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Executive Summary

1. THE SAN FRANCISCO BAY AND DELTAREGION IS A HIGHLY INVADED
ECOSYSTEM.

The San Francisco Estuary can now be recognized as the most invaded
aquatic ecosystem in North America. Now recognized in the Estuary are 212
introduced species : 69 percent of these are invertebrates, 15 percent are fish
and other vertebrates, 12 percent are vascular plants and 4 percent are

protists.

'In the period since 1850, the San Francisco Bay and Delta region has been

invaded by an average of one new species every 36 weeks. Since 1970, the
rate has been at least one new species every 24 weeks: the first collection
records of over 50 non-native species in the Estuary since 1970 thus appear
to reflect a significant new pulse of invasions.

In addition to the 212 recognized introductions, 123 species are considered
as cryptogenic (not clearly native or introduced), and the total number of
cryptogenic taxa in the Estuary might well be twice that. Thus simply
reporting the documented introductions and assuming that all other species
in a region are native-—as virtually all previous studies have done—severely
underestimates the impact of marine and aguatic invasions on a region's
biota.

Nonindigenous aquatic animals and plants have had a profound impact on
the ecology of this region. No shallow water habitat now remains uninvaded
by exotic species and, in some regions, it is difficult to find any native species
in abundance. In some regions of the Bay, 100% of the common species are
introduced, creating "introduced communities." In locations ranging from
freshwater sites in the Delta, through Suisun and San Pablo Bays and the
shallower parts of the Central Bay to the South Bay, introduced species
account for the majority of the species diversity.

2. A VAST AMOUNT OF ENERGY NOW PASSES THROUGH AND IS UTILIZED BY THE
NONINDIGENOUS BIOTA OF THE ESTUARY. IN THE 1990S, INTRODUCED
SPECTES DOMINATE MANY OF THE ESTUARY'S FOOD WEBS.

¢ The major bloom-creating, dominant phytoplankton species are togenic.

Because of the roor state of taxonomic and biogeographic knowledge, it
remains possible that many of the Estuary's major primary producers that
provide the phytoplankton-derived energy for zooplankton and filter
feeders, are in fact introduced.

Introduced species are abundant and dominant throughout the benthic and
fouling communities of San Francisco Bay. These include 10 species of
introduced bivalves, most of which are abundant to extremely abundant.
Introduced filter-feeding polychaete worms and crustaceans may occur by
the thousands per square meter. On sublittoral hard substrates, the
Mediterranean mussel Mytilus galloprovincialis is abundant, while float
fouling communities support large populations of introdnced filter feeders,
including bryozoans, sponges and seasquirts. The holistic role of the entire
nonindigenous filter-feeding guild—including clams, mussels, bryozoans,
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barnacles, seasquirts, spionid wormns, serpulid worms, sﬁon‘fes, hydroids,
and sea anemones—in altering and controlling the trolp ic dynamics of the
Bay-Delta system remains unknown. The potential role of just one species,
the Atlantic ribbed marsh mussel Arcxatula demissa, as a biogeochemical
agent in the economy of Bay salt marshes is striking.

* Introduced clams are capable of filtering the entire volume of the South Bay
and the northern estuarine regions (Suisun Bay) once a day: indeed, it now
appears that the pri mechanism contmllin%phytopla ton biomass
during summer and fall in South San Francisco Bay is "grazing” (filter
feeding) by the introduced Japanese clams Venerupis and Musculista and the
Atlantic clam Genrma, This remarkable process has a significant impacton
the standing phytoplanktan stock in the South Bay, and since this plankton
is now utilized almost entirely by introduced filter feeders, passing the
energy through a non-native zenthic fraction of the biota may have
fundamentally altered the energy available for native biota

* Drought tyear control of Phytoghnkwn by introduced clams—resulting in the
failure of the summer diatom bloom to appear in the northern reach of the
Estuary—is a remarkable phenomenon. The introduced Atlantic soft-shell
clams (Mya) alone were estimated to be capable at times of filtering all of the

hytoplankton from the water column on the order of once per day.
ghyl:oplankton blooms occurred only during higher flow years, when the
populations of Mya and other introduced benthic filter feeders retreated
downstream to saltier parts of the Estuary.

