiata, it is not
surprising to expect similar demand for C. gigas, Of course, the
reliability of forecasts from historical data are diminished the fur-
ther out in tiine those forecasts must be made. Traditional con-
surner welfare measures  i.e., consumer surplus! can be made
once the demand for  he introduced oyster is deterinined.

The measureinent of producer benefits, as in the case of con-
sumers, must be measured net of costs. Total value of  he harvest,
probably the most often cited figure of success of an introduction,
is not a measure of producer welfare unless culturing and harvest-
ing are costless activities. Cost estimates can be made from curren 
data on culturing, harvesting and processing costs to the extent
these are available, Bosch and Shabman  l 989! have developed
such cost estiinates for Virginia oyster growers, and these could be
appropriately inodified for the different species. In cases where
data is not available, an economic-engineering approach can prove
useful  Park and Jackson 1984!. The opportunity cost of the pro-
ducer's labor  i.e., what he could earn in the next best employment
opportunity! should be included in the cost estimate. In areas
where there are few alternative opportunities, the opportunity cost
of labor tends to be Iow and results in higher producer benefits.
Thus, in France, where there was a large oyster industry with few
alternative opportunities, the benefits of the introduction of C.
gigas are higher than in an area where there are several alternative
fishing and culturing alteir a ives.

If the inuoduction is for purposes of restoring a public fishery,
the net benefit to producers will depend on how the resource is
managed. If an open access management regime is maintained,
then net benefits to producers will be less than if a bottom leasing
program or liinited entry program on public grounds are producers
will be less than if a bottom leasing program or liinited entry
prograin on public grounds are instituted. This is the well-known
result of rent dissipation in common property fisheries  c,f., Gor-
don 1954, Copes 1972!. Simply replacing one species with an-
other does not necessarily etitninate the man-induced factors that
caused the decline of the native species. One must still deal with
the proble n of overfishing, potential disease, and a decline in
water quality.

Measunng "External" Costs of MoausR Introductions

Although the direct net benefits of mollusk introductions may
be many years off, the costs of these potential introductions are
being incurred today mainly in the form of research dollars. Costs
of general research on mollusk introductions that is applicable to a
varie y of species and variety of areas cannot fairly be assigned
 o ally to the cost of introduction of one species in one area,
However, as a specific introduction is contemplated, more of the
research dollars are focused on determining the impact and like-
lihood of success for that given area,

The actual cost of performing the introduction or transfer, and
monitoring and maintenance may be substantial. However, once it
is determined what functions have to be performed, predicting the
costs would not be an overwhelming task. For example, the mag-
nitude of costs will be much greater when introducing a non-
reproducing organism into an area for yearly harvest, as compared
to an introduction of an organism that can successfully reproduce,

The most contentious issue regarding mollusk introductions
and their costs is the potential that an introduction  nay be accom-
panied by deleterious effects to other resources in an area. These
can include the case of an otherwise successful introduction of an

organism that outcompetes native resources and causes a popula-
tion decline of the native resource such as occurred in New
Zealand. The introduction may also inadvertently introduce other
undesirable species, disease organisms or parasites that can disrupt
the ecosystem. The end result may simply be a nuisance or con-
sidered a disaster. The results may be either reversible or irrevers-
ible.

Uncertainty and the Use of Benefit+ost Analysis

States

No
Disaster

Maximuin
LossesAction Disaster

b
a � b

Introduction
No introduction

Man has two choices, to allow or not allow an introduction, If he
does not allow the introduction, the net benefits foregone are de-
noted as a. If  he introduction is allowed and causes a disaster in
existing populations this is denoted by b, The last column indicates
the maximum losses under the introduction and no introduction
scenario.

One strategy in playing this garne is to adopt the ininimax
principle � chose the strategy that minimizes maximum possible
losses  Ciriacy-Wantrup l968!, Thus, if we feel the da nages froin
a potential disaster exceed the benefits from an introduction with
no disaster, then under the minimax principle the decision would
be not to allow the introduction,

Clearly, before any strategy is chosen, measures of the conse-
quences of introductions and dainages must be made. As discussed
earlier, measuring a, the foregone benefits of not allowing the
introduction has difficulties, but they are not insurmountable. Two
issues will accoinpany this estimate: how should the stream of net
benefits be discounted over time; and what are the characteristics
of the uncertainty of these measurements.

I  is entirely possible that the introduction of C. gigas in o
Chesapeake Bay will have negative net benefits. Given the nega-

The fundamen& issue surrounding introduction of molluscan
species is the uncertainty of the effects. Even though the history of
molluscan introductions, reviewed above, shows few disastrous
external effects, the evidence is clear that inolluscan introduction
have resulted in inadvertent species being introduced with the
mollusks, Some might say that it was a stroke of luck that no
disasters occurred. A finite probability exists that an ecological
and economic disaster can occur with an introduction of C. gigas
into the Chesapeake Bay. How does one consider uncertainty
within the benefit cos  framework?

There are two primary ways it has been considered- through the
use of expected ne  benefits and through a garne-theoretic ap-
proach. When using expected net benefits, the distributions about
the costs and benefits are used and the expected value of net
benefits is calculated. In concept, this is a straightforward pro-
cedure but the distributions about net benefits are not easy  o
determine, especially the ones concerning future events. Often,
higher discount is given to snore risky choices.

The uncertainty involved in the decision on whether to allow an
introduction can also be approached  hrough game theory. Bishop
�978! applied this approach when exainining extinction of a po-
tentially valuable species due to building a dam. The garne is
depicted as follows:
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tive publicity surrounding the health and safety aspects of eating
molluscan shellfish, it is possible the deinand for thc product is
highly inelastic so that a slight increase in the available quantity
will be accoinpanied by a large decline in price. It may also be that
the Chesapeake Bay has a comparative disadvantage relative to
other areas for producing gigas. This may be due to natural envi-
roiunental differences as well as production costs in this region.

Measuring b, the potential damages is much more problematic.
Although it is probably not possible to predict all the potential
consequences of introductions into an area, it may be possible to
narrow the field of potential dainages, and provide an estimate of
inaximum loss from this subset of damages. For example, at pre-
sent in Maryland it would only take the destruction of three spe-
cies, the blue crab, native oyster and soft clam, to virtually elim-
inate the Maryland bay fishety, These two species with an ex-
vesscl value of $31,2 million in 1988 make up approximately 60%
of Maryland's Chesapeake Bay landings. The net loss to harvest-
ers from a $31.2 million a year fishery would be significan Iy less
because of the costs of harvesting. If this loss was irreversible or
occurred over a long period, discounting would again be an im-
portant issue, The timing of when the disaster occurred would also
be important, par icularly when it is coupled with discounting.

In the case of uncertainty surrounding the benefit estima es, we
probably have some intuition about what the probability distribu-
tion of net benefits looks like. In the case of the disas er our
intuition about probabilities is severely diininished, If the proba-
bility distributions are known, it is possible to play the game with
other standards. For example, one could compare the expected
value of the introduction and no introduction scenarios, and
choose the action with the greater expected value. Clearly, this is
a much less conservative approach than the rninimax principle.
Policymakers may want to look at other moments of the probabil-
ity distributions such as the variance to help in  he decision pro-
cess,

Finkel �990! offers an excellent guide on how to represent the
uncertainty present in an analysis, and how policymakers  risk
managers! should use that information in inaking a decision. It will
be necessary to assuine some probability distribution for damages
from an introduction. Monte carlo techniques are particularly use-
ful in analyzing these types of problems when a number of dif-
ferent probability distributions must be combined.
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Public Health Aspects of Transferring Mollusks
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ABSTRACT This paper discusses microorganisms associated with mallascim shellfish borne illness, their growth after harvesting,
transportation and storage, and their response ta depuration and relaying. Organisms of public health concern are cacegarized as to
whether they originated in che nacarsi environment or are present as Che result of pallucion. The organisms of concern and their
significance were determined by examining the North East Technical Services Unit of the Food and Drug Administration and Centers
far Disease Control data bases over a 15 � 17 year period. Enteric viruses accounted for most of the illness, followed by naturally
occurring marine vibrios. Other microorganisms accounted relative few ineideaces of igaess. Vibrios and certain indicator bacteria will
increase in number during storage and trimspariation. Furthermore, vibrios are resistant ta depuration. Relaying will cause reduction
in en!eric bacteria and viruses buc noi marine vibrios.
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This paper will discuss microorganisms associated with mol-
luscan shellfish borne illness and their growth after harvesting and
during transportation and storage. Also, their response to depura-
tion and relaying will be discussed. Organisms of public health
concern can be divided by their source. They may originate in the
natural environment or be present as the result of pollution. The
organisms of concern and their significance can be estimated by
examining the data bases of the North East Technical Services
Unit of the U.S. Food and Drug Administration  NETSU! and the
Centers for Disease Control  CDC! over a 15-17 year period  Ta-
bles 1 and 2!. These data bases do not agree because of their
nature, The CDC data base is a suinmary of foodborne outbreaks
reported by the states, It is possible that an outbreak will be pub-
'lished in the CDC publication Mortality and Morbidity Weekly
and yet, not appear in the data base because the outbreaks form
was not submitted by the state. On the other hand, the NETSV
data base is a summary of outbreaks and cases reported in the
literature and includes personal communications. Thus, it is more
complete but at the same time less precise. The NETSU data
includes individual cases that were not reported as outbreaks. The
CDC defines an outbreak as two or more persons becoming ill
after consuming a cominon food at the same time. Illness that only
affects specific individuals will not be reported in the CDC data
base. For example, the NETSU data base lists several cases of
Vibrio vuinificus, but because this bacterium only affects individ-
uals in high risk categories, no outbreaks  two or more individuals
having a slinilar illness after consuming the same food!, have been
reported. Thus, illnesses from this organism do not appear in the
CDC data base. Finally, the definition of shellfish used by the data
bases is different, The NETSU data base includes only bi-valve

mollusks, whereas CDC defines shellfish to include bi-valves,
uni-valves and crustacea.

The inforination in tables 1 and 2 is useful for estimating the
risk from inicrobial contaminants, Most of the illnesses associated
with molluscan shellfish have been associated with either enteric
viruses or naturally occurring marine organisms of the family
Vibrionaceae. Other microorganisms account for far fewer ill-
nesses. The first section will deal with agents associated with
pollution followed by a section on pathogens associated with the
environment,

The effect of depuration  controlled purification! and relaying
on various microorganisms will be discussed. Controlled purifica-
tion and relaying is a process whereby shellfish are allowed to
purge themselves of contaminants, either in a natural setting or in
land based facilities  Richards 1988!. Controlled purification is
usually a land based process, where the shellfish are put into tanks
with purification systems for the water. Relaying is the process of
transferring the mollusks from polluted water to areas approved for
shellfish harvesting. The process of controlled purification is
based on reduction of indicator  fecal coliforins! counts, whereas
relaying depends upon a specified time, The time for controlled
purification is usually far shorter than that of relaying, 2-3 days
versus 14 days. It is important to have an understanding of the
relationship between indicator microorganisms and the various
types of pathogens in these systems. For example, the time re-
quired for depuration of indicator bacteria and enteric bacterial
pathogens is similar. However, rates vary greatly between indica-
tor bacteria and soine enteric viruses. In addition, the depuration
of naturally occumng vibrios is quite different than that of indi-
cator bacteria  Richards 1988!, With respect to relaying, the num-
bers of naturally occurring bacteria such as vibrios are increased or
at least stay the same. This is because Vibrios are indigenous to the
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TABLE 1.

Reported By

NETSUCDC'

OutbreaksCases

No, % No.No.

Pathogens
Aerornonas
Bacillus cereus
Plesiomonas
Vibrio choierai 01
V. choierae ttott-01
V, fluvtahs
V. hniiisai
V. m micus
V. parahaernoiyticus
V. vutnificus

Total

7 �.1!

18 �.3!
7 �.1!

125 �.3!
3 �.1!
5 �.1!
6 �.1!

98 �.8!
104 �.9!
373

0
2 �.3!
0
3 �.4!
2 �.3!
0
0
0

18 �8.3!
0

25

0
6 �.7!

16 �.8!
11 �.2!
0
0
0

298 �2.9!
0

331

TABLE 2.

Reported By

CDC' NETSV

CasesCases

No. %

Outbreaks

No. % No. %

Salioooeliae  non-typhi!
Salmonella typhi
Hepatitis A
Hepatitis  unspecified!
Notwalk and similar

80  8.8!

335 �6.9!

3 �.4!

356 �.6!
4479  82,9!

9 �9.2!

Human Enteric Viruses
vl ruse s

Shi geiia
Stuphyiococcus aureus
Campytobacter
Clostridi am perfri ngens
Total

42 �.6!
77  8.5!
14 �.5!

28 �.1!
907 �00!

2 �.3!
4  8.5!
2 �.3!

2 � 3!
47 �00!

82 �.5!
93 �.7!
5 �.1!

16 �,3!

5404 �00!

Illness Associated with Naturally Occurring Pathogens iu Shellfish:
Summary of CDC and NETSU Data, 1973-1987.'s

' No illttesses associated with parasites or C, botuttnum, were reported itt
these data bases.
' The number in parentheses is the % of total illness of Tables 1 aod 2
combined.
' The term she! fish in the CDC data base includes all molluscan and
crustacean shellfish, In the NETSU data base only bivalve shellfish are
considered.

marine environment and their numbers are not affected by pollu-
tion. Of course waters used for relaying arc classified by pollution,
not by absence of naturally occurring pathogens.

AGENTS ASSOCIATED WITH POLLUTION

Agents associated with pollution include certain enteric viruses
and bacteria. As mentioned earlier, enteric viruses are agents most
often associated with shellfish borne illness, Of the enteric bacteria
only salmonellae, Campylobacter jejuni and ShigeHa have been
associated with illness from molluscan shellfish in the United
States. Pathogenic Escherichia coh' has been itnplicated with shell-
fish borne illness in other countries, such as Japan, Many other
pathogens have been isolated from molluscan shellfish but have
not been implicated in illnesses associated with tnollusks. These
include Verein a enterocoiitica and Listeria monocytogenes, In
this discussion, only organisms that have caused documented ill-
ness are discussed.

Human enteric viruses are of concern in seafood products,
especia'lly in raw molluscan shellfish that may have been harvested
from fecally polluted waters, Viruses are inert in food systems and
are only active inside the host; therefore, they will not multiply
during storage after harvesting. Only a few viruses can be trans-
mitted through food, These are usually transiiutted by the fecal
oral route which includes contamination from huinan sewage. En-
teric virus infections are limited mostly to the intestine. However,
when the infection goes past the intestine, a more serious illness
such as hepatitis may result, When a person becomes infected they
shed viruses in their feces which may in turn contaminate seafood
through pollution or poor personal hygiene habits. Most of the

reported outbreaks of viral illness associated with seafood have
involved fecally contaminated bi-valve shellfish; however, viruses
have the potential to containinate seafood during processing. This
has happened with other food products.

More than 100 enteric viruses can be found in human feces.
Picornaviruses make up the largest of all virus families with nearly
200 host-specific picornaviruses having been identified in man, Of
these, 69 enteroviruses inhabit the enteric tract  White and Fenner
1986, Gerba 1988!. These viruses have a naked icosahedral capsid
25-30 nm in diameter, appear as smooth and round in outline, are
constructed from 60 protomers, and replicate in the cytoplasm.
Each protomer is coinprised of a single inolecule of four polypep-
tides, VP 1, 2, 3 and 4, or 1D, III, I C and IA respectively. The
genome is a single stranded RNA linear molecule of positive po-
larity with a M.W. of 2.5 x 10, The molecule is polyadenylated
at its 3' end with the protein VP�covalently linked to its 5' end.

Enteroviruses have been subdivided into the species group Po-
lioviruses  PV!, Coxsackie viruses, Echoviruses and Enterovi-
ruses. While polioviruses are frequently isolated froin bi-valve
shellfish, they are mostly vaccine strains and are not a cause of
concern with respect to public health. Hepatitis type A  HAV! is
the picornavirus of inost concern in shellfish.

Enteric viruses are obligate parasites and of course do not mul-
tiply in shellfish. They do however, survive quite well. For ex-
ample, in oysters polioviruses survive more than 30 days in
shucked product stored under refrigeration.

Hepatitis Type A  HAV! <Enterovirus Type 72!

The onset of HAY is associated with the clinical syrup oms of
fever, inalaise, anorexia, nausea and lethargy. Symptoms a!so
include dark urine, jaundice and an enlarged, tender, palpable
liver, In children, most infections are anicteric; however, the se-

Illness Associated with Contamination of ShellfLsh by Fecal
Pollution: Summary of CDC and NETSU Data, 1973 � 1987.'s s

' No illnesses associated with parasites, C. botulinum, eoterococci, or S.
typhi were reported io these data bases.

The number io parentheses is the % of tots! illness of Tab!cs 1 and 2
combined.
' The term she1 fish iu the CDC data base includes all molluscan and
crustacean shellfish Io the NETSU data base only bivalve molluscan shell-
fish are considered.
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verity of the disease increases with age  Overby ct al. 1983, Bryan
1986, White and Penner 1986, Cliver 1988!.

When HAV is ingested it multiplies primarily in the intestinal
epithehum. Secondary infec ion of the parenchymal cells of the
liver is through the blood s rearo. The virus is found in the feces
approximately one week prior to the clinical signs. It may also be
found in the blood approxi nately one week prior to the appearance
of the main clinical sign of dark urine, It disappears after serum
transaminase levels reach their peak. The onset time for symptoms
is normally four weeks, but may range from 2 � 6 weeks. Infection
with HAV results in perinanent inununity,

HAV is spread by the fecal-oral route. It is hyperendemic in
countries which are overcrowded, have inadequate sanitation and
poor hygiene. Most infections in these communities occur in child-
hood and are subclinical. In  nore developed countries the disease
is seen most often between the ages of 15 and 30.

Contaminated food and water and person to person contact are
the main routes of transmission of HAV. Each year 20,000 to
30,000 cases are reported to the Centers for Disease Control
 CDC!. Of these cases, approximately 140 are due  o foods �.5%
of the total!. Mos  of these food-borne outbreaks are due to rnis-
handling of foods by infected individuals  Cliver 1988!. Outbreaks
can also occur due to inadequate cooking of con arninated foods
and by human sewage contamination of drinking water supplies,
swimining waters and shellfish growing waters.

In the 1950's the first docurnen ed case of shellfish-associated
HAV occurred in Sweden. The first case was docuinentcd in the
U,S, in the 1960's  Richards 1985, Cliver 1988, Gerba 1988!,
Richards �985! reported approximately 1400 cases of molluscan
shellfish-associated HAV since 1961, The Centers for Disease
Control reported 335 cases of shellfish-related HAV from 1973 to
1987. The North East Technical Services Unit of the U.S, Food
and Drug Administration reported approximately 438 cases of
shellfish-associated HAV from 1973  o 1990  CDC 1973 � 1986,

Rippey 1991!,
Prevention aud con rol of HAV can be accomplished at several

levels, Municipal sewage systems should be properly functioning
to prevent contamination of public water supplies and shellfish
producing waters. Also, proper classification of shellfish growing
areas and restricting shellfish harvest only to approved areas is
important in preventing HAV contamination from untreated hu-
man sewage.

Considerable research has been conducted on the fate of enteric
viruses, including HA V, during depuration and relaying. This re-
search was hampered until recently because cell cultures were not
available  o propagate HAV virus. HAV viruses seems  o be re-
sistant to depuration in comparison to indicator bacteria and many
other enteric viruses  Richards 1991!. Sobsey  cited by Richards
1991! examined the depuration of poliovirus, E. coli, enterococci,
the bacteriophage MS-2 and HAV. The organisms were taken up
naturally by feeding in contaminated water in laboratory tanks,
Each organism depurated at a different rate, with poliovirus being
depurated the quickest, followed by E, coli, enterococci, the bac-
teriophage MS-2 and HA V. HAV reinained in the oyster for more
than five days after being exposed to clean water at various tem-
peratures and salinities. This implies that commercial depuration
would not eliminate HAV from shellfish.

/Von-A, /t/on-B En erg/ Hepatilis; Hepatitis E

The disease caused by Hepatitis E Virus  HEV! is called hep-
atitis E, or enterically-transmi ted non-A non-B hepatitis  ET-

NANBH!, Other names include fecal-oral non-A non-B hepa itis,
and A-like non-A non-B hepatitis, It should no  be confused with
hepatitis C, also called paren erally transmitted non-A non-B hep-
atitis  PT-NANBH!, or B-like non-Anon-B hepatitis, which is a
coinmon cause of hepatitis in the U,S,  Gouvea 1991!,

HEV has a particle diaineter of 32-34 nm, a buoyant density of
1,29 g/ml in KTar/Gly gradient, and is very labile. Serologically
related smaller �7 � 30 nm! particles are often found in feces of
patients with Hepatitis E and are presumed to represent degraded
viral particles. HEV has a single stranded polyadenylated RNA
genome of approximately 8 kb  Gouvea 1991!. Enteral HEV can
be more severe than HAV with a high incidence of cholestasis.
The incubation period for hepatitis E varies from 2 to 9 weeks.
Disease usually is mild and resolved in 2 weeks leaving no se-
quelae. The fatality rate is 0.1-1% except in pregnant women.
This group is reported to have a fatality rate approaching 20%. The
highest a tack rate is in young adults, especially pregnant women
in the third trimester  Gouvea 1991!. The incidence of chronic
active hepatitis is extremely low in HEV  Overby et al. 1983,
White and Fenner 1986!.

En eral HEV is transmitted mainly by sewage contaminated
water in epidemics. It is also transmitted sporadically by person  o
person contact. In the middle East and Africa, it appears to be
endemic  Ovcrby et al. 1983!. Cliver �988! no ed water-
associated outbreaks have been reported for years from India,
Africa, the USSR, and most recently, Mexico. Cases have been
associated with consuming raw shellfish  Rippey 1990!. No re-
search has been conducted on the fate of HEV in shellfish during
depuration or relaying. This work is needed as the potential for
spread in the U.S. is great,

Uriclassr'fied Viruses

These include the non-specific agents of gastroenteritis includ-
ing Norwalk and Norwalk-like agents, Snow Mountain agent, and
Small Round Viruses  SRV's!, The Norwalk group is 25 � 32 nm in
diaineter, while the SRV's are 27 � 40 nm. The SRV's have been
identified in the feces of infants with diarrhea using Immune Elec-
tron Microscopy  IEM!. The incubation period for the Norwalk
agent is from 24 to 72 hours. Infection results in the sloughing of
intestinal villi followed by rapid regeneration. Clinical syinptoins
include diarrhea, nausea, vomiting, abdominal cramps, and in
some cases, headache, inyalgia and low grade fever. Symptoms
are more serious in adults. Irninunity following an infection with
Norwalk virus is only temporary, lasting approximately one year.
This may be one of the reasons for the very high attack rate in at
risk individuals of 50 � 90%  Cliver 1988!.

Outbreaks of viral gastroenteritis due to the Norwalk agent has
been associated with swimming in waters contaminated with hu-
inan sewage, fecal contamination of food or drinking water and
consumption of uncooked or partially cooked shellfish harvested
froin estuaries contaminated with human sewage, The first docu-
mented shellfish-associated outbreak of gastroenteritis involving
Norwalk virus was in 1979 in Australia, where more than 2000
people were involved. Since this time, there have been many
documented outbreaks in the U.S. Norwalk virus illness associated
with shellfish is a continuing problem and has increased with the
last decade while HAV infections have decreased. Between 1973
and 1990, the USFDA NETSU reported 176 shellfish-related out-
breaks of Norwalk gastroenteritis, 71 outbreaks of Snow Mountain
agent, and 5924 cases of gastroenteritis of unknown e iology,
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many of which may have been caused by Norwalk like viruses
 Rippey l991!. The Centers for Disease Control reported 3524
shellfish-related cases of unknown etiology from 1973 to 1987 and
42 cases from Norwalk virus  CDC 1973-1987!. Richards �985!
reported over 6,000 cases of shellfish-associated gastroenteritis
over the past 50 years. It is presutned that many of these are of
viral etiology, possibly Norwalk or Norwalk-related agents. Over
75% of these cases have been reported since 1980, which shows
increased awareness and reporting practices in regards to shellfish
illnesses.

Good personal hygiene and good manufacturing practices,
proper classification of recreational and shellfishing waters and
prevention of sewage contamination in drinking, swimming, or
shellfish growing waters are the most effective preventive mea-
sures for the Norwalk and related gastroenteritis viruses since they
are found only in human sewage,

Because these agents do not grow in tissue culture, very little
information is available on their fate during transfer. Outbreaks
have been associated with depurated clams imported to the V.S.
from the United Kingdom. However, these clams were roost likely
depurated in contaminated water.

ENTERIC BACTERIA ASSOCIATED WITH POLLUTION

Salmonella

Froin a historical perspective, S, iypiii is a bacterium of con-
cern; however, no cases have been associated with shellfish since
the 1950s. The food poisoning type has been associated with shell-
fish. The food poisoning syndrome develops after ingestion of a
food that contains a sufficient number of Salmonella cells to cause
infection, usually between 100,000 and 100,000,000 cells.  The
infective dose can be much lower in certain high fat foods such as
cheese or chocolate.! The symptoms usually develop 12 � 14 hours
after ingestion of the food, although incubation times of greater
than 24 hours are not uncommon. Symptoms consist of mainly
diarrhea along with nausea, vomiting, abdominal pain, headaches
and chills. The symptoms are often accoinpanied by prostration,
muscle weakness, moderate fever and drowsiness. Symptoms usu-
ally last only 2-3 days. The death rate is less than 0.2%  Jay
1987!.

Raw foods, particularly those of animal origin, are the major
vehicles of salmonellosis  Cox and Bailey 1987, Alfred et al.
1967!. The five most common food vehicles for Salmonella in the
United States are beef, turkey, hoinemade ice cream  containing
eggs!, pork and chicken  Jay 1987, Cox and Bailey 1987!. Turkey
is the most cominon vehicle in Canada. However, many other
foods have been involved in salmonellosis. For example, in 1985,
the largest outbreak ever reported �8,000 cases! was traced to
pasteurized milk produced in Illinois.

In the United States most outbreaks of salinonellosis are traced
io contaminated products of terrestrial animals. However, vehicles
for sporadic salrnonellosis are rarely identified. While CDC and
NETSU foodborne surveillance data indicate that seafood is a
much less common vehicle for Salmonella than are other foods
such as chicken and red meat, fish and shellfish may be respon-
sible for at least a small proportion of the total number of Salmo-
nella cases that occur each year in the United States. However,
current data are inadequate to make any attempt at estimating
attributable risk, Seafood has been infrequently incriminated as a
vehicle of foodborne salmonellosis,

When examining the importance of salinonellae in seafood, i 
is useful to examine the overall incidence reported to CDC. CDC

tracks disease incidence by several mechanisms, including labo-
ratory-based Salmonella Surveillance system and the Morbidity
and Mortality Weekly Report  MMWR!. These systems do not
agree and data in one system often is not included in the other
systems. When examining the annual foodborne disease incidence
data for the 14 year period froin 1973 to 1986, an average of 55
foodboine outbreaks of non-typhoidal Salmonella infections af-
fecting a total of 3944 persons were reported each year to CDC.
During this same time frame, only 6 seafood borne outbreaks
involving 147 cases were reported. Two of these outbreaks involv-
ing 40 cases were shellfish-associated  Chapter 8!. Examining the
other surveillance systeins; during the 14 year period from 1973 to
1987, an annual average of 32,957 and 35,490 Salmonella cases
were reported through the laboratory-based Salmonella Surveil-
lance system and the Morbidity and Mortality Weekly Report
 MMWR!, respectively.

The NETSU data base, which attempts to document all cases of
shellfish borne disease outbreaks froin 1894 to 1990, reported only
two shellfish associated outbreaks of confirmed non-typhoidal sal-
monellosis between 1894 and 1973  Rippey 1991!. A 100-case
outbreak that occurred in Florida in 1947 was traced to contami-
nated oysters. The other outbreak occurred in New York in 1967
aud involved 22 cases. This outbreak was associated with oysters
imported from England  Rippey and Verber 1988!. No cases of
Salmonella infections from shellfish were reported to the NETSU
between 1973 and 1988. However, several sporadic cases of sal-
monellosis associated with shellfish occurred in 1989 and 1990
 Rippey 1991!. In September, 1989, three cases of salmonellosis
were associated with inussels harvested in Maine and consumed in
Connecticut, S. infanris was isolated in two of the cases. In Oc-
tober and December, 1989 oyster associated cases were reported in
Florida. In 1990, four separate oyster associated cases were re-
ported in Florida  Rippey 1991!.

In other countries outbreaks of salinonellosis have been asso-
ciated with shellfish. For example, an outbreak of salmonellosis
associated with clams  Venus verrucosa! was reported in Italy
 Cantoni et al, 1985!, In this outbreak fifty people were affected.
The causative agents were S. rypitimurium and S. mbandalM. The
estimated count per clam was 400 � 800 cells which implies that the
infective dose was low, The NETSU data base on shellfish asso-
ciated outbreaks � Foreign Reports, did not report outbreaks due to
Salmonella during the period from 1973 � 1990.

Isolations of salmonellae from shellfish is not uncommon,
Fraiser and Koburger �984! examined various seafoods including
clams and oysters from the east and west coasts of Florida for the
presence of Salmonella. The highest incidence of Salmonella was
from clams harvested from the Gulf  west! coast of Florida. The
shellfish were analyzed very quickly after harvest and the authors
felt that quick analysis greatly increased recovery of salmonellae.
In addition, individual animals were analyzed instead of using
composite samples. The authors felt this increased the probability
of isolating different sero-types of Salmonella. In this study 43%
of the clains tested were positive for Salmonella. This is one of the
few studies that report the numbers of Salmonella present in the
sainples. In analysis of oyster meats the levels of Salmonella iso-
lated was 2.2 per 100 grams of tissue. It was noted that this level
of salmonellae would be unlikely to cause illness in roost consum-
ers. Eleven different sero-types of Salmonella were isolated, with
as inany as six sero-types being isolated from the same group of
sainples, The authors went on to theorize that salrnonellae might
be part of the free living micro-flora of shellfish.

Andrews et a!. �974! examined the coliforms as indicators of
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Salmonella in oysters and clams. Over an 18 month period 263
oyster and 96 clam samples were tested for coliforms, fecal
coliforms and the presence of Salmonella. Thirty-nine of the oys-
ter and 5 of the clam samples were positive for Salmonella. I  was
observed that the indicators did give an indication of the presence
of Salmonella, However, high numbers of indicators did not nec-
essarily mean that the pathogen was present.

In later work this same group examined the comparative va-
lidity of members of the tourI and fecal coliforms groups for in-
dicating the presence of Saimone la in the eastern oyster  Cras-
sostrea virginica!. In this study 539 oyster samples and corre-
sponding harvest water samples were analyzed. Occurrence of
Salmonella more closely paralleled increases in fecal coliform
counts compared to total coliform counts. More Salmonella was
isolated from water, meeting the total coliform standard compared
to the fecal coliform standard. Salmonella was not isolated from
samples that met both the sanitary survey and fecal coliform stan-
dard, This study points out the importance of using both the san-
itary survey in conjunction with microbial analysis to insure
safety.

Andrews et al. �976! studied  he validity of members of the
total coliforms and fecal coliform groups for indicating the pres-
ence of Salmonella in hard clam  also called quahaug!. In this
study 214 samples were tested over a two year period. The har-
vesting waters were tested for coliforms and fecal coliforms and
classified as to whether it met either the total coliform standard of
less than or equal to 70 coliforms per 100 mLs or less than or equal
ro 14 fecal coliforms per 100 mLs. The clams were further clas-
sified as ro whether they met the market guideline of 230 fecal
coliforms per 100 grams of tissues. None of the clams harvested
from waters meeting either standard contained Salmonella. Fur-
thermore, Salmonella was not isolated from any meat sample
meeting the market guideline. Salmonella was isolated from some
of the samples which exceeded the National Shellfish Sanitation
Program's standards. From this work the investigators concluded
that fecal coliforrns were adequate indicators of shellfish safety,
with respect to Salmonella.