* Phytoplankton populations in the northern reaches of the Estuary may now
be continuously and permanently controlled by introduced clams. Armriving
by ballast water and first collected in the Estuary in 1986, by 1988 the Asian
cl);m Potamocorbula reached and has since sustained average densities
exceeding 2,000/m2, Since the appearance of Potamocorbula, the summer
diatom bloom has disappeared, resumably because of increased filter
feeding by this new invasion. The Potamocorbula population in the northem
reaches of the Estuary can filter the entire water column over the channels
more than once per day and over the shallows almost 13 times per day, a rate
of filtration which exceeds the phytoplankton's specific growth rate and
approaches or exceeds the bacterioplankton's specific growth rate.

* Funrther, the Asian clam Potamocorbula feeds at multiple levels in the food
chain, consuming bacterioplankton, phytoplankton, and zooplankton
(copepods), and so may substantially reduce copepod populations both by
depletion of the copepods’ phytoplankton food source and by direct
predation. In turn, under such conditions, the copepod-eating native
opossum shrimp Neomysis may suffera near-complete collapse in the
northern reach. It was during one such pattern that mysid-eating juvenile
sl:riied bass suffered their lowest recorded abundance. This example and
the linkages between introduced and native species may provide a direct
and remarkable examg'l: of the potential impact of an introduced Species on
the Estuary's food we

* Aswith the guild of filter feeders, the overal! picture of the impact of
introduced surface-dwelling and shallow-burrowing grazers and deposil
feeders in the Estuary is incompletely known. The Atlantic muadsnail
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Tlyanassa is likely playing a significant—if not the most important—role in
altering the diversity, abundance, size distribution, and recruitment of many
species on the intertidal mudflats of San Francisco Bay.

The arrival and establishment in 1959-90 of the Atlantic green crab Carcinus
maenas in San Francisco Bay signals a new level of trophic change and
alteration. The green crab is a food and habitat generalist, capable of eating
an extraordinarily wide variety of animals and plants, and capable of
inhabiting marshes, rocky substrates, and fouling communities. European,
South African, and recent Californian studies indicate a broad and striking
potential for this crab to significantly alter the distribution, density, and
abundance of prey species, and thus to profoundly alter commaunity
structure in the Bay.

Nearly 30 species of introduced marine, brackish and freshwater fish are
now important carnivores throughout the Bay and Delta. Eastern and
central American fish - carp, mosquitofish, catfish, green sunfish, bluegills,
inland silverside, largemouth and smallmouth bass, and striped bass - are
among the most significant predators, competitors, and habitat disturbers
throughout the brackish and freshwater reaches of the Delta, with often
concomitant impacts on native fish communities, The introduced crayfish

Procambarus and Pacifastacus may play an important role, when dense, in
regulating their prey plant and animal populations.

Native waterfowl in the Estuary consume some introduced aquatic plants
(such as brass buttons) and native shorebirds feed extensively on
introduced beathic invertebrates.

INTRODUCED SPECIES MAY BE CAUSING PROFOUND STRUCTURAL CHANGES TO

SOME OF THE ESTUARY'S HABITATS,

The Atlantic salt-marsh cordgrass Spartina alterniflora, which has converted
100s of acres of mudflats in Willapa Bay, Washington, into grass islands, has
become locally abundant in San Francisco Bay, and is competing with the
native cordgrass. Spartina alternifiora has broad potential for ecosystem
alteration. Its Jarger and more rigid stems, greater stem density, and higher
root densities may decrease habitat for native wetland animals and infauna.
Dense stands of S. alterniflora may cause changes in sediment dynamics,
decreases in benthic alf production because of lower light levels below the
c?rdgfiafsl: canopy, and loss of shorebird feeding habitat through colonization
of mu ts. :