Timoney and Abston �984!, studied the contamination and
elimination of E. coli and S. ryphimurium in the hard clam, bler-
cenaria mercenaria. The bacteria were eliminated at similar rates;
however, E. coli levels declined more rapidly than salmonellae,
The organisms were eliminated from the clams becoming associ-
ated  non-ionicly bound! with feces and pseudo-feces particulate
matter. Most of the test organisms were eliminated between six
and twenty-four hours. This study indicates that E. cali is a good
indicator with respect to salrnonellae,

Hood et al. �983!, examined the relationship among fecal
coliforms, E. coli and Salmonella species in freshly harvested,
Gulf of Mexico coast oysters and clams, Salmonella was only
found in samples which exceeded the National Shellfish Sanitation
Program's market guideline of 230 fecal coliforms per 100 grams
of product. These investigators reported that low levels of fecal
coliforms and E, coll were good indicators of the absence of Sal-
monella. However, high levels of these indicators did not neces-
sarily indicate the presence of Salmonella.

Elimination of Salmonellae and E. colt from SheIIIIsh

It is interesting that there are species differences in depuration
rates of species of Salmonella. For example, Cook and Ellender
�986! examined the depuration of S. typhimurium, S. montevideo
and poliovirus in Gulf oysters. S. montevideo persisted longer than
S. typhimurium.

Matev et al. compared the depuration of S. typhimurium and S,
enteritidis to that of E. ccli and Staphylococcus aureus in artifi-
cially contaminated Black Sea mussels. E. coli was recovered for
six days compared to four days for the Salmonella and two days
for S, aureus. Rowse and Fleet �982! observed that both Salmo-
nella and E. coli survived in oyster feces and could be released in
the overlying waters. Survival depended on water temperature, ln
later studies Rowse and Fleet �984a,b! studied the effects of
water temperature and salinity on the depuration of S, charity and
E. cali from the Sidney Rock oyster. In this study the organism
was eliminated ar similar rates. For this species, elimination was
mos  rapid at 18-22'C and salinities of 3.2-4.7%. Higher or lower
temperatures and lower salinities slowed depuration. Eyles and
Davey �988! observed that isolation of Salmonella froru the Sid-
ney rock oyster was correlated to rainfall and to a lesser extent low
salinity waters. The presence of salmonellae in this study was
related to high E. coli counts.

Campytobacter jejuni aad Other Species

Campylobacter are curved, spiral Gram-negative rods that are
nonsporeforming and microaerophilic  Sirnbert 1984!. Campylo-
bacters grow between 25 and 43'C, are motile, oxidase positive
and do not ferment or oxidize carbohydrates  Stein et al. 1992,
Franco 1988!. The campylobacters can be broadly placed into two
groups on the basis of the catalase test, The catalase-positivc
campylobacters are most frequently associated with human dis-
ease.

Cainpylobacreriosis may be the first or second leading cause of
food poisoning in Western countries including the United States
 Seattle-King County Depart. Pub. Hlth. 1984, Totten 1987,
Franco 1988!. Only recently has its importance been realized be-
cause methodology to detect the organism in food and feces was
not available  Doyle 1981!.

Campylobacter species were once thought to be primarily im-
portant to veterinary medicine. Prior to 1974 these bacteria were
placed in the genus Vibrio because of their shape  Blaser 1981,
Doyle 1981!. The organism, now known as C. j ej uni was grouped
with V, fetus, In the 1974 edition of Bergey's Manual the genus
Campylobacter was created. The genus Campylobacter currently
consists of at least 18 species, subspecies, and biovars, with 17
names officially recognized by the International Committee on
Systematic Bacteriology  Franco 1988, Stern et al. l992!.

Human illness is associated with three species of Campylobac-
ter, C. jejuni, C. cali and C. laridis. These organisms are carried
in the intestinal tract of animals and therefore, may contaminate
foods of animal origin. In addition, fecal contamination of har-
vesting waters may allow shellfish to be a vehicle for the patho-
gens  Rippey 1991!. C. jejuni is recognized as a leading cause of
acute bacterial gastroenteritis. It is recognized as both a food and
water borne pathogen, Foodborne illness is usually associated with
the consumption of products of animal origin. In addition, C. coli
and C. laridk's are also recognized causes of gastroenteritis, but
less frequently than C. j ej uni. These three species are collectively
referred to as the C. jejuni group.

Campylobactertosis Associated with ShellIIsh Consrrmptton

NETSU reported 1 domestic shellfish-associated outbreak of
campylobacteriosis between 1894 and 1988, an outbreak of 16
cases due to contaminated hard clams that occurred in New Jersey
in 1980. In addition, Campyiobacter was suspected in several
outbreaks reported to the NETSU where the etiological agent was
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listed as unknown  Rippey and Verber 1988!. In the 199I update
of the NETSV data base several outbreaks and cases of Campy-
lobacrer associated with shellfish were reported. Most of these
illnesses were reported in the state of Florida. In one outbreak in
1989 two people became ill three days after consuining oysters. C.

jej uni, Vibrio paraheamolyticus and V, vulnificus were all isolated
from the individuals, In another incident, a single case of con-
firmed Campylobacter infection was reported in Lee County, Flor-
ida. That same year in December, four separate cases of confirmed
Campylobacter were reported  Rippey 1991!, In 1990 six separate
cases of itlness from Campylobacter were reported in Florida. Five
of the incidents involved oysters and clams were implicated in the
other case. The age of the victims ranged from 23 to 70 years of
age, In addition another case of Campylobacter illness from oys-
ters was suspected in Alabama in 1989  Rippey 1991!,

Isotatton from ShdIIIsh

Arumugaswamy and Proudford �987! reported the isolation of
C, j ejuni and C. coli from the Sidney Rock oyster. These inves-
tigators were abte to detect these orgamsrns in 17 of 79 samples,
This work is interesting, because the Sidney Rock oyster is usually
harvested from water of fairty high salinity. Campylobacter spe-
cies are reported to be very sensitive to environmental conditions;
however, in the Sidney Rock oyster, survival was reported during
refrigeration and freezing. Aruinugaswamy et al. �988! allowed
the oysters to feed in waters containing approximately 10,000 cells
of C. jej uni and C. cali per mL, The oysters were then subjected
to depuration. They were depurated within the 48 hour period
usualty allowed for depuration systems. These investigators also
investigated survivat of the organisms during storage as shellstock
at 20 and 30'C, on the half shetl during refrigeration, shucked and
bottled, stored refrigerated and frozen. The organisms failed to
multiply during room temperature storage, but did survive for 2 � 9
days, At 3 or 10 C thc organism survived 8 � 14 days. Survival was
better at the lower temperature and in the shucked product. The
organisms survive for months during frozen storage at � 20 � 24'C.
Another Campylvbacter species linked to illness is C. laridis. This
organism has been isolated from mussets  Owen et al. 1988!.

Shigelia

.Sltigella are Gram-negative, non-motile, non-sporeforming
rods-shaped bacteria. The illness caused by Shigella  shigellosis!
accounts for tess  han 10% of the reported outbreaks of foodborne
illness in this country, Shigella rarely occurs in animats; princi-
pally, a disease of humans except other primates such as monkeys
and chimpanzees, The organism is frequently found in water pol-
luted with huinan feces,

Symptoms of the illness include: abdominal pain; cramps; di-
arrhea; fever; vomiting; blood, pus, or inucus in stools; tenesmus.
The on-set time is 12 to 50 hours. The infective dose is very low
and can be as few as 10 cells depending on agc and condition of
host. The disease is caused when virulent Shigella organisms at-
tach to, and penetrate, epithelial cells of the intestinal mucosa.
After invasion, they multiply intraceltularly, and spread to con-
tiguous epithelial cells resutting in tissue destruction.

Association with Shellfish

Sewage pollution has been associated with outbreaks of
shigellosis from shellfish. The nuinber of cases are limited, The
organism does not survive wetl and illness is most often the result

of contamination by a handler, Cantori et al. �980! reported an
outbreak of shigellosis from mussels  bfytilus galloprovincialis!.
The report was written in Itatian and only the abstract was in
English. The outbreak occurred in Milan in 1978 and approxi-
rnaiely 100 people were affected. Studies of the mussels revealed
the presence of S. dysenteriae and S. boydii.

Taylor and Nakainura �964! reported that S. sonnei and S.
flexneri could survive at 25'C in clams for more than 50 days and
in oysters for more than 30 days.

As is the case for the salmonellae, 3 surveillance systems for
shigellosis exist at CDC. For the years 1978 � 1987, an average of
7 foodborne outbreaks affecting a total of 573 persons were re-
ported each year to the foodborne disease surveillance system
 CDC 1989!. Seven outbreaks involving 137 cases were seafood
borne. Four of the 7 outbreaks, involving 77 cases, were shellfish
associated  Chapter 8!. During the same period an annual average
of 14,460 and 18,498 total foodborne cases were reported through
the laboratory-based Shigella Surveitlance system and the
MMWR, respectively. NETSV  Rippey and Verber 1988! re-
ported 4 shellfish-associated outbreaks invotving a total of 93
cases of shigcllosis in the Vnited States between 1894 and 1988.
Nine persons werc reported ill in Massachusetts in 1977, 11 in
California and 26 in Arizona in 1979, and 47 in Texas in 1986.
Be ween 1978-1987 NETSU reported 84 cases of shellfish-
associated shigellosis  Rippey and Verba 1989!,

ln 1989 and 1990 additional cases of shigcllosis froin the con-
sumption of oysters were confirined or suspected  Rippcy I'991!.
The cases were for the most part sporadic and only two outbreaks
occurred. Atl the cases were reported in the state of Florida. The
two outbreaks where Shigella was suspected as the causative agent
occurred in October 1989. In both incidences, four people became
ill after consuming oysters. In the first outbreak four of nine peo-
ple became ill one day after eating the oysters. S. sonnei and/or
Vibrio paruhaemolyticus and V. fuluvialis were suspected. In the
other suspected outbreak four of four people became lit, Again
either Shigella or a Vibrio was suspected. One case of Shigella in
a two year old girl was reported in November of the same year. In
1990, four separate cases of shigellosis were reported. Three of the
victims werc female and the other was a inale. Oysters were the
vehicle in all cases,

Ptahogenic Esclterichia eoli

E, coli is often thought of as an indicator of fecal poltution. In
1887, Escherich observed the ubiquity of what we now designate
as Escherichia cali in human stools. Shardinger, in 1892, sug-
gested that members of this species be used as an index of fecal
pollution because they could be recovered more easily than Sal-
monella species  Kator and Rhodes 1991, Banwart 1989!. Patho-
genic strains fall into four categories; enterotoxigenic, eutero-
pathogcnic, cnteroinvasive and hemorrhagic  Medallion 1987,
Mehlman 1982, Frank 1988!. The first three are usually associated
with human fecal contamination, whereas, hetnorrhagic suains are
most often associated with farin aniinals.

Assoctatloo with Shellfish

Much of the research on isotaiion and incidence of pathogenic
E, t oli in shellfish has been done in Japan. Sato �971! was per-
haps the first person to report on the isolation of enteropathogenic
E. coli from oysters. From July 1969 to February 1971, this author
exainined 160 commercial samples of foods including 66 ground
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pork samples, 34 chicken samples and 60 oyster samples. Nine-
teen of the 60 oyster samples were positive for enteropathogenic
E. cali. The author lists the serotypes of tbe strains isolated; how-
ever, only  he abstract was in English and this reviewer could not
determine which serotypes were specifically associated with the
oyster isolates. Other work published in Japan include an article by
Kokubo �978! that describes a study where 4G5 oyster samples
were examined for the presence of E. cali and a portion of the
isolates were tested for pathogenic strains of E. coli. Only four
pathogenic strains were isolated. One strain produced only heat
labile enterotoxin, while the other three strains produced only heat
stable enterotoxin. Ogawa et al. �980! studied the incidence of
enteropathogenic E. cali in sea water, oysters, river water, and
sediment samples over a 10 year period. In this extensive study
enteropathogenic E. cali was isolated from 14.4% of the sea water
samples, 14% of the oyster samples, 15,3% of the river water
samples and 3,7% of the sediment sainples, The relationship be-
tween E. coh' levels and enteropathogenic E. coli levels was ex-
cellent. As the numbers of E. cali increased, the frequency of
isolation of the pathogenic strains increased, Perez Martinez et al,
�981! investigated the incidence of enteropathogenic E. coli in
raw oysters obtained frotn supermarkets in Mexico using inocula-
tion of suckling mice to evaluate for toxin, Only 3.7% of the
isolates produced heat-stable toxin, Stephen et al, �975! reported
the isolation of both enteropathogenic and enterotoxigenic E. cali
from mussels in India.

There are currently no data to indicate that any seafood, in-
cluding shellfish, is an important source for diarrheagenic E. coli
infections in this country. Neither the CDC annual summaries
 from 1973 through l987! or the NETSU data base  Rippey 1991!
report any shellfish home illness associated with pathogenic E,
coli.

NATURALLY OCCURRING BACTERIA

Vibrionacae

The members of the fatnily vibrionacae of concern include V.
cholerae Ol and non 01, V. parahaemolyricus, V. vulnificus, V.
rnirnicus, V. hollisae, V. fluvalis, Pieisomonas shigelloides, and
Aerornonas, A brief description of these organisms is presented
below. For the most part, these organisms are associated with the
rnarme environment, show a definite seasonal variation, and are
easily killed during heating,

V. cholerae is usually divided into two groups, serotype 01 and
non-01 V. cholerae, Those groups can be further subdivided as
toxigenic and non-toxigemc. Toxigenic strains are capable of pro-
ducing cholera toxin or a very similar toxin.

Toxigenic V. cholerae 01 is the causative agent of endemic or
asiatic cholera. The Gl serotype contains two biotypes; classical
and El tor, both of which may contain toxigenic and non-toxigenic
strains. The biotypes are differentiated by sensitivity to polyinyxin
B and Murkee's group four phage and by the ability to agglutinate
chicken red blood cells  Sakazaki 1979!, The classical biotype
predominated worldwide until the 1960's. The El tor biotype is
currently predominant world wide and is the biotype associated
with recent cases in the U.S. and South America  Blake et al.
1980, Levine 1981, Morris and Black l985, CDC 1986!.

Syinptoins of V. cholerae 01 infection can range from asymp-
tomatic or mild diarrhea to severe cases  cholera gravis!, ln severe
cases, V. cholerae 01 can cause profuse watery diarrhea, dehy-
dration and death if not promptly treated. The incubation period

varies from 6 hours to five days. Initially, the stool is brown with
fecal material but it quickly assumes the classic "rice water"
appearance. Enormous amounts of fluids are passed effortlessly,
resulting in dehydration and circulatory collapse, The stool is rich
in potassium and bicarbonate, Renal function is suppressed and the
patient suffers from severe thirst, leg cramps, hoarse speech,
weakness and rapid pulse  Morris and Black 1985, Blake et al,
1980. Sakazaki 1979!. Fortunately, cholera gravis is relatively
uncoinmon. Cholera gravis results in only I in 25 � 100 infections
from the El tor biotype and in 1 in 5 � 10 infections by the classical
biotype, People with type 0 blood are more susceptible to the
severe disease  Sakazaki 1979!.

The infective dose for V, cholerae is estimated to be approxi-
mately one billion cells; however, consumption of antacids or
medication to lower gastric acidity markedly lowers the infective
dose  Blake 1987!. V. cholerae 01 induces illness by elaborating
cholera toxin which stimulates the production of cyclic AMP
 Holingien 1981!, Therefore, only toxigenic strains can cause
cholera. Non-toxigenic strains of V. cholerae can cause diarrhea
but not cholera and have also been irnplicatecl in wound infections.

Cholera in the United States is relatively rare. The U.S. has
hen spared any identified cholera outbreak from 19l I until 1973,
then a single unexplained case occurred in Texas. A second chol-
era outbreak occurred during August, September and October of
1978 when I 1 people were infected with V, cholerae 01 El Tor
from recontaminated cooked crabs  Blake et al, 1980!. In 1981,
there were two cases of cholera involving residents of the Texas
Gulf Coast and 17 additional cases on an oil rig in the Gulf  Morris
and Blake 1985!. Thirteen cases of domestically acquired cholera
occurred in 1986; 12 in Louisiana and one in Florida  CDC 1986!.
Inadequate cooking or improper handling of crustaceans seems to
have been the vehicle in this outbreak, Ten of the patients had
severe diarrhea and 7 required hospitalization. The V, cholerae 01
was of the El Tor biotype. Of course, an epidemic of cholera is
currently under way in certain South American countries. Poor
sanitation and consumption of raw fecally contaminated seafood is
responsible for tnany of the cases, It is not believed that this
outbreak is a threat to the U.S. because of better sanitation and

sewage disposal.
V. cholerae 01 is widely distributed and is probably part of the

indigenous bacterial flora in estuarine waters  APHA 1985, Col-
well 1984!. There is evidence of seasonal variation and most cases
of domestically acquired cholera have occurred during the late
sununer and fall; with August being the priinary month for infec-
tion  Madden et al, 1982!.

Wan 0l V. chalerae

At least 70 other groups of V. cholerae are known to exist.
They are referred collectively as non-01 V. choierae or non-
agglutinable  NAG! V. cholerae, The majority of the strains iso-
lated from seafood and patients are non-toxigenic strains; less than
5% of the non-01 strains from human sources in the United States
produce cholera toxin. The non-toxigenic strains are principally
associated with gastrointestinal illness; but in the U.S. about '/i of
the human isolates are from extra-intestinal sources, including
wound infection, ear infection and primary and secondary septi-
cemia  Morris and Black 1985!. Associated symptoms of gastro-
enteritis have included diarrhea �00% of cases; 25% have bloody
stools!, abdominal cramps  93%! and fever �1%!, Nausea and
vomiting occurs in 21% of the victims. The diarrhea may occa-
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sionally be severe; with as many as 20-30 watery stools per day
 Morris and Black 1985!. Almost all of the cases of non-01 V.
cholerae infections in the U.S. have been associated with eating
raw oysters.

Considering the relative frequency of isolates from seafood, the
incidence of illness is very low. There is evidence that victims
often have an underlying liver disease, which might be a host
factor for the disease. Also, in most cases the disease may not be
severe enough to warrant medical attention and therefore, the in-
cidence inay be unreported. However, it can be observed from
Table 1 that non 01 V. cholerae accounted for a large percentage
of the cases associated with the naturally occurring vibrios.

Non-01 V, cholerae strains are widely distributed in the envi-
ronment of the United States, Asia and Europe, They occur most
frequently in bays and estuaries with salinity in the area of 0.4-
1.7%  Colwell and Kaper 1978!; bur have also been found in rivers
and brackish inland lakes of salinity levels as low as 0.01%. Their
presence in oysters and water samples does show a seasonal vari-
ation with the highest numbers being isolated June-August  Mad-
den et al, 1982!. Non-01 V. cholerae are free living organisms and
are part of the autochatonous flora,

Vibrio parahaetuolyticus

V, parahaemolyticus was first associated with food poisoning
in 1950 in Osaka, Japan  Fujino e  al. 1974!, Since its discovery,
V. parahaerttolyticus is implicated in greater than 1,000 outbreaks
per year in Japan and accounts for 45 � 70% of that country's bac-
terial food poisonings. Food poisoning in Japan is usually related
to the consumption of raw seafood during the warm months. Typ-
ical symptoms include diarrhea  soinetimes bloody!, abdominal
cramps, nausea, vomiting, headaches, fever and chills  Fujino et
al. 1974!. The infective dose for humans is between 10' and 10'
viable cells; however, a decrease in stomach acidity may decrease
infective dose. The time for onset of symptoms is usually 9-25
bours and the duration of the illness is usually 2.5 � 3 days. No
deaths have been reported in the United States, but a death rate of
0.04% is reported for Japan, ln Japan, raw seafood is the usual
vehicle for the organism, bu  in the U.S. inost of the foods im-
plicated in V. parahaemolyticus outbreaks are cooked seafoods
that have been recontarninated; although raw oysters and raw crabs
have been implicated in some outbreaks  Barker 1974, Blake
1980, Spite et al. 1978!. CDC data indicates that it is the agent
most responsible for illness associated with molluscan shellfish,
The NETSU data base indicates that it ranks sixth as a leading
cause of illness. In any case, it is a significant cause of illness in
shellfish.

V. parahaetttolyticus is widely distributed in nature and has
been isolated from coastal waters worldwide. Its presence has been
documented in virtually all the marine coastal environs of the
Uiuted States from the coast of Maine, south to the Gulf of Mex-
ico, all along the west coast and from the coastal waters of Hawaii
 Fujino 1974, Blake 1980!, It is not considered to be a rnicroor-
ganisrn of the open sea because of its sensitivity to cool temper-
atures and high hydrostatic pressure  Kaneko and Colwell 197&,
Colwell 1984, Schwarz and Colwell 1974!. Its presence in estu-
arine environments and in the seafood harvested from these envi-
ronments usually shows a seasonal variation, being present in the
highest numbers during the summer months  Kenako and Colwetl
1978, Hackney et al. 1980!. Thompson and Vanderzant �976! did
not observe a positive correlation between numbers and season in

the waters of tbe Gulf of Mexico off the Texas coast. However,
Paille et al. �987! observed seasonal variation in numbers of V.
parahaemolyticus in oysters and waters of Louisiana.

While V, parahaettto/yticus is a common contaminant of sea-
food, often present in high numbers, almost none of the isolates
from seafood are capable of causing gastroenteritis in man  Fujino
et al. 1974, Blake 1980, Hackney 1981!. The test most widely
used to differentiate between virulent and avirulent strains is the
Kanagawa reaction, which tests a strain's ability to produce a heat
stable hemolysin in an agar medium containing 7% NaC1, man-
nitol and fresh human or rabbit red blood cells. The heat stable
hemolysin is the main virulence determinant for V. parahaettrolyti-
cus. Isolates from the marine environment and seafood are pre-
dominantly Kanagawa negative, Thompson and Vanderzant
�976! reported only 0.1&% of the isolates from water, shellfish
and sediments of the Gulf of Mexico were Kanagawa positive. In
Japan 99% of the sea and fish isolates are Kanagawa negative
 Sakazaki 1979!, Food poisoning victims usually only excrete
Kanagawa positive isolates. Studies have demonstrated that iso-
lates do not change in the intestines and that Kanagawa positive
types are probably part of marine V. parahaemolyticus popula-
tions, but present in low numbers.

Vibrio ruluificus

V. vulnificus has been called tbe new "terror of the deep" and
is one of the most invasive species ever described  Oliver 1985!.
It has been identified as a balopbilic "lactose-positive" marine
vibrio. Foodborne infection may result after consuming contarni-
nated, raw or undercooked seafood, particularly oysters and
clams, with illness usually starting 16 � 48 hours after ingestion.
The organism penetrates the intestinal tract and produces a primary
septicemia. The illness usually begins with malaise, followed by
chills, fever, and prostration. Vomiting and diarrhea are uncom-
mon, but soinetimes occur shortly after chills and fever. Hypoten-
sion  systolic blood pressure ~&0 mrnHg! is present in approxi-
mately 33% of the cases  Blake et al. 1979!. The fulminating
infection progresses rapidly and may cause death in 40-60% of the
patients  Oliver 1985!. Primary septicemia by V. vulnijicus is
NOT OBSERVED in norinal healthy people and is ONLY asso-
ciated with certain risk factors including: liver disease, gastric
disease, malignancy, bemochromatosis and chronic renal insuffi-
ciency  Oliver 1985, Blake et al, 1979!. Healthy individuals can
develop a gastroenteritis from this bacterium, The most common
vehicle for the organism is raw oysters,

V. vulnificus is wide spread in the environment and has been
isolated from estuarine waters of most coastal states, Infection via
the intestinal tract is most often associated with the consumption of
raw oysters, but it is sometimes difficult to isolate from the rnol-
lusks. Oliver �9&1! demonstrated that antimicrobial factors in
oysters could be lethal to V. vulnificus when the oysters were
homogenized for analysis, Kelly and Dinuzzo �9&5! dernon-
strated that the presence of V. vultrificus in oysters was probably
due to filtration of the bacterium from sea water rather than active

multiplication in oysters,
The presence of V. vulnificus in water and shellfish is seasonal

being most prevalent when the water temperature is high  ! 20'C!.
Low salinity �.5 � 1.6%! also favors the presence of V. vulttificus
in seawater  Kelly 1982!. Some strains of V. vulnificus show
bioluminescence and these strains may also be pathogenic  Oliver
1986!. Environmental isolates are phenotypically indistinguish-
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able from clinica1 isolates and produce virulence factors identical
to clinical isolates  Tison and Kelly 1986!.

It is interesting that V. vulnigicus is not listed in the CDC data
base. This is because this data base only lists outbreaks and no 
individual cases. Since this organism only affects comprised in-
dividuals no outbreaks have been reported, just individual cases,
This organism is causing concern. For example, in louisiana,
warning labels are now required on sacks of oysters, Also, in
California, oyster from the Gulf coast must have a warning label,
The warning suggests that individuals who have a compromised
immune system or have other risk factors described above, should
not eat raw oysters.

V. rsrirrsicus

V, rrrimicus is biochemically similar to V. cholerae, with the
exception that the strains are sucrose negative. In earlier publica-
tions, they were listed as V. cholerae of the Hieberg group 5;
however, DNA homology studies demonstrated that may of the
sucrose negative strains were a separate species and in 1981 the
name mimicus was proposed because of their similarity to V. cho-
lerae  Shandera e  al, 1983. Cotwell 1984!. Both toxigenic and
non-toxigenic strains have been isolated, however, the food poi-
soning cases have been mostly from the non-toxigenic strains,
Symptoms of the illness have included diarrhea in most cases, but
approximately 67% of the cases had nausea, vomiting and abdom-
inal cramps. Diarrhea may be bloody and will last l to 6 days,

Raw oysters and boiled crawfish  crayfish! have been impli-
cated as vehicles for the organism. V. mimicus is widely distrib-
uted in nature and can be found in fresh as well as brackish waters.
It does show seasonal variation, being present in highest numbers
in the warmer months  Bockemuhl et al. 1986, Colwell 1984!.

V, hollisae

V. hollisae  formerly EF 13! has been implicated in approxi-
rnately 36 cases of food poisoning. Symptoms have included di-
arrhea and in approximately half the cases vomiting and fever,
Seafood was implicated as the vehicle for V. hollisae, including
raw oysters, clams and shrimp  Morris et al. 1982!.

The ecology of V. hollisae is not well understood because it
grows poorly or fails [o grow in TCBS, the medium most used in
isolation of members of the genus Vibrio,

V. furrsissi and Vibrio fluvushs

V. furnissi was previously classified as biovar II of V. fluvialis,
V. furrussi has been implicated in food borne illness  Brenner et al.
1983!. It produces gas from glucose, which is an unusual charac-
teristic among Vibrio species, Symptoms of illness include diar-
rhea, abdominal cramps, and sometimes nausea and voiniting,
Most of the cases listed by NETSU are probably V. furnissi.

Pleisosuosrns shigelloides

P. shigelloides  formerly Aerorrronas shigelloides! has been
implicated in human gastroenteritis for 40 years  Miller and
Koberger 1985!. P. shigelloides is widespread in nature, being
mostly associated with fresh surface water, but may also be found
in seawater. It shows a seasonal variation in its isolation similar to
that of marine vibrios; being more often isolated during the
warmer months  Miller and Koburger 1985!.

Foods implicated as vehicles for P, shigelloides include cuttle

fish salad, salt mackerel, raw oysters and undercooked oysters. In
the U.S, raw oysters are probably the most implicated food.

According to the NETSU data base, P. shigelloides has only
been implicated in 18 cases during the 15 year period from 1973�
1987. This accounted for less than 0.5% of the cases of illness
associated with molluscan shellfish.

Miller and Koburger �985! reviewed infections by P.
shigelloides and reported by the percent of people experiencing
symptoms which included diarrhea  94%!, abdominal pain �4%!,
nausea �4%!, chills �9%!, fever �7%!, headache �4%!, and
vomiung �3%!, The onset of symptoms usually occurred 24 � 50
hours after ingestion of the food. The illness was self limiting and
usually lasted 24 � 48 hours.

Most strains of P. shigeBoides have a minimum growth tem-
perature of 8'C, but at least one strain has been reported to grow
at O'C. They seem to survive well in shetlstock oysters held at
refrigeration temperatures. The organism is sensitive to pH of �
and salt concentrate of 
%  Miller and Koburger 1986!. In ad-
dition, being a member of the family Vibrioneae, it should be
killed by relatively mild cooking temperatures.

A crasis orras

Aerornonas hydrophilia is listed as a cause of diarrheal illness
by the NETSU data base. However, there is some question as to
whether it is truly a pathogen.

Other agents that have caused illness from consuming rnollus-
can shellfish that are of natural origin include Closrridium perfrin-
gens and Bacillus cereus. There is soine question as to whether
these organisms caused illness from consuming raw shellfish or
were contaminants of cooked products that were temperature
abused. The data bases do not make this clear. B. cereus was most
likely associated with cooked products or products that were stored
for a Iong period of tiine. On the other hand, it is probable that C.
perfringerrs was in some outbreaks associated with raw products.

Cfosrridiuru perPirsgerss

Clostridium perfringerrs has been associated with human dis-
ease, mostly gas gangrene, for over 90 years. However, it was not
until the 1940's that it was first associated with food poisoning. C.
perfringerrs food poisoning is associated with proteinaceous food
products. The bacterium has exacting growth requirements, re-
quiring thirteen amino acids and six vitamins. Foods of animal
origin are more likely to provide these needed growth require-
ments. Meat and poultry products account for most of the reported
illness with seafood products only accounting for approximately
2% of the reported outbreaks  Banwait 1989!,

Most of the outbreaks of C. perfrirrgerrs food poisoning have
been associated with food service establishments. Cooking of
foods contaminated with C. perfrirrgerrs will kill vegetative cells of
the organism, but the spores will survive. Cooking tends to lower
the oxidation/reduction potential of foods and heat shocks the
spores into activation, creating ideal conditions for growth of the
organisms, Time-temperature abuse of the cooked food allows the
organism to grow to high numbers. C. perfringerss grows very
quickly, with a generation time of as low as 8.5 minutes reported
in some foods  Witlardsen et al. 1979!, Growth can occur at tem-
peratures as high as 50 � 52.3'C  Shoemaker and Pierson 1976!.
Thus, if warming trays in food service establishments are not kept
at proper temperatures, growth can occur, Time-temperature abuse
of cooked products is usually a critical factor in most food poi-
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sonings of C. perfringens origin. The nuinber of organisms nor-
mally found in foods is usually low compared to the high number
required to induce illness. The critical number needed to induce
illness has been estimated at between 10' � 5 x 10"  Labbe, 1988
and Hatheway et al. 1980!.

The source of the C. perfringens can be from soil, dust, water,
spices, or the food itself, Type A is the strain inostly associated
with food poisoning. It is considered to be past of the microflora
of soil, Virtually all soils examined have contained type A C.
perPingens at levels between log 3 � 4 per gram  Labbe, 1989!.
Also, it is associated with the intestinal contents of most animals
being present at levels of log 3 � 5. This level is usually observed in
infants after 6 months of age  Labbe 1988!. This bacteriuin has
also been isolated from the intestinal contents and surface of fish
but at considerably lower levels. In addition, it is often isolated at
low levels from sheflfish and has been suggested as an indicator of
fecal pollution.