The Australian-New Zealand boring isopod Sphaeroma quoyansm creates
characteristic “Sphaeroma topography" on many Bay shores, with many linear
meters of fringing mud banks riddled with its half-centimeter diameter holes.
This isopod may arguably play a major, if not the chief, role in erosion of
intertidal soft rock terraces along the shore of San Pable Bay, due to their
boring activity that weakens the rock and facilitates its removal by wave
action. Sphaeroma has been burrowing into Bay shores for over a century,
and it thus may be that in certain regions the land/water margin has
retreated by a distance of at least several meters due to this isopod's boring
activities,
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4. WHILE NO INTRODUCTION IN THE ESTUARY HAS UNAMBIGUOUSLY CAUSED
THE EXTINCTION OF A NATIVE SPECIES, INTRODUCTIONS HAVE LED TO THE
COMPLETE HABITAT OR REGIONAL EXTIRPATION OF SPECIES, HAVE
CONTRIBUTED TO THE GLOBAL EXTINCTION OF A CALIFORNIA FRESHWATER
FISH, AND ARE NOW STRONGLY CONTRIBUTING TO THE FURTHER DEMISE OF
ENDANGERED MARSH BIRDS AND MAMMALS.

* Introduced freshwater and anadromous fish have been directly imfplicated in
the regional reduction and extinction, and the global extinction, o foug
native California fish. The bluegill, green sunfish, largemouth bass, striped
bass, and black bass, through predation and through competition for food
and breeding sites, have all been associated with the regional elimination of
the native Sacramento perch from the Delta. The introduced inland
silversides may be a significant predator on the larvae and eggs of the native
Delta smelt. Expansion of the introduced smallmouth bass has been
associated with the decline in the native hardhead. Predation by largemonth
bass, smallmouth black bass and striped bass may have been a major factor
in the global extinction of the thicktail chub in California.

*  The situation of the California clapper rail may serve as a model to assess
how an endangered species may be affected by biological invasions. The rail
suffers predation by introduced Norway rats and red fox; it may both feed
on and be killed b{ introduced mussels; and it may find refuge in introduced
cordgrass, although this same cordgrass may compete with native cordgrass,
perhaps preferred by the rail. Other potential model study systems include
introduced crayfish and their dimhcement of native crayfish; introduced
gobies and their relationship to the tidewater goby; and the combined role
thatintroduced green sunfish, bluegill, la?emouth bass, and American
bullfrog may have played in the dramatic decline of native red-legged and

yellow-legged frogs.

5. THOUGH THE ECONOMIC IMPACTS OF INTRODUCED ORGANISMS IN THE SAN
FRANCISCO ESTUARY ARE SUBSTANTIAL, THEY ARE POORLY QUANTIFIED.

* Although some of the fish intentionally introduced into the Estuary by
overnment agencies supported substantial commesrcial food fisheres, these
isheries all declined after a time and are now closed. The signal crayfish,

Pacifastacus, from Oregon, whose exact means of introduction is unclear,
supports the Estuary's only remaining commercial food fishery based on an
introduced species.

* Thestriped bass sport fishery has resulted in a substantial transfet of funds
from anglers to those who supply anglers’ needs, variously estimated,
between 1962 and 1992, between $7 million and $45 million per year.
However, striped bass populations and the striped bass sport fishery have
declined dramatically in recent years.

* Government introductions of organisms for sport fishing, as forage fish and
for biocontrol have fre?nently not produced the intended benefits, and have
sometimes had harmful "side effects,” such as reducing the populations of
economically important species.

* Few nonindigenous organisms that were introduced to the Estuary by other
than government intent have produced economic benefits. The clams Mya
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and Venerupis, accidentally introduced with Atlantic oysters, have supported
commercial harvesting in the Bay or elsewhere on the Pacific coast, and a
small amount of recreational harvesting in the Bay (though these clams may
have, to some extent, replaced edible native clams); the Asian clam Corbicula
is commercially harvested for food and bait in California on a small scale; the
Asian yellowfin goby is commercially harvested for bait; muskrat are trapped
for furs; and the South African marsh plant brass buttons provides food f‘:)r
waterfowl. There do not appear to be any other significant economic benefits
that derive from nongovernmental or accidental introductions to the Estuary.

* Asingle introduced organism, the shipworm Teredo navalis, caused $615
million (in 1992 dollars) of structural ngc to maritime facilities in 3 years
in the early part of the 20th century.