The presence of C. perPingens in shellfish has been docu-
mented worldwide, Burow �974! reported that 56% of mussel
samples were positive for the organism, Inal et al. �974! also
reported the isolation of C. perPingens from mussels in Turkey.
Ayres �975! reported the organisms isolation from a number of
shellfish including the European flat oyster, mussels, and hard
clams. Fruin �978! reported that most of the C. perfringens iso-
lated from foods including clams were type A. Saito �990! re-
ported high incidence of C, perfringens in oysters in Japan. Fur-
thermore 12% of the isolates from oysters were positive for en-
terotoxin production. This compared to six percent of the isolates
from food handlers, 2% of isolates from dogs, and 10% of water
isolates being positive for enterotoxin production,

Tia Son and Fleet �980! observed that oysters  Crassostrea
corninercialis! were commonly contaminated with low levels of C.
perjingens and Bacillus cereus, These organisms could be re-
moved by depuration or relaying to clean water, Their depuration
rates were similar to that of enteric bacteria such as Escherichia
coli. They further observe that in artificially contaminated oysters
that C. perfringens rapidly died off during storage, whereas counts
of B. cereus remained stable to refrigeration.

Examination of CDC  Chapter 8 of this report! data shows that
C. perPingens accounted for 5.4% of the outbreaks and 16.6% of
the cases of illness associated with fish over the 15 year period
from 1973 � 1987. Additionally, it was responsible for 4.3% and
3.1% of the outbreaks and cases associated with shellfish respec-
tively during the same period. Since the illness associated with C.
perjingens is usually mild, the number of cases are probably
much higher.

The NETSU data base did not report any cases of shellfish born
illness since 1894, Since the CDC data base includes crustaceans
in its classification of shellfish, it is possible that the shellfish
borne illness caused by C. perfringerrs reported by CDC may not
have involved molluscan shellfish.

Analysis of the incidence of seafood borne illness caused by C.
perfringens, indicates that C. perfri ngens is of little importance as
a seafood home pathogen. The number of outbreaks are low and
most likely due to contamination and temperature abuse. It may be
of greater importance as an indicator of pollution than as a patho-
gen. Madden et al. recommends that C. perjingens be the indi-
cator of choice for depuration systems, These workers noted that
C, perfringens was far inore likely to be present in polluted shell-
fish than Escherichia cali because the spores survive well in the
cnvironinent. Yet, they are depurated from shellfish at similar
rates, By using C. perfringens as an indicator of depuration the

public could be assured that the shellfish were indeed depurated.
In addition, enumeration of the organism is easier.

The symptoms of C. perfringens food poisoning include severe
abdominal cramps and a pronounced diarrhea, Nausea and vom-
iting are rare and headache and fever are usually absent. The
on-set of symptoins is usually 8 � 12 hours after ingestion of the
food and the illness usually does not persist for inore than 24
hours, The illness is caused by sporulation of' the vegetative cells
in the intestine accompanied by production of an intracellular en-
terotoxin. The enterotoxin can be produced in food during sporu-
lation but it has not been proven that illness has resulted from
preformed toxin in foods  Labbc and Harinon, 1992!.

Bacillus cereus

Bacillus cereus is a Gram-positive, facultatively aerobic spore-
forming rod. The cells are large and the spores do not swell the
sporangiuin. These and other characteristics including biochemical
features are used to differentiate and confirm the presence B,
cereus although these characteristics are shared with B. cereus var.
mycoides, B, thuringiensis and B. anthracis. Differentiation of
these organisms depends upon deterinination of motility  most B.
cereus are motile!, presence of toxin crystals  B. thuringiensis!,
hemolytic activity  B. cereus and others are beta hernolytic while
B, anthracis is usually non-hemolytic! and rhizoid growth which is
characteristic of B. cereus var. mycoides  Harinon et al. 1992!.

Bacillus cereus food poisoning is the general description al-
though, two types of illness are recognized which are caused by
two distinct metabolites. The diarrheal type of illness is caused by
a large molecular weight heat labile protein while the vomiting
 emetic! type of illness is believed to be caused by a low inolecular
weight, heat-stable peptide.

The symptoins of B. cereus diarrheal type food poisoning
mimic those of Clostridium perfringens food poisoning. The onset
of watery diarrhea, abdominal cramps and pain occurs 6-15 h
following consuinpiion of contaminated food. Nausea inay accom-
pany diarrhea, but vomiting  emesis! rarely occurs. Symptoms
persist for 24 h in most ins ances. The emetic type of food poi-
soning is characterized by nausea and vomiting within 0.5 to 6 h
after consumption of contaminated foods. Occasionally, abdoini-
nal crainps and/or diarrhea may also occur. Duration of symptoms
is generally less than 24 h. The symptoms of this type of food
poisoning parallel those caused by Staphylococcus aureus food-
borne intoxication.

The type inost likely associated with shellfish is the diarrheal
type, The emetic type has almost exclusively been associated with
rice and starchy products. The presence of large numbers of B.
cereus  greater than 10 organismsig! in a food is indicative of
active growth and proliferation of the organism and is consistent
with a potential hazard to health. These high numbers could be
reached during prolong storage out of water, or during transport to
other states.

THE EFFECT OF HARVESTING, TRANSPORTATION AND

STORAGE ON THE NUMBERS OF MICROORGANISMS

IN SHELLFISH

This section will only bc concerned with bacteria since enteric
viruses do not inultiply in shellfish,

Only a fcw studies have addressed the fate of pathogens and
indicators during transportation and storage. In our laboratories we
have examined the fate of indicators during transportation from
Louisiana to Florida and Virginia. Non E. cali fecal coliforrns
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Genetic Aspects of Introduction
and Transfer of Molluscs

Patrick M. Gaffney and Standish K. Allen, Jr.

ABSTRACT Attempts to predict the biological impact of an introduction have tradi ionally focused on tbe ecological dynamics of
competition and predation, or the concoini ant introduction of parasites or disease organisms, We focus here on a subject that has
received less attention; the genetic effects of introductions on native populations. These may be broadly defined as direct or indirect
changes in the genetic composition of an endemic population attiibu able to the arrival and establishment of a non-native population.
Direct effects occur when the gene pool of the aa ive population is open to the introgression of genes from the introduced population.
Indirect effects occur when hybridizaoon between the native and introduced papula ions is not possible, but alterations in gene
frequencies result from ecological interactions with the introduced organism.

A transfer is defined here as the movement of individuals of a given species to another area within the cu rent geographic range
of that species. An introduction is defined as the importation of individuals of a given species into an area where it is not endemic.
The nature aad extent of genetic effec s are determined primarily by the degree of reproductive isolation between the iniroduced and
resident populations, the nature of the isolating mechanisms  pre- vs. postzygoticl, and the relative sizes of the two populations.

We consider the introduction of the Pacific oyster Crassasrrea gigas io mid-A lan ic waters and conclude that the genetic impacts
of such an introduction are likely to be indirect only, The magnitude of such impacts will depend on ecological factors affecting the
success of the introduction and cannot be accurately predicted at present.

RBY WORDS: introductions, hybridiza ion, oyster, Crassosrrea

TRANSFERS

Attempts to predict the biological impact of an introduction
have traditionally focused on the ecological dynamics of compe-
tition and predation, or the concomitant introduction of parasites
or disease organisms. We focus here on a subject that has received
less attention, the genetic effects of introductions and transfers on
native populations, These may be broadly defined as direct or
indirect changes in the genetic composition of an endemic popu-
lation attributable to the arrival and establishment of a non-native
population. Direct effects occur when the gene pool of the native
population is open to the introgression of genes from the intro-
duced population. Indirect effects occur when hybridization be-
tween the native and introduced populations is not possible; alter-
ations in gene frequencies result from ecological in eractions with
the introduced organism.

Three considerations are important for assessing the genetic
i npacts of introductions and transfers: time scale, the ameliorating
role of natural selection, and the  neaning of fitness. Imrnediatc
genetic effects � those evident in the first fcw generations follow-
ing an introduction � may differ substantially from long-term ef-
fects. This is because natural selection continually acts to rcmove
less adapted genotypes from a population. For example, the inter-
breeding of an introduced population with natives may at first lead
to the production of poorly adapted hybrid progeny, thus lowering
mean population fitness. Over time, however, natural selection
will act to improve the mean fitness of the population, either by
eliminating the alleles responsible for hybrid inferiority, or by
favoring the developinent of reproductive isolation between  he
native and introduced populations. Finally, attributes that enhance
biological fitness, the ability of an individual to survive and trans-
mit its genes to the next generation, may not be desirable attributes
from a human perspective. For example, genetic changes resulting
in earlier reproduction or smaller adult size may increase fitness,
to the chagrin of the human consumer.

In order to estimate the genetic effects of a particular introduc-
tion, we must consider two factors: Il the strength of the barrier,
if any, to gene flow between the native and introduced popula-
tions, and 2l the degree of genetic differentiation between them
 Figure I!. We will consider three cases along this spectrum.

At one end of the spectrum are "transfers," which we define
as admixtures of native and introduced populations belonging  o
the same biological species. Although the two populations may
differ to some extent genetically, they readily interbreed. The
genetic consequences of interbreeding will depend on the degree to
which the introduced population differs frotn the native popula-
tion,

lf the species is characterized by the existence of locally
adapted stocks or populations, the immediate result of introgres-
sion will be the disruption of coadapted gene complexes and a
consequent reduction of fitness in the descendants of hybrid mat-
ings, Only when the number of animals introduced is large relative
to the native population will this transient effect be noticeable.
Following the transfer, natural selection will act to restore mean
population fitness and form new coadapted gene coinplexes. After
the winnowing action of natural selection, the native population
 nay even reach a higher "adaptive peak" as favorable new genes
contributed by the introduced population increase in frequency.

When the endemic population is small and locally adapted, as
may coinmonly occur in terres rial or island populations of organ-
isms with restricted dispersal capacities, transfers may destroy the
unique phenotype of the local population, even if overall popula-
tion fitness is not compromised. The homogenizing effect of in-
discriininate transfers is popularly labelled "genetic pollution,"
and results in the loss of interpopulation diversity and distinct local
phenotypes, This concept is most appropriately applied to rare or
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Genetic Distance

largesmaIl

genetic exchange possible

Figure 1. The continuum of genetic dHference between popuia ions in
relation to reproductive isolation. Transfers involve I'reely interbreed-
ing conspecific populations; introductions involve distinct species be-
tween which varying amounts of gene flow are possible,

endangered terrestrial vertebrates restricted to small isolated pop-
ulations; it is not particularly apropos in the case of shellflish pop-
ulations, which are typically very large and characterized by ex-
tensive gene flow between geographic regions.

In cases where the native population does not represent the
pinnacle of adaptedness � for example, where rapid environmental
change has outstripped the capacity of the population to respond
genetically � the introgrcssion of new genes may result in imrne-
diate benefits. Similarly, when the population possesses commer-
cially undesirable characteristics, the influx of genes conferring a
more desirable pheno ype may be beneficial from the human per-
spective. Moav et al. �978! demonstrated how the introduction of
selected populations may bc used for the genetic improvement of
commercially exploited wild fish populations.

Perhaps the most important factor affecting the irnrnediate ge-
netic impact of a transfer is the size of the introduced population
relative to the native population. In most cases, involving com-
mercial shellfish, the transferred population is infinitesiinal com-
pared to the resident population, with the result that any immediate
genetic impact, negative or positive, will be difficult to detect.
However, if the transfer introduces beneficial genes to the native
population, these will increase in frequency over time and a long-
term positive effect may result froin even a small transfer.

Transfers have been a regular practice in conunercial shellfish
populations for over a century  e.g., Ingersoll 1881, cited in Ha-
ven et al, l978!; indeed, Elton �958! considered oyster culture to
be "the greatest agency of all that spreads marine animals to new
quarters of the world." Unfortunately, no clear evidence. on the
genetic impact of such transfers is available. Interpopulation cross-
ing of C, virginica produced negligible or positive effects on larval
survival  Newkirk 1978! or reduced larval survival  Mallet and
Haley 1984!. Juvenile growth  Mallet and Haley 1983! and sur-
vival  Mallet and Haley 1984! were higher in the progeny of
interpopulation crosses than in the progeny of intrapopulation
crosses. These limited results suggest that both iinmediate and
long-term genetic effects of transfers wifl range from negligible to
positive. However, as these authors noted, environinent typically
plays a larger role than genetics in overall performance, and ge-
notype-environment interactions are common. The effect of a par-
ticular transfer is thus difficult to predict accurately without de-
tailed information on the resident and introduced populations and
their performance at the site of introduction,

INTRODUCTIONS: DIRECT GENETIC EFFECTS

An introduction is defined here as the importation of a species
into an area where it is not endemic, The genetic effects of an
introduction on an endemic species will be determined largely by
the permeability of the barriers to interspecific hybridization, Al-
though the classical biological species concept of Mayr �963!

defines species on thc basis of reproductive isolation, there are
many cases where good biological species produce hybrids, even
under natural conditions. Contemporary species concepts  re-
viewed by Templeton 1989!  nore readily accommodate situations
where reproduc ive isolation is less than absolute yet species nev-
ertheless behave as distinct, cohesive evolutionary lineages.

When interspecific hybridization is possible, we must ask
whether it is probable. This requires a careful consideration of the
biology of the native and in roduccd species, and the nature of the
mechanisms that effect reproductive isolation. Reproductive iso-
la ing rncchanisms  RIMs! are conveniently categorized as pre-
and postzygotic, Exainples of the prczygotic RIMs range from
behavioral differences that prevent interspecific mating  e.g., time
of spawning! to gametic incompatibility. Postzygotic reproductive
isolation occurs when hybrids are fortned, but are less viable or
sterile,

If the primary barrier to hybridiza ion is prezygotic, direct ge-
netic effects will occur when occasional breaches result in gene
flow between the two species. The iinmedia e results  nay range
from detrimental to beneficial, while long-term effects � from the
perspective of the organism, not the human consuiner �  nay range
from negligible to positive. As discussed above, the size of the
introduced population and the extent of gene flow play key roles in
deterinining the magnitude of short- and long-term genetic iin-
pacts.

If on the other hand the primary barrier to hybridization is
postzygotic, then the mere presence of one species may impose a
burden on the other, This occurs when the two species readily
cross-fertilize, but the progeny show reduced viability or sterility,
effectively resulting in gametic wastage. The possibility of wasted
gametes becomes iinpor ant when the introduction is massive, or if
the introduced species is able  o become established and attain
high density. In this case, both species will lose gametes to the
for nation of interspecific hybrids. If the two species occupy the
same niche and have no prezygotic RIMs, then the loss of gaine es
becomes critical, and one species may drive the other to extinc-
tion. This situation is analogous to the use of sterility induced by
chromosomal rearrangemen s in insect population control  Foster
et al, 1972!, Which species wins the competition will depend on
the population sizes and reproductive outputs of the two species.
In practice, it is unlikely that two distinct species will occupy
precisely the same niche; this, coupled with the widespread larval
dispersal typical of shellfish, would likely lead to the stable co-
existence of the two species in some areas, with other habitats
supporting one or the other species only.

When interspecific hybridization does occur, the evolutionary
dynainics of the hybrid and parental populations can be complex
 e.g., references in Levin 1979!. The fate of an introgressed gene
depends not only on its fitness on the new genetic background, but
also on the fitness of alleles at linked loci, and the rate of recom-
bination between it and linked loci  Barton and Bengtsson 1986!,
Consequently, it is very difficult to predict the nature and extent of
genetic changes in a recipient population due to the introgression
of hetero specific genes,

INTRODUCTIONS. 'INDIRECT GENETIC EFFECTS

In the event the barrier to hybridization cannot be breached, the
only genetic effects the introduced species may exert on the native
species will be indirect, and will depend on the nature of interac-
tions between the two species. Two different scenarios may be
outlined: 1! The alien has only marginal success in becoming
established. Its genetic effect on the native species is negligible. 2!



GENETIC ASPECTS OF INTRODUCTION 61

ACKNOWLEDGMENTS

LITERATURE CITED

The alien becomes well-established, occupying a niche that over-
laps partially with the native species. Ecological interaction in
areas of sympatry will drive genetic changes in both species. The
effects of such changes on the two gene pools will depend on the
relative abundance and reproductive output of sympatric vs. allo-
patric populations, and on the amount of gene flow among popu-
lations of each species.

A Concrete Example: Crassostrea vlrglnlea and Crassastrea glgas

The continued decline of the American oyster  C. virginica!
fishery in the mid-Atlantic region has raised the prospect of intro-
ducing the Pacific oyster  C. gigas! to areas which no longer
support commercial harvests of the foriner  Mann 1979, Virginia
Sea Grant 1990!. At the same time, this notion is strongly opposed
by those who fear dire biological impacts, in the form of intro-
duced parasites or disease organisms, coinpetitive exclusion or
even "genetic pollution" of the American oyster. We leave the
question of parasites, diseases and ecological impacts to others in
this symposium, and address here the potential genetic effects of
the introduction of C. gigas to the mid-Atlantic region.

The first issue to be resolved is whether any direct genetic
effects are likely, i.c., what RIMs exist between the two species?
Both eggs and sperm from onc species are effective at stiinulating
spawning by the other species in the laboratory  Galtsoff and
Smith 1932!. Cross-fertilization also appears to occur readily in
both directions  reviews in Menzel 1987, Gaffney and Allen in
prep,!. We have found no published data on the interspecific com-
petitive abilities of sperm, but preliminary evidence indicates that
the schedule of ineiotic events is not altered in either species by
heterospecific fertilization  Bernat and Gaffney unpubl., Scarpa,
Allen and Gaffney unpubl.!. Overall, it appears that prezygotic
RIMs between the two species are very weak.

The question of postzygotic RIMs between the two species is
problematic. The literature  see Menzel 1987 for review! is inad-
equate to settle this question, because hybridization experiments
have rarely been followed by genetic verification  Gaffney and
Allen 1991!. Recent experimental data confirin the view that hy-
brids do not survive  o metamorphosis  Allen and Gaffney 1991!.
Therefore it seems likely that introduced C, gigas would be capa-
ble of cross-fertilizing native oysters, and that the hybrids so
formed would represent wasted gametes. In places where native
oysters vastly outnumbered the introduced species, the loss of
gametes would seriously hinder the spread of the latter. Any C.
gigas zygotes formed during a mass spawning of the two species
would probably be spread so thin after larval dispersal that they
would be incapable of propagating a second generation by ho-
rnospecific mating. In areas devoid of indigenous oysters, on the
other hand, if ecological conditions were favorable and minimum
critical densities were attained, an introduced species such as C.
gigas might stand a good change of becoming established. Such
areas cooM act as reservoirs from which larvae would be dispersed
to sites where growth and survival were satisfactory, but repro-
duction effectively undermined by gametic wastage.

Allen, S, K., Jr. 4 P. M. Gaffiiey. l 991. Hybridization among three species
of Crassosrrea. Journa! of Sheiljlsh llesearch 10:301.  Abstract!.

Barton, N. 4 B. O. Bcagtsson. 1986. The barrier tn genetic exchange
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Bourne, N. 1979. Pacific oysters, Crassosirea gigas Tbiinbcrg, in British
Columbia and the South Pacific islands. Pages 1-53 in R, Mann,
editor. Exotic Species in lvlariculture, IvIIT Press, Cambridge.

The Pacific oyster has been introduced repeatedly into eastern
waters, including Maine  Dean 1979!, Massachusetts  Galtsoff et
al. 1950, Dean 1979, Hickey 1979!, Long Island Sound  Dean
1979!, the Chesapeake Bay  Cranston Morgan, pers, comm,! and
several southern states  Galtsoff et al. 1950!. Its failure to become
established in these localities may be the result of the "gametic
warfare" described above, rather than an inhospital environment,
as it has been successfully introduced to a wide range of environ-
mental regimes  Mann 1983!.

Where the American oyster has been introduced to exotic wa-
ters, it has soinetimes succeeded in establishing small but stable
populations. Exainples include Pearl Harbor, Hawaii  Brock 1960!
and Boundary Bay, British Columbia  Elsey 1933, Quayle 1964!.
In Hawaii, there appears to have been no indigenous oyster
adapted to the relatively liinited estuarine habitat present there,
and the establishment of C. virginica followed the planting of
almost 40,000 oysters at the end of the nineteenth century  Brock
1960!. This population persists today  John Ewart, pers. comin.!.
In British Columbia, the only indigenous oyster is Oslrea lurida;
oysters of the genus Osrrea are generally incapable of cross-
fertilizing Crassosrrea species  Davis 1950, Menzel 1987!. In any
case, by the time C. virginica was introduced there, the native
oyster population was severely depleted. Repeated introductions
beginning at the turn of the century eventually resulted in the
establishment of extensive American oyster beds in two small
tributaries of Boundary Bay  Elsey 1933!. It is possible that the
introduction of the Pacific oyster at about the same time inay have
limited the subsequent spread of the American oyster on the west
coast of North America, by either genetic  i.e., "gametic war-
fare"! or ecological interactions. The apparent persistence of C.
virginica populations as discrete entities coexisting with syinpatric
populations of C. gigas  Bourne 1979! is further evidence against
the likelihood of successful hybridization in nature.

In conclusion, we believe on the basis of presently available
data that the introduction of C, gigas to rnid-Atlantic waters is
unlikely to have any direct genetic effects on native oyster popu-
lations. Indirect genetic effects might occur if the Pacific oyster
succeeded in becoming established; the inagnitude of such effects
could range from negligible to extensive, depending on the nature
of ecological interactions between the species, Our current under-
standing of the ecology of bivalve introductions does not allow us
to predict confidently the nature or extent of any such indirect
genetic effects.
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introduction of a pest or pathogen that could result in catastrophe,
They almost always are forced to make decisions with too little
information.

A decade ago, Matthiessen �979! stated that "many decisions
made by regulatory authorities relating to the importation of shell-
fish inevitably will be made on the basis of best guess rather than
fact." This statement is true today, Some of the guess work is
because we don't completely understand the biology of the para-
sites and their hosts, but some is because individuals making de-
cisions  whether regulator or industry member! are not aware of
what is known about them. In this situation, the scientist can be
most helpful by evaluating available information as accurately as
feasible, by presenting it as clearly as possible, and by taking pains
to distinguish between fact and speculation  Bowden 1979, Mann
1979!.

Evidence implicating shipments of molluscs in the spread of
disease is convincing in some cases. For instance, the spread of
Bonatnia ostrea, a parasite of the f!at oyster Ostrea edulis  Lin-
naeus, 1970!  Grizel et al. 1988!, can be followed along a docu-
mented path tracing introductions of host and parasite from the
east coast of the United States to the west coast and then to Europe
 Elston et al. 1986, Farley et al. 1988!, The linkage, however, is
not in itself sufficient evidence. What fortifies this argument is the
fact that 8. ostrea can be transmitted directly from oyster to oyster
 Poder et al. 1982!,

Much of the evidence for transmission of disease along with
movement of molluscs, however, is circumstantial. The outbreak
of Malpeque Bay disease of oysters, Crassostrea virginica  Gtne-
lin, 1791!, in Prince Edward Island in 1914 � 15 was preceded by
transplantation of oysters from New England, which first took
place on a large scale just before the mortalities occurred  Needler
and Logic 1947!. Nevertheless, Fraser �938! reported that direct
inoculation of material from sick to healthy oysters failed to cause
disease syinptotns, and the disease was unknown in New England,
although the oysters there may have been resistant.

Two diseases of oysters appeared in France shortly after the
introduction of Pacific oyster, Crassostrea gigas,  Thunberg
1793! seed. Gill disease of the Portuguese oyster, Crassostrea
angulata appeared in late 1966 in an area of southwestern France
where C. gigas had been introduced at approximately the same
time  Grizel and Heal 1991!. The disease, caused by a virus,
almost completely destroyed C. angulata culture in France. Aber
disease, caused by the protozoan Itrlarteilia refringens  Alderman
1979, Balouet 1979!, appeared in Brittany in 1968, in an area
where Pacific oysters were being held, and subsequently caused
extensive losses of the flat oyster, Ostrea edulis  Andrews 1980!.
Itfarteilia sp. has been found occasionagy in C, gigas,  Cahour
1979!, but experimental transinission  between or within the two
oyster species!, has never been successful  Balouet et al. 1979,
Figueras and Montes 1988!.

Two important protozoan parasites of oysters have been re-
sponsible for catastrophic tnottalities of C, virginica on the Gulf
and East Coasts of the United States over the past forty to fifty
years. The recognition of Perkinsus mari nus  Mackin, Owen, Col-
lier 1950! as the cause of Detmo disease in southern estuaries and
Haplosporidiunt nelsoni  Haskin, Stauber, Mackin 1966! as the
cause of MSX disease in the mid-Atlantic estuaries has spurred
most of the concern over the spread of shellfish disease in the
United States. Many of the greatest worries of industry members,
state regulatory officials, and biologists in the United States center

on the very real and immediate probleins caused by these two
pathogens. To illustrate some problems commonly faced by these
individuals, 1'd like to cite some specific concerns about potential
spread and control of MSX and Dermo diseases. The questions are
of immediate practical importance and they illustrate what we do
and do noi know concerning these diseases as they impact move-
ment of the shellfish:

l. What is the evidence for introduction of Perkinsus marinus
and Haplospuridium nelsuni by oyster transport?

2. Can the pathogens be transmitted in hatchery-produced lar-
vae or small seed?

3. Can the pathogens be spread through overboard disposal of
contaminated meats, shells, or other wastes by processors,
dealers, restaurants, or consumers?

4. Can the pathogens be transmitted to and from other species?
5. Are there tnethods for treating small lots of oysters  brood-

stock, larvae, small seed! to elitninate pathogens?

EXAMPLES

I. IVItatis tlte Fvidenee for Introduction of Perkinsus mannus und
Hotttosporidiunt neisoni by Oyster 1 nrnsport?

One of the well-doruinented, but unpublished, instances of
transmission of a disease-causing organisin affecting molluscs oc-
curred in the early and mid 1950s in Delaware Bay. Because the
supply of native seed was low during this period, many Delaware
Bay planters bought "seed" oysters from private leases in the
Hampton Roads area and other higher salinity regions of Chesa-
peake Bay where P. marinus was present and causing heavy losses
 Andrews 1988!. infected oysters were brought by the shipload for
planting in Delaware Bay  H. Haskin, Haskin Shellfish Research
Laboratory, personal cominunication, 1989!.

A survey conducted by Rutgers University in 1955 and 1956
found evidence that the disease had spread from the imported to
native oysters  Christensen 1956!. The highest prevalences of P.
marinus were in the oysters brought from Virginia and in the
native oysters growing close to them. Prevalences were negligible
on the seed beds and on the eastern edge of the planting grounds.
Prevalences and intensities of infection were low cotnpared to
those in fully epizootic areas of Virginia and the Gulf of Mexico
 Andrews and Hewatt 1957, Mackin 1962! and there were no
reports of heavy mortalities in Delaware Bay  Christensen 1956!.

Although the proximity of imported oysters to infected native
oysters was highly suggestive of transmission, lack of monitoring
for the period before introduction precluded a clear assessment of
the origin of P. tnarinus in native stocks. Within two years of this
survey  spring 1957!, however, the epizootic caused by H. netsoni
 MSX! had begun  Haskin et al. 1966! and all imports and exports
into and out of Delaware Bay were embargoed. Intensive moni-
toring in 1958 and 1959 to determine the cause of the epizootic
failed to show significant presence of P. marinus  unpublished
records of this laboratory!,

We interpreted these observations as evidence that P. marinus
was introduced into Delaware Bay and sustained by importations
of infected oysters from lower Chesapeake Bay, but was unable to
maintain itself once that source was stopped  Ford and Haskin
1982!. Andrews �988! pointed out that P. tnarinus also disap-
peared from major planting areas in the lower Chesapeake after the
MSX epizootic of 1959 � 1960 killed most of the oysters there. The
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same occurrence in Delaware Bay between 1957 and 1959 un-
doubtedly contributed to the elimination of P. marinas in that
estuary, but in contrast to Chesapeake Bay, P. marinus never
reappeared to cause problems in Delaware Bay, even after inten-
sive plantings of native seed resumed in the late 1960s and 1970s
 Haskin and Ford 1983!. Rather, low temperature was considered
to be the controlling factor in the failure of P. marintts to persist
in Delaware Bay or to become epizootic north of Chesapeake Bay
 Christensen 1956, Andrews and Hewatt 1957!.

In the summer of 1990, P. marinus was found in oysters at a
number of sites in Delaware Bay  Ford, unpublished! where it
caused localized epizootics. In 1991, the disease intensified caus-
ing severe mortalities over much of the New Jersey portion of the
Bay. Coincidentally, temperatures in the Delaware Bay area dur-
ing 1990 and 1991 were among the highest on record  U.S. De-
partment of Commerce, National Oceanic aud Atmospheric Ad-
ministration, Climatological Data for New Jersey!. The 1990 � 91
epizootic was not linked with large-scale transplauts of infected
oysters and, in fact, an apparent focus of infection appeared on the
New Jersey seed beds where oysters would never have been in-
troduced. At the same time, infected oysters were found at several
locations on the Atlantic coast of New Jersey, including Raritan
and Manasquan Bays  W. J. Canzonier, Maurice River Oyster
Culture Foundation, personal communication! where oyster indus-
tries have not existed for many years. Our current interpretation of
these data is that pre-existing non-lethal infections in a few native
oysters, or introductions by transient ships or overboard disposal
 see below!, were stimulated to proliferate and spread by unusu-
ally warm temperatures. It is significant that the previous incursion
of P. marintts into Delaware Bay in the 1950s, which occurred
durmg a more typical temperature regime, never caused epizootic
mortalities and disappeared after importation of infected seed was
stopped. We expect that a return to more normal temperatures will
attenuate the cycle of parasite proliferation, host death  releasing
infective forms!, and reinfection of new hosts, but its effective
disappearance  not causing mortalities or being detectable through
routine sampling! will probably require unusually low tempera-
tures, It is not yet clear, however, whether the critical controlling
temperatures occur in the winter or summer, or both  Ford and
Tripp 1992!.

It is touch more difficult to evaluate evidence of possible in-
troduction of MSX disease because the complete life cycle and
means of transmission of its etiologic agent, Haplosporidiam nel-
soni, are not known. Nevertheless, there is information available
of use to those making decisions about possible introduction of this
disease into non endemic areas.

After the first outbreaks of MSX disease in Delaware and Ches-
apeake Bays in the late 1950s, considerable effort was put into
elucidating the life cycle of H. nelsoni and in trying to transmit the
parasite experimentally. None of these experiments resulted in
transmission, but inost of them have involved the plasmodial stage
of the parasite  Canzonier 1968, 1974!. Few have used the spore
stage  Andrews 1979!, which is most likely involved in transmis-
sion, but which has been reported only rarely in oysters. Most
researchers have concluded that another host may be involved in
the life cycle  Farley 1965, Andrews 1968, Ford and Haskin 1982,
Haskin and Andrews 1988!, Recently, Barber et al, �991! have
found that sporulation may occur regularly in spat  oysters under
a year of age! if infections reach the advanced stage. Andrews
�979! also reported heavy spore production in a single group of

spat in Virginia in 1976, These observations have led us to con-
sider the possibility that direct transmission from oyster to oyster
may indeed occur, with the source of infective stages being very
young oysters in which spores are produced.