* The economic impacts of hull fouling and other ship fouling are clearly very
large, but are not documented or quantified for the Estuary. Most of the
fouling incurred in the Estuary is due to nonindigenous species. Indirect
impacts due to the use of toxic anti-fouling coatings may also be substantial.

*  Waterway fouling by introduced water hyacinth has become a problem in
the Delta over the last fifteen years, with other introduced plants beginning
to add to the problem in recent years. Hyacinth fouling has had significant
economic impacts, including interference with navigation.

* Perhaps the greatest economic impacts may derive from the destabilizing of
the Estuary's biota due to the introduction and establishment of an average
of one new species every 24 weeks. This phenomenal rate of species
additions has contributed to the failure of water users and regulatory
agencies to manage the Estuary so as to sustain healthy populations of
anadromous and native fish, resulting in increasing limitations and threats of
limitations on water diversions, wastewater discharges, channel dredging,
levee maintenance, construction and other economic activities in and near
the Estuary, with implications for the whole of California's economy.

RESEARCH NEEDS

Much remains unknown in terms of the phenomena, patterns, and processes
of invasions in the Bay and Delta, and thus large gaps remain in the knowﬁdge
needed to establish effective management plans. The following are examples of
important research needs and directions:

1. EXPERIMENTAL ECOLOGY OF INVASIONS

Only a few of the hundreds of invaders in the Estuary have been the subject
of quantitative experimental studies elucidating their roles in the Estuary’s
ecosystem and their impacts on native biota. Such studies should receive the
highest priority. .

2, REGIONAL SHIPPING STUDY

Urgently required is a San Francisco Bay Shipping Study which both
updates the 1991 data base available and expands that data base to all Bay and
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Delta ports. A biological and ecological study of the nature of ballast water biota
arriving in the Bay/Delta system is urgently required. Equally pressing is a study of
the fouling organisms entering the Estuary on ships' hulls and in ships' seachests,
in order to assess whether this mechanism is now becoming of increasing
importance and in order to more adequately define the unique role of ballast water.
A Regional Shipping Study would provide critical data for management plans.

3. INTRAREGIONAL HUMAN-MEDIATED DISPERSAL VECTORS

Studies are required on the mechanisms and the temporal and spatial scales
of the distribution of mtroduced species by human vectors after they have become
established. Such studies will be of particular value in light of any future
introductions of nuisance aguatic pests.

4. STUDY OF THE BAITTWORM AND LOBSTER SHIFFING INDUSTRIES

This study has identified a2 major, unregulated vector for exotic species
invasions in the Bay: the constant release of invertebrate-laden seaweeds from New
England in association with bait worm (and lobster} importation. In addition a new
trade in exotic bait has commenced, centered around the importation of livi
Vietnamese nereid worms, and both the worms and their substrate deserve detailed
study. These studies are urgently needed to address the attendant precautionary
management issues at hand. ‘

5. MOLECULAR GENETIC STUDIES OF INVADERS

The application of modern molecular genetic techniques has already
revealed the cryptic presence of previously unrecognized invaders in the Bay: the
Atlantic clam Macoma petalum, the Mediterranean mussel Mytilns galloprovincialis,
and the Japanese jellyfish Aurelia "aurita." Molecular genetic studies of the Bay's
new green crab (Carcinus) population may be of critical value in resolving the crab's
geographic origins and thus the mechanism that brought it to California. Molecular
genetic studies of worms of the genus Glycera and Nereis in the Bay may clarify if
New England porulaﬁons have or are becoming established in the region as a result
of ongoing inoculations via the bait worm industry. Molecular analysis of other
invasions will doubtless reveal, as with Macoma and Mytilus, a number of
hesetofore unrecognized species.

6. INCREASED UTTLIZATION OF EXOTIC SPECIES

Fishery, bait, and other utilization studies should be conducted on
developing or enlarging the scope of fisheries for introduced bivalves (such as Mya,
Venerupis, and Corbicula), edible aquatic plants, smaller edible fish (such as
Acanthogobius), and crabs (Carcinus and Eriocheir).