For several years before the first IvISX epizootic in 1975, Del-
aware Bay planters had been importing large quantities of seed
oysters from the seaside bays on the eastern shore of Virginia  N.
Jeffries Sr., personal communication!, as well as from the lower
Chesapeake. When the first oyster disease survey was initiated in
that region in mid-1959, H. nelsoni was found, although a newly
discovered, related species, H. costale  Woods and Andrews
1962!  cause of SSO disease!, was more prevalent in these high
salinity waters  Andrews et al. 1962, H. Haskin, personal com-
munication!. Andrews �968! speculated that a new and virulent
"race" of H. nelsoni may have developed by "interbreeding" of
H. costale and H. nelsoni when the imported oysters were iuoved
into the lower salinity waters of Delaware Bay. A simpler hypoth-
esis also presupposes that H. nelsoni was enzootic to the seaside of
Virginia, but was masked by the better adapted  to high salinity!
H. costale, lf spores of H. nelsoni were present in the huge num-
bers of young, rapidly growing oysters moved into the Delaware
Bay, then they, rather than a hybrid strain, might have initiated the
epizootic once H. nelsoni was in a more favorable salinity.

Outbreaks of MSX disease in at least two areas on Cape Cod
have followed importation of seed oysters from areas where H,
nelsoni was present  Krantz et al. 1972, Haskin and Andrews
198&!, but it is equally significant that other outbreaks have oc-
curred in the absence of any known iinportations. Notable among
these was the initial epizootic in Chesapeake Bay in 1959, which
occurred in the midst of "native IJames River] transplants no
different from beds in surrounding areas [which did not experience
mortalities]"  Andrews 1968!. Seed oysters were not moved into
this area from seaside bays  J. D. Andrews, Virginia Institute of
Marine Science, personal communication!, Mortalities caused in
1983-85 by MSX in Oyster Bay, Long Island, a location totally
controlled by one company, were not associated with imports  D.
Relyea, F. M. Flower and Son Oyster Co�personal conuuunica-
tiou to H. Haskin! nor were outbreaks in North Carolina iu 1988
 M. Marshall, North Carolina Division of Marine Fisheries, per-
sonal cominunication, 1989!. Also relevant is that grounds on the
Delaware side of Delaware Bay, heavily planted with Chinco-
teague Bay seed between 1953 and 1957, did not experience losses
due to MSX disease until the spring of 1958, a full year after
epizootic mortalities had begun on the New Jersey side  N. Jef-
fries, Sr., personal communication, 1989!.

The link between movement of infected oysters and outbreaks
of MSX disease is thus quite tenuous compared to that for P.
marinus. Iu addition to its inuoduction into Delaware Bay in the
1950s, the latter has been spread around Chesapeake Bay by trans-
plants of infected seed  E. Burreson, personal communication in
 Andrews 1988!!. In contrast, there are as many examples of H.
nelsoni appearing in areas with no known history of introductions
or transfers as there are cases with connections, although many
undocuinented transfers of oysters are undoubtedly made.

2, Can the Pathogens In, Transmitted in Hatchery-prodttced Larvae or
Srnatt Seed?

The ICES measures designed to reduce risk of disease intro-
duction involve the quarantine of broodstock. A recent report sug-



66 MOLLUSCAN INTRODUCTIONS AND TRANSFERS

gested that a parasite of bay scallops, Argopecren irradians,
which was identified as P. karlssoni and was reported to occur in
scallop eggs, might undergo vertical transmission  McGladdery et
al. 1991!. Perkinsas marinus has never been reported to occur in
oyster eggs, although it does survive intracellularly in hemocytes,
Grea er concern exists that larvae could become infected by the
adults during spawning in a hatchery. Although there is no abso-
lute reason that larvae could not become infected by P. marinus in
this manner, it has never been reported and there are a number of
biological reasons why it is unlikely. The presumed site of infec-
tion by P. marinas is the digestive tract  Mackin 1951! and thc
spawning stock would nortnally be removed from contact with the
embryos long before the latter developed into veligers �8-24 hr!
with the capacity  o feed, If viable infective particles were dis-
charged during spawning and survived in sufficient numbers until
thc larvae were c'apable of ingesting  bern, the larvae tbeoreticagy
could become infected. There is, however, no reason to believe
that lightly infec ed oysters would discharge P. marinas cells dur-
ing spawning, and heavily infected individuals will not spawn
because they do not produce gametes  Mackin 1962!. Thus, the
chances of larval contamination, although possible, are extremely
slight, Hatchery operators could minimize the possibility by thor-
oughly cleaning the shells of parent stock, including placing the
oysters in dilute �.3%! hypochlorite solution for 15-20 minutes to
kill epibionts that might harbor P. marinas cells and removing
parent oysters from spawning containers as soon as they have
spawned. As a further safeguard, broodstock coukl be screened for
SyStemiC P. marinus by nOn-deS ruC iVe blOOd diagnOSiS  A. Far-
ley, Oxford Cooperative Laboratory, personal communication
1989; Gauthier and Fisher 1990! before selecting spawners.

Because of the life cycle and transmission considerations al-
ready discussed, there is no danger that larvae could acquire H.
nelsoni from mfected broodstock. The parasite has never been
observed in eggs and, as a matter of fact, is typically extracellular.
Spat, which might be carrying spores capable of producing infec-
tive stages, are hardly likely to be chosen as broodstock, and
oyster-to-oyster infection does not occur from plasmodia. As with
P. marinus, cleaning of shells  to remove potential alterna e or
intermediate hosts! and screening for the presence of sys cmic H.
nelsoni, would be added safety measures.

Juvenile oysters  spat! can become infected with either patho-
gen, but because they "putnp" tnuch smaller volumes of water
than do adult oysters. their chances of encountering either of these
watcr-borne parasites is considerably reduced. If the juveniles are
maintained in an on-shore nursery where water flow is restricted
compared to the field, their chances of becoming infected would
be further reduced. The potential for seed being infected is thus a
combination of their size, the length of time they have been "ex-
posed," and the concentration of infective particles in the water
surrounding them. We cannot presently measure the abundance of
either pathogen in water samples, but inferences as to re!a ive
abundance can be made based on the history of infections in the
immediate area.

3. Can the Parhogens be Spread through Overboard Disposar of

Contaminated hfears, Shells, or Other Wastes by Processors, Dealers,
Restaurants, or ConsurnersP

There is no conclusive evidence of which I am aware that any
molluscan disease-causing organism has been transmitted through
shucking wastes or shell transplants; however, Andrews �980!

cites a case involving the presumed introduction of a sacculinid
parasite  Loxothylacas panopaei! into Chesapeake Bay, This par-
asite, which devastated two species of mud crab in the mid 1960s,
may have been introduced in sbipmen s of oysters from the Gulf of
Mexico brought "to Virginia for shucking at waterside plants
where shells and wastes were discarded near native oyster beds."

We do know that P. marinas can be very easily transmitted in
a laboratory simply by water splashing from a tank holding in-
fected animals  W. J. Canzomer, personal communication, 1989!
and that any stage is infective  Andrews 1988!. Wc also know that
oysters with high levels of P. marinas appear glassy and emaci-
ated, and might well be discarded  overboard! by shuckers, as
would infected gapers  dead oysters!. On the other hand, injection
experiments with measured numbers of P. marinus cells indicate
that a threshold inoculum is required to initiate infection and cause
mortality  Mackin 1962!, In the laboratory, a relatively small
number of infective cells may initiate an epizootic because of the
limited volume of water and the high density of oysters involved
making the chance that each infective particle will come into con-
tact with an oyster very high. If wastes are disposed of in an areas
with restricted circulation where oysters are present nearby  within
several hundred yards! in relatively large numbers, the chance of
transmission is high, That possibility would be reduced if infective
stages from wastes were diluted before they contact a host, either
because of flushing patterns or distances of oysters from the dis-
posal site. Andrews �988! found that isolation of oysters by as
little as 15 tn substantially delayed the transmission of P, mannus,
although transmission over longer distances is possible.

Between 1986 and 1989, when local oysters were scarce, sev-
eral shucking plants bordering the !Vlaurice River, a New Jersey
tributary of Delaware Bay, processed oysters from the Gulf of
MeXiCO and the CheSapeake Bay, where P, marinas WaS enZOOtiC.
During the initial stages of the 1990 epizootic in Delaware Bay,
very high prevalences of P. marinus were found in oysters grow-
ing in the river adjacent to the shucking houses, We do not think
that P. marinas was necessarily re-introduced into Delaware Bay
by this means because of other apparent infection foci in the Bay
and along the New Jersey Atlantic coast  see above!, but the
intensity of the early outbreak near the shucking houses suggests
that a combina ion of waste disposal and suitable temperature may
have stitnulated a localized epizootic in the river,

The proximity of processing plants to oyster populations and
the characteristics of the water into which they are discharging
wastes should be considered in assessing the potential for trans-
mission of P. marinas in this manner, but because of the extremely
contagious nature of this disease, processors should be encouraged
not to dispose of fresh shucking wastes overboard in non-enzootic
areas if oyster populations exist nearby. Additionally, appropriate
means for treating P. marinas-contaminated wastes should be in-
vestigated  Goggin ct al. 1990!.

Transmission of P. marines via the movement of shells from
shucked infected oysters is less likely, but probab]y not impossi-
ble. Andrews and Hewatt �957! reported survival of P. marinus
 i.e., it could be cultured in fluid thioglycollate! after infected
tissues had been frozen or dried, although the authors did no 
attempt transmission with material that had been subjected to
freezing or drying, Also to be considered is the possibility that
carriers such as the parasitic snail Boonea impressa  White et al,
1987!, crabs, oyster drills, polychaetes, etc,  Table I! might sur-
vive for extended periods in the mterior of shell piles, particularly
during cool wea her, and infect oysters when reintroduced into the
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TABLE I.

Organisms in which Perkinsus tnarinus, or Perkins-like cells
culturable in fluid thioglyeollate, have been identified.

Transmission
to Oysters

Demonstrated
Perkinsus-Like

Cells iu Bivalves
Cells Found

in/on Scavengers

Opsanus tau
Chasmodes bosquianuP
Urosatpins cinerea '"
Ãeopanope tesanan
Rhi thropanopeus harrisiitn
Nereid wormsc

Boonea i mpressa
Gobiosoma bosn'
Oslrea luridai"'"

Afercenaria mercenaria
Afacoma balthica*
Af. phenar
Af. tenta
Tagelus pk hei us
Mya arenaria
Mulinia lateralis"
Anomia simples
Anadara transversa
Laevicardi urn niortoni"
Ensis minor
Lyonsia hyalina
Ostrea front
O. equesrris
Crepidula forntcata"
Argopecten irradians .

 Andrews 1955!
"  Chriateosen l 956!
"  Hoese 1963!

 McG!addety et al. 1991!
"  Ray 1954!
'"'"  Ray 1954!

 White ei ai, 1987!

4. Can the Pathogens be Transmitted to and from Other Species

Perkinsus-like organisms  i.e., those that culture in fluid thio-
glycollate! have been found in many North American species other
than oysters  Table 1!. Some of these species, like the gastropod
Boonea itnpressa, carry P. marinus that can infect oysters  Hoese

water. It is unlikely that more than a few organism would survive
for long in this environment and, further, Andrews �988! con-
siders that scavengers do not carry sufficient infective stages of P,
marinus to make "major contribution to the high dosage necessary
to produce infections."

The concerns discussed above apply also to overboard disposal
of infected oysters, or their reinains, by restaurants, seafood mar-
kets, or consumers. Such disposal is practically impossible to pre-
vent except by education, but is likely to introduce only a small
amount of infective material.

Transmission of H. nelsoni by this means is far less likely than
for P. marinus, As mentioned already, H. nelsoni has proved
impossible to transmit in the laboratory, whereas special care must
be taken to prevent contamination by P, marinus. We are confi-
dent that piasmodial stages of H. nelsoni, even when injected or
transplanted into recipient oysters, cannot initiate infections  Can-
zonier 1968, 1974; Ford unpublished!, Thus overboard disposal of
whole animals or tissues infected with only this stage  which is by
far the most conunon form in oysters! could not be a source of
infective stages for oysters. The fact that most processors, distrib-
utors, and consumers would not be dealing with spat minitnizes
thc potential for distributing spore stages from young oysters; on
the other hand, shuckers would not open spat on shells of markct-
sized oysters and they might be discarded overboard.

1963, White et al. 1987!. Most, however, appear to carry related,
but not identical, organisms, Ray �954! and Andrews �955!
reported finding them in many species, but always in very low
abundance. Attempts at cross-species transinission between oys-
ters and Afercenaria mercenaria  Linnaeus, 1758! Macoma bal-
thica  Linnaeus, 1758!, and Afya arenaria  Linnaeus, 1758!, by
direct inoculation or feeding, failed in nearly all cases  Ray 1954,
Andrews and Hewatt 1957!. The same techniques easily transmit
the parasite between oysters, Apparent invasion of tM. mercenaria
tissues did occur at the site of injection, but no parasites spread
from there, Several Af, arenaria did become infected when in-
jected with material from infected oysters  Ray 1954!. Presently
available evidence indicates that the chances are remote of trans-
mitting the oyster parasite by moving other commercially impor-
tant bivalves, such as clams, in which thioglycollate-cuiturable
organisins have been found.

Although H. nelsoni has never been found in any species other
than the eastern oyster, members of the family Haplosporidiidae
parasitize a variety of marine invertebrates, Until the complete life
cyc]e of H. nelsoni is known, the possibility that the pathogen
exists in, and is spread by, another host must be considered very
real.

5. Are There Afethods for Treating Smail Lots of Oysters  Broodstock,
Larvae, Sma0 Seed! to Eliminate Pathogens?

Both P. marinus and H. nelsoni are found primarily in the
higher salinity portions of estuaries, where salinities are between
15 and 30 parts per thousand  ppt!. At temperatures of 20'C or
tnore it has been shown that H. nelsoni can be eliminated from
infected oysters if they are submerged for two weeks at salinities
below 10 ppt  Ford 1985!, The use of low-salinity immersion to
clear H. nelsoni infections from broodstock or seed would appear
to be a very inexpensive and practical ineans for reducing the risk
of transinitting this parasite through aquacultural practices. Addi-
tional research is needed, however, to pinpoint the exact time-
ternperature-salinity requiteinents needed to assure complete elim-
ination of the parasite.

P. marinus cannot be cleared under similar conditions as it is
much more tolerant of low salinity than is H. nelsoni  Andrews
and Ray 1988!. There are currently no anti-protozoal agents
known to be effective and practical in ridding oysters of P. mari-
nus, Ray �966! demonstrated that exposure of infected oysters to
cycloheximide reduced disease levels, but when the "treatment"
was stopped, even after 164 days, the parasite recovered and «gain
started causing deaths.

SUMMARY AND RECOMMENDATIONS

Catastrophic losses caused by oyster pathogens over the last
several decades have justifiably frightened persons concerned with
shellfish transfers. ln attemptmg to prevent the spread of disease,
most individuals, particularly regulators, are extremely conserva-
tive. While caution is appropriate, over-reactions, sometimes ap-
proaching paranoia, can result if those responsible are ignorant of,
or are reluctant to emphasize, biological knowledge in their deci-
sion-inaking.

It is not sufficient to conclude that a disease agent has been
introduced through transfer of the host species siinply because it
has been newly discovered in a particular location  or something
resembling a known pathogen has been found in tissue sections or
culture media!. Even when mortalities associated with a parasite
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occur suddenly after transfer of host species, there inay bc alter-
nate explanations. For instance, review of the vast numbers of
species moved about the world in ballast water or on the bottom of
ships  Carleton, this voluine?! suggests that some potential intro-
ductions may be well out of the immediate control of shellfish
regulatorsI A good example is the recent finding of P. ntarinus in
native oysters in Raritan Bay  see above!. Because of water pol-
lution, an oyster industry has not existed for more than half a
century  H, Haskin, personal communication, 1989! and it is dif-
ficult to believe that oysters would have been imported into this
area by commercial shellfish growers, but there is heavy boat
traffic through the area,

Alternatively, a parasite may have existed in limited numbers,
and gone undetected, in areas where environmental or culture
conditions prevented its development to epizootic proportions. Lf
those conditions change, even temporarily, the parasite inay mul-
tiply to a critical threshold that results in an epizootic. Further,
parasites, like their hosts, experience unexplained long-term nat-
ural cycles in abundance. A host species may be harvested for the
first time when it is at peak abundance, at which time the abun-
dance cycle of a major pest or parasite is at an ebb. Later, when the
pest or parasite becorncs abundant enough to detect  usually when
it causes mortalities!, it may be considered "new."