7. POTENTIAL ZEBRA MUSSEL INVASION

Studies are needed on the potential distribution, abundance and impacts of
zebra mussels (Dreissena polymorpha and/or D, bugensis) in California, to support
efforts to control their introduction and to design facilities (such as water intakes
and fish screens) that will continue to function adequately should the mussels
become established.
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8. ECONOMIC IMPACTS OF WOOD BORERS AND FOULING ORGANISMS

The economic impacts of wood-boring organisms (shipworms and gribbles)
and of fouling organisms (on commercial vessels, on recreational craft, in ports and
marinas, and in water conduits) are clearly very large in the San Francisco Estuary,
but remain largely undocumented and entirely anquantified. A modern econonmuc
study of this phenomenon, including the economic costs and ecological impacts of
control measures now in place or forecast, is critically needed.

9. ECONOMIC, ECOLOGICAL AND GEOLOGICAL IMPACTS OF BIOERODING
NONINDIGENOUS SPECTES

Largely qualitative data suggest that the economic, ecological, and geological
impacts of the guild of burrowing organisms that have been historically and newly
introduced have been or are forecast to potentially be extensive in the Estuary.
Experimental, quantitative studies on the impacts of burrowing and biceroding
crustaceans and muskrats in the Estuary are clearly now needed to assess the
extent of changes that have occurred or are now occurring, and to form the basis for
predicting future alterations in the absence of control measures.

10. POST-INVASION CONTROL MECHANISMS

While primary attention must be paid to preventing future invasions, studies
should begin on examining the broad suite of potential post-invasion control
mechanisms, including biocontrol, physical containment, eradication, and related
strategies. A Regional Control Mechanisms Workshop for past and anticipated
invasions could set the foundation for future research directions.
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CHAPTER 1. INTRODUCTION

Over the past four centuries thousands of species of fresh water, brackish
water and salt water animals and plants have been introduced to the United States
(Elton, 1958; Carlton, 1979a, 1989, 1992b; Moyle, 1986; Hickman, 1993; Carlton &
Geller, 1993). In some regions, such as the Hawaiian Islands, aboriginal
introductions date back more than two millennia (Mooney & Drake, 1986). The
taxonomic, habitat and trophic range of this vast nonindigenous biota is
impressive—ranging from exotic flatworms (Rectocephala exotica) in the lily ponds
of Washington, D. C., to Mexican crabs (Platychirograpsus spectabilis ) in Florida
rivers, to aquatic rodents such as the South American nutria (Myocaster coypu) in
the southern United States.

The human role in changing the face of North America, in terms of the
abundance and diversity of the animals and plants of lakes, rivers, estuaries,
marshes, and coastlines, has been demonstratively profound:

* Sea lampreys (Petromyzon marinus) invaded the Great Lakes, destroying
extensive native fisheries; the Eurasian carp (Cyprinus carpio), released in
New York in 1831, is now a national pest; Nevada's Ash Meadows killifish
(Empetrichthys merriami) became extinct at the hands of introduced
mosquitofish, mollies, crayfish, and bullfrogs; and scores of exotic fish species
now dominate aquatic habitats from Florida to New York and from the
Atlantic drainage to California.

* Asian clams (Corbicula fluminea) spread across all of North America in only
40 years, moving from west to east—from the Columbia River to California
and then quickly across the southern United States to the Atlantic seaboard, a

~ dramatic and startling invasion of this canal- and pipe-fouling ¢lam

(McMahon, 1982). Fifty years later, European zebra mussels (Dreissena

polymorpha and Dreissena bugensis) are similarly spreading across North

America—this time from east to west, from the Great Lakes to the Mississippi

and into Oklahoma.

* Alien plants—including the spectacularly successful purple loosestrife
(Lythrum salicaria), Eurasian watermilfoil (Myriophyllum spicatum) and
water chesmut (Trapa natans)—are now the dominant, and at times the only,
vegetation, for hundreds of square miles of aquatic and marsh habitats in
North America.

Despite these many invasions, there are with rare exception no syntheses of
the spatial and temporal patterns, mechanisms or impacts of these nonindigenous
aquatic and estuarine organisms. For the great majority of invasions, records are
scattered among thousands of scientific papers and buried in general monographs,
student theses, government reports, consultant studies and anecdotal accounts.
While a comprehensive review of freshwater and marine invasions would be
extraordinarily useful, an initial approach to understanding the ecological and
economic impacts of nonindigenous animals and plants in U. S. aquatic and marine
environments may be attained through case studies: the assessment of the role of
invasions in defined geographic regions, focusing on historical and modern-day
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dispersal pathways, on the biological, ecological and economic consequences of
invasions, and on prospects for future invasions.

We present here such a regional study, focusing on one of the largest
freshwater and estuarine ecosystems of the United States: the San Francisco Bay and
Delta region, a region known to have sustained numerous invasions for over a

century.

(A) PRIOR STATE OF KNOWLEDGE

At the time of our study there was no synthesis available of the diversity and
impacts of the nonindigenous aquatic and estuarine species of the San Francisco Bay
and Delta region, an area that extends from the inland port cities of the Central
Valley to the coastal waters of the Pacific Ocean at the Golden Gate.

This region includes examples of most of the common aquatic habitats found
throughout the warm and cool temperate climates of the United States and, as such,
represents an ideal theater for assessing the diversity and range of effects of aquatic
invasions. Within the Bay-Delta Region are fresh, brackish, and salt water marshes,
sandflats and mudflats, rocky shores, benthic sublittoral habitats of a wide sediment
range, eelgrass beds, emergent aquatic macrophyte communities, planktonic,
nektonic, and neustonic communities, extensive fouling assemblages, and
communities of burrowing and boring organisms in clays and wood. Also
represented is a vast range of habitat disturbance regimes. Over a 140-year period of
substantial human commercial and other activities—since about 1850—a minimum
of more than 200 plants, protists and animals from the aquatic and coastal habitats of
eastern North America, Europe, Asia, Australia, and South America have invaded
these ecosystems. .

Prior lists or descriptions of the introduced freshwater, anadromous and
. estuarine fish fauna in the San Francisco Bay-Delta region were provided by Moyle
(1976b) and McGinnis (1984); of freshwater mollusks by Hanna (1966) and Taylor
(1981); of marine mollusks by Nichols et al. {1986); and of introduced marine and
estuarine invertebrates by Carlton (1975, 197%a,b), supplemented by Carlton et al.
(1990). Silva (1979) and Josselyn & West (1985) noted some introductions of marine
and brackish seaweeds, but no comprehensive assessment of possibly introduced
seaweeds had been made. Atwater et al. (1979) provided a list of introduced vascular
plants in San Francisco Bay salt marshes, but appear not to have distinguished
between aquatic plants that are characteristically found within marshes and
essentially terrestrial plants that are occasionally found at the edges of or within
marshes. During our study the Bay-Delta Oversight Committee of the California
Department of Water Resources produced a briefing paper summarizing some of
the previously published information on introduced fish, wildlife and plants of the
Bay-Delta region (BDOC, 1994), and Orsi (1995) published a list of introduced
estuarine copepods and mysids. ,

No information had been compiled on possible introductions among
freshwater invertebrates (including species of freshwater sponges, jellyfish,
flatworms, oligochaete and polychaete worms, snails, clams, crustaceans, insects and
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bryozoans), freshwater macroalgae, or fresh, brackish or salt water phytoplankton.
Protozoan introductions had been similarly neglected.

Based on the information available prior to our study, and on consideration
of extant lists of aquatic or marine introductions in other regions (Leppdkoski, 1984;
den Hartog, 1987; Mills et al,, 1993, 1995; Jansson, 1994), we had estimated that the
number of aquatic and estuarine introductions in the Bay-Delta system could exceed
150 invertebrate species, 20 fish species, 10 algal species, and 100 vascular plant
species.

(B) CONTRIBUTIONS OF THE PRESENT STUDY

The present work is the first regional case study in the United States of the
diversity and ecological and economic impacts of nonindigenous species in aquatic
and estuarine habitats. Previous studies (Mills et al., 1993, for the Great Lakes; Mills
et al., 1996, for the Hudson River) have largely concentrated on species check-lists
with a minimal review of ecological or economic effects of the exotic biota, We
intend the present study to be a comprehensive synthesis which may serve as a
comparative model for other regional studies in U, S. waters.