In addition to a critical evaluanon of these kinds of observations,
rational decision inaking will take into account all available informa-
tion on the diseases and their etiological agents. These include:

I, What is known of the life cycle and method of transmission
of disease agents? For instance, it would be unwise to in-
troduce animals from areas known enzootic for contagious
pathogens such as Perkinsus rnarinas or 8onarnia osrrea.
There is somewhat less cause for concern in the case of
agents that are not contagious  i.e., host species do not
require proxiinity to infected individuals of the same species
to become infected! such as Haplosporidiam nelsoni and
Marreilia refringern. In cases where direct transmission has
not been demonstrated, much greater attention should be
paid to possible introductions of other hosts in shipments of
wild seed. Our recent findings concerning spores of H.
nelsoni in oyster spat do, however, dictate caution in trans-
ferring young oysters  which are precisely the ones most
likely to be shipped! from regions where MSX disease is
enzootic.

2. What information is available about the distribution of the
disease agents in known enzootic water? For instance, H,
nelsoni is distributed fairly evenly over wide areas and can
move iniles up estuary during a drought  without concurrent
transplant of oysters!. It thus makes little sense to ban
movement of oysters within an estuary, or even between
subunits of the same general water systein, to prevent  he
spread of H. nelsoni in an area where it already exists. The
presumed infective stage of this parasite is a spore, which
may last for years outside the host and be transported great
distances in the water or in vectors. In contrast, P. marinas
may take several years to move naturally from one location
in an estuary to another. For instance, certain regions of
Delaware Bay remain free of the disease, If the disease
persists, experience from other areas indicates that it will
eventually spread to all oyster-growing areas of the lower
estuary, but moving infected oysters would only hasten this
process and might introduce it to areas that would remain
disease free until the return of more normal temperatures,
which should inhibit its further spread.

3. What is known about environmental constraints, especially
saliniiy and temperature'? Ls it likely that the pathogen could
survive and/or cause damage in the new enviroiunent? Per-
kinsns marinas was introduced in tremendous quantities
into Delaware Bay over several years, yet failed to cause
serious problems at the time and effectively disappeared
after importation of diseased oysters ceased. Historically,
southern oysters, presumably carrying the same pathogen,
were repeatedly shipped to New England without introduc-
ing detectable levels of P, ntarinas  Andrews 1988!. It is
probable that low teinperature prevented the development
and spread of the parasite in these areas, but some low-level
parasitism may have persisted over many years and pro-
vided a source of infective material that caused the recent
outbreaks in New Jersey when environmental teinperatures
became favorable for the parasite, A similar origin can be
argued for the P. rnarinus recently found in several Cape
Cod estuaries  E. J. Lewis, Oxford Cooperative Labora-
tory, personal communication, 1991! where it was previ-
ously undetected and where there are stringent prohibitions
against introductions of southern oysters,

4. What is known about the history of the animals to be moved
and the area frotn which they originate? Histological exain-
ination is often a prerequisite to such shipments, and is
reasonable, but it should be clearly understood that II is
impossible to "certify" them as heing "disease or patho-
gen free." A "negative" rating simply means that in that
particular sample ot animals collected ai a certain place and
time, and in the subsample of tissues examined, no recog-
nizable pathogens were found by the diagnostic inethod s!
used. Subpatent infections are common in certain seasons
and in resistant or tolerant animals. Thus, it is critical that
the histological examination be accompanied by a back-
ground profde of the animals to be shipped.

Clearly, indiscriminate shipment of molluscs, particularly large
quantities of wild stocks, is unwise if not downright foolish. Long
distance shipment of commercial species is currently more likely
to be to or froin a hatchery than from the wild, so that ICES
guidelines can be followed to a much greater extent than previ-
ously. Further, the costs of hatchery produced seed and the rela-
tively large investinent in the shellfish as they are grown under
intensive culture makes the aquaculturist much more wary of pos-
sible disease problems than were earlier planters who had vast
reserves of plentiful and cheap natural seed.

Even after taking into account all possible known factors, we
will still be faced with unanticipated or unknown elements that
could confound our best judgement. Yet, we should avoid making
decisions based solely on what might conceivably happen if our
worst fears come true. Rather, we should decide using the best
available information, while assessing potential risks and benefits,
Above a	, we should dwell less on the "unknowns," and make
more rational and complete use of what we do know.

ACKNOWLEDGMENTS

I thank H. H. Haskin and W. I. Canzonier for reviewing the
manuscript. The unpublished data cited herein, including those in
the manuscript by Greta Christensen, were collected under grants
to H. H. Haskin froin the New Jersey Departinent of Environmen-
tal Protection and the U.S, National Marine Fisheries Service, and
their predecessors. This is New Jersey Agricultural Experiment
Station Publication No. F-324G5-1-90, supported by state funds,



DISEASE TRANSMISSION THROUGH INTRODUCED MOLLUSCS 69

LITERATURE CITED

Alderman, D. J. 1979. Epizootialogy of Afar<cilia refringens in Europe,
Afar, Fish. Rev. 41 l � 2!;67 � 69.

Andrews, J. D. !955. Notes on fungus parasites of biva!vc mal!asks in
Chesapeake Bay. Pr<>c. Rath Shellfish. Assoc. 45,157 � ! 63.

Andrews, J. D. 1968. Oyster mortality studies in Virginia. VI!, Review of
epizaatiology and origin of Afinchinia nelsoni. Proc. Nai!. Shellfiih
Assoc. 58:23 � 36.

Andrews, J. D. 1979. Oyster diseases in Chesapeake Bay. Afar. Fish.
Rev, 41�-2!:45 � 53.

Andrews, J, D, 1980. A review of introductions of exotic oysters and
biological planning for new importa ions. Afar. Fish. Rev, 42�2!:1-11.

Andrews, J. D. !988. Epizootialogy of the disease caused by the oyster
pathogen Perkinsus marinus and its effects on the oyster industry. In:
W. S. Fisher,  ed!. Disease Processes in Marine Bivalve Moguscs,
American Fisheries Society, Bethesda, MD. pp. 47 � 63.

Andrews, J. D. &. W. G. Hewatt. 1957, Oyster mortality studies in Vir-
ginia II. The fungus disease caused by Dermocysiidium marinum in
oysters of Chesapeake Bay, Ecolog. Afonogr. 27:1-26.

Andrews, J. D. & S. le. Ray. 1988. Management strategies to control the
disease caused by Perkinsus marinus. In: W. S. Fisher,  ed! Disease
Processes in Marine Bivalve Molluscs, American Fisheries Society,
Bethesda, MD. pp. 257-265.

Andrews. J. D., J. L. Wood & H. D. Haese. 1962. Oyster mortality
studies in Virginia III. Epizootiology of a disease caused by Haplo-
sporidium costale, Wood and Andrews. J. Insect Parhol. 4:327 � 343.

Balauet, G. 1979. Marteilia refringens: Considerations of the life cycle
and development of Aber disease in Osirea edulis. Afar. Fish. Rev
41  I � 2!.105-109.

Balouet, G., C. Chaste!, A Cahour, A. Qui!lard & M. Poder. 1979. etude
6pidbmio!ogique et pathologique de la maladie de 1'huitre plate en
Bretagne. Science et Pe<he, Bullen'n Peches Afaritimes 289:13 � 25.

Barber, R, D., S. A. Kanaley & S. E. Ford. 1991. Evidence for regular
sporulation by Haplosporidiu<n nelsoni  MSX}  Ascetasportc Haplo-
sporidiidae! in spat of the American oyster, Crassosirea virginica. J.
Protozoal. 38�!: 305 � 306

Bowden, G. 1979. Law, politics and biology'. aquaculture in the primordial
ooze. In: R. Mann,  ed!. Exotic Species in Mariculture, MIT Press.
Cambridge, MA and London, England. pp. 306 � 330.

Cahour, A. 1979. Marteilia refringens and Crassostrea gigas. Afar. Fish.
Rev. 4! �-2!: 19-20.

Canzonier, W. J. 1968. Present status of atteinpts to transinit Jdinchinia
nelsoni under controlled conditions. Proc. Aiath Shellfish. Assoc. 58: I,

Canzonier, W. J. 1974. Tissue grafts in the American oyster, Crassostrea
virginica. Proc. is<ark Shellfish. Assoc, 64.92-101.

Christensen. G. 1956. The occurrence of Dermocysrldlum marinum
 Mackin, Owen and Collier! in Delaware Bay, Unpublished manu-
scrip . Haskin Shellfish Research Laboratory, Rutgers University, Part
Norris, NJ, USA. 30 p.

Elstan, R. A., C. A. Farley & M. L. Kent 1986. Occurrence and signif-
icance of bonamiasis in European flat oysters Osirea edulis in North
America. Dis. Aquat. Org. 2:49 � 54.

Farley, C. A, 1965. Acid-fast staining of haplosporidian spores in relation
ta oyster pathology. J. tnvertebr. Pathol. 7:144 � 147.

Farley, C. A., P. H. Wolf &. R. A. Elston. 1988. A long term study of
"Microcell" Disease in oysters with a description of a new genus-
Afikrocytos  g.n.! and two new species � Afikrocyros inackini  sp. n.!
and Afikrocyios roughleyl  sp. n.!. Fish. Bull. 86�!:58!-593.

Figucras, A. J. & J. Montes. 1988. Aber disease of edible oysters ca~sed
by Afarreilia refringens. Ia. W. S. Fisher,  ed!. Disease Processes in
Marine Bivalve Molluscs, American Fisheries Society, Bethesda, MD.
pp. 38-46.

Ford, S. E. 1985. Effects of salinity on survival of the MSX parasite
Haplosporidium nelson   Haskin, Stauber, and Mackin! in oysters. J.
Shellfish Res. 2:85 � 90

Ford, S. E. & H. H. Haskin. 1982. History and epizootiology of Haplo-
sporidium nelsnni  MSX}, an oyster pathogen, in Delaware Bay,
1957 � l980. J. lnveriebr. Parhol. 40'.118 � 141.

Ford, S. E. & M. R. Tripp. 199'3. Diseases and defense mechanisms. In:
A F. Eble, V. S. Kennedy and R. 1. E. Newel!.  eds!, The Eastern
Oyster Crassosirea virginlca. Maryland Sea Grant,  in press!.

Fraser, R. 1938. Pathological studies af Malpeque disease. MS Report of
the Biologica! Station, Fisheries Research Board of Canada. 40 p.

Gauthier, J. D. & W. S. Fisher. 1990. Hemolymph assay for diagnosis of
Perklnsus marlnus in oysters Crassosirea virginica  Gnielin, 1791!. J.
Shellfish Res, 9�!:367 � 372,

Goggin, C. L., K. B. Sewell & R. J. G. Lester, 1990. To!erances of
Perkinsus spp.  Protozoa, Apicomp!exa! to temperature, chlorine and
salinity. J. Shellfish Res. 9�!:145 � 148.

Grizel, H. &. M, Hera!. 199!. Introduction into France of the Japanese
oyster  Crassosrrea gl gas}. J. Conseil lnt, Expi. Afer 47:39~3.

Grizel, H., E. Mialhe, D. Chagot, V. Boulo &. E. Bach&re. 1988. Bon-
amiasis; a model study af disease in marine molluscs. In: W. S. Fisher,
 ed!. Disease Processes in Marine Bivalve Molluscs, Ainerican Fish-
eries Society, Bethesda, MD. pp. !-4.

Haskin, H. H. & J. D. Andrews. 1988. Uncertainties and speculations
about the life cycle af the eastern oyster pathogen Haplosporidium
nehoni  MSX!. In: W. S. Fisher,  ed!. Disease Processes in Marine Bi-
valve Molluscs, Ainerican Fisheries Society, Bethesda, MD. pp. %22.

Haskin, H. H. & S. E. Ford. 1983. Quanhtative effects of MSX disease
 Haplosporidium nelsonl! on production of the New Jersey oyster beds
in Delaware Bay, USA. ICES. CM !983/Gen:7/Mini-Symp. Gote-
borg, Sweden. October, 1983. 20 pp.

Haskin, H H., L. A Stauber & J A Mackin. 1966. Afinchlnla nelsoni n.
sp.  Haplosporida, Haplosproidiidae}; causative agent of the Dc!aware
Bay oyster epizootic, Science 153:1414 � 1416.

Hoese, H. D. 1963. Studies an oyster scavengers and their relation to the
fungus Dermocysu'dium marinum. Proc. Wall. Shellfish. Assoc. 53:
161-174.

Krantz, E. L., L. R. Buchanan, C. A. Farley &. A. H. Carr. 1972. Afin-
chinia nelsoni ia oysters from Massachusetts waters. Proc. itlahb Shell-
fish. Assoc. 62:83 � 88.

Mackin, J. G. 1951. Histopathology of infection of Crassosirea virgin ca
 Gmelin! by Dermocystidium marinum Mackin, Owen, and Collier,
Bull. Afar. Sci. Gulf Carib, !:72 � 87.

Mackin, J. G. 1962. Oyster diseases caused by Dermocystidium man'num
and other microorganisms in Louisiana. In: J. G. Mackin and S. H.
Hopkins,  eds!, Studies on Oysters in Relation to the Oil Industry,
Publications of the Institute of Marine Science 7:132-299.

Mann, R. 1979. Exotic species in aquaculture: an overview of when, why
and how. In: R. Mann,  ed!. Exotic Species in Marten!tare, MIT Press,
Cainbridge, MA and Landon, England. pp. 331-359

Manhiessen, C. 1979. The oyster industry of Massachusetts and the intro-
duction of exouc species. In: R. !V!ann,  ed!. Exotic Species in Maricul-
tute, MIT Press, Cainbridge, MA and London, England. pp. 212 � 225.

McGladdery, S. E., R. J. Cawthorn & B. C. Bradford. 1991. Perkinsus
karlssoni n. sp,  Apicomplexa! in bay scallops Argopecten irradians.
Dis. Aqua<. Org. 10�!:127 � ! 37.

Needler, A. W. H. & R. R. Logic. 1947. Serious mortalities in Prince
Edward Island oysters caused by a contagious disease. Trans, Royal
Snc. Can, Ser. Hl 4 V!:73-89

Poder, M., A. Cahour &. G. Balouet. !982. C udes histologiques et ultra-
structurales des !asians de parasitose h6mocytaire chez O. edulis: con-
taminations exp6rimenta!es. 1 }ie Congrcis nar. Soc. sav. Brest, !982,
sciences, fasc. 1J:175 � 186.

Ray, S. M. 1954. Biological studies of Dermocystidium marinum, a fun-
gus parasite of oysters. Rice institute, Houston, TX. 114 pp.



70 MOI I.LtSCAN INTROfIUCTIONS AND TR+NSI I RS

Ray. 'S.M. 1966, Cycloheximidc; inhibitor of J3«rrnur>sriditnu rrtrtrinurn
tn laboratory slocks of oysters. Pruts Itiu!I..'7reliJirit. Assuts 56: 31-
36

Ro»enltcld. A. & F. G. Kcm. 1979. Mollv»ean impon» and the poten-
 ial tor introduction of drscasc organisms. In: R. Mann.  cd!. Exotic
Species in Maricultnte, MIT Press, Cttmbridgc, MA and London, En-
gland. pp, 165-191,

Sinderntann, C J & 0 V I ightner 19gg Discase diagnosis and con-

trol in Notch American Marine Aquaculture. Elscsier. New York. 431
pp.

White, M. E., E. N. Powell, S. M. Ray & E. A. WiLson. 1987. Host-to-
host transmission of P«rkinsus rrturinus in oyster  ;rnrsusrr«u
vfreini«u pOpnlatiOnS by the eCIOpataattie Snail Buunert nnpr«ssu
 Pyr;tmidellidne!. J. Sheifffsh Res 6:1-5.

Wood. J. L & .I. D. Andrews. 1962. Jlupiwpurtriiuur cusruie  Spororoa!
associated with a discase of Virginia oysters. S«i«rt«es 136:7I0-711.