The present study also sets forth detailed and clear criteria for determining
which species are present and established within the study zone. Prior regional
surveys of aquatic introductions have implied but rarely defined these criteria, a
situation that impedes ready quantitative comparisons between regions. We
include (Chapter 5) a supplemental list of vascular plant species based upon criteria
which we judge to approximate the criteria in prior regional surveys of aquatic
introductions in the USA, in order to facilitate such comparisons.

The present study is also the first regional survey of introductions to incude
a listing (although preliminary) of cryptogenic species——species which are neither
demonstrably native or introduced (Chapter 4). As discussed by Carlton (1996a), the
development of such lists is a necessary first step in correcting prior tendencies to
profoundly underestimate the potential extent of biological invasions and in
providing a more complete basis for understanding the sources, characteristics and
frequency of success of biological invaders.

Both older (Elton, 1958) and newer (e. g. Mooney & Drake, 1986; Drake et al.,
1989) reviews of biological invasions propose a number of theoretical models to
explain the success of animal and plant invasions in regions where they did not
evolve. However, for most such studies, comprehensive data sets on the diversity of
invasions, temporal patterns of invasion, and ecological impacts have not been
available by which to test the applicability or robustness of invasion theory. The
present study provides an extensive review of an introduced biota exceeding 200
taxa in a defined geographic region, and thus provides a rare data set with which to
test invasion models.
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CHAPTER 2. METHODS

(A) DEFINITIONS

1. STUDYZONE

The study zone for this report is defined as the estuarine and aquatic habitats
that are within the normal range of tidal influence in San Francisco Bay, the
Sacramento-San Joaquin Delta and tributaries, and referred to herein as the San
Francisco Estuary or the Estuary (Fig. 1). The primary data set (Chapter 3 and Table 1)
contains all demonstrably nonindigenous organisms that are characteristically
found in estuarine or aquatic habitats (including marshes, mudflats, etc.), and for
which there is significant evidence supporting their establishment within the study
zone.

2. PRIMARY DATA SET: INTRODUCED SPECIES IN THE SAN FRANCISCO ESTUARY

Inclusion in the primary data set thus requires evidence demonstrating that
the organism in question is (1) not native to the Estuary, and (2) currently
established in the Estuary.

We define native organisms as those organisms present aboriginally, which
for the Bay-Delta region means prior to 1769 when the first European explorers
entered the area. The types of evidence that we utilized to determine the native
versus introduced status of aquatic and estuarine organisms, as discussed by Carlton
(1979a) and Chapman & Carlton (1991, 1994), include:

* global systematic evidence (involving taxonomic information from both
morphology and molecular genetics) and biogeographic evidence, including
the global distribution of closely related species;
the existence of identifiable mechanisms of human-mediated transport;
historical evidence of presence or absence;
archaeological evidence of presence or absence;
paleontological evidence of presence or absence;
the extent to which distribution can be explained by natural dispersal
mechanisms;
rapid or sudden changes in abundance or distribution;

* highly restricted or anomalously disjunct distributions (in comparison to
distributions of known native organisms);

occurrence in assemblages with other known introduced species; and

for parasites or commensals, occurrence on introduced organisms.

-

We define established organisms as those organisms present and reproducing
"in the wild" whose numbers, distribution and persistence over time suggest that,
barring unforeseen catastrophic events or successful eradication efforts, they will
continue to be present in the future. "In the wild" implies reproduction and
persistence of the population without direct human intervention or assistance (such
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Figure 1. The San Francisco Estuary
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as reproductive assistance via hatcheries or periodic renewal of the population
through the importation of spat), but may include dependence on human-altered or
created habitats, such as water bodies warmed by the cooling-water effluent from
power plants, pilings, floating docks, and salt ponds or other manipulated, semi-
enclosed lagoons. The types of evidence that we used to assess establishment
include:

population size;

persistence of the population over time;

* 9 & =

for species dependent on sexual reproduction, the presence of both males and
females, and the presence of ovigerous females; and
¢ the age structure of the population as an indicator of successful reproduction.

3. OTHER DATA SETS

Beyond the primary data set, we considered and compiled information on
several additional categories of organisms, including:

* cryptogenic organisms, that is, organisms in the Estuary that are neither
demonstrably native nor introduced (Table 2);

» nonindigenous organisms that have been reported from or were
intentionally introduced to the Estuary, but which did not become established
or for which there is inadequate evidence regarding their establishment
(Table 8 and Appendix 2);

e nonindigenous organisms which are established in aquatic environments
tributary to or adjacent to the Estuary, and which may in the future extend
their range into the Estuary (Table 9);

+ nonindigenous organisms which are not characteristically found in estuarine
or aquatic habitats but which have been occasionally reported from or may
make occasional use of the Estuary (Appendix 1).

Probably the largest and most difficult "gray zone" between the primary data
set and organisms in these additional categories involves those nonindigenous
plants reported from coastal or freshwater wetlands for which specific information
on occurrence within the tidal boundaries of the Estuary is not available. Although
previous regional studies of aquatic invasions (Mills et al., 1993, 1995} have included
many such gray-zone plants, we limited inclusion in our primary data set to those
that both: (a) have habitat descriptions indicating that they are primarily marsh
plants, and not primarily terrestrial or moist ground plants occasionally found in or
near marshes; and (b) have been reported specifically from the Delta, and not just
from the Central Valley or the Bay Area generally. Similar questions arose, though
less commonly, with other types of organisms, to which we applied similar logic.

Those candidate organisms which are not listed in Table 1 because of criterion
(a), are instead listed in Appendix 1. Adding the plants in Appendix 1 to the
organisms in Table 1 would produce a list of nonindigenous organisms for the
Estuary comparable those produced for the Great Lakes (Mills et al., 1993) and the
Hudson River (Mills et al., 1995), as discussed further in Chapter 5. Candidate

distribution (broad or restricted) of the population, and trends in distribution;

.
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organisms which failed to meet criterion (b) are listed in Table 9. Even following
these restrictive criteria, we may have included in Table 1 some plants that are
found in the Delta region in marshes or diked ponds, but not in tidal waters.

(B) DATA SOURCES AND PRESENTATION

Initial lists of taxa in the above-described categories were compiled from the
prior studies discussed in the introduction and from a review of the regional
biological and systematic literature including regional monographic studies, keys,
field guides and checklists; from published (mainly in the gray literature) and
unpublished species lists generated by public agencies and private consultants; and
from discussions with taxonomists, field biologists, refuge managers and
consultants familiar with the region.

Further information on the species thus identified was developed through a
review of the pertinent current and historical biological literature, museum records
and specimen collections, and interviews with biologists. We also undertook
limited field work in order to check the presence or distribution of certain species,
and to check for the presence of previously unreported species in some rarely
sampled habitats. This information was used to develop the following species lists:

« Table 1, listing introduced species in the Estuary;

« Table 2, listing cryptogenic species in the Estuary;

* Table 8, listing species recently recorded from the Estuary but whose
establishment is uncertain;

« Table 9 and Appendix 3, listing introduced species in adjacent aquatic habitats;

« Appendix 1, listing terrestrial species that may occasionally be found in the

Estuary;

. Appeny;iix 2, listing older inoculations of nonindigenous species that did not
become established; and

« Appendix 4, listing introduced species in the northeastern Pacific known only
from the Estuary.

For each species listed in Table 1 we determined where possible:

« the date of first collection or observation or planting in the Estuary, in
California and in northeastern Pacific waters or coastal states or provinces;
and where this was unavailable, the date of the first written account of the
organism in the area;
the native range of the species;
the immediate geographic source of the introduction;
the transport mechanism;
the organism’s current taxonomic status, most frequently utilized synonyms,
and common names; and
« its current spatial distribution and abundance in the Estuary.

We included common names from Turgeon et al. (1988) and Carlton (1992)
for mollusks, Caims et al. (1991) for coelenterates, Williams et al. (1989) for



Methods Page -]

decapods, Gosner (1978) for other invertebrates, Robins et al. (1991) for fish and
Hickman (1983) for higher plants.

The data are presented in the species descriptions in Chapter 3 and
summarized (in large part} in Table 1. Some of these data are also provided for the
species listed in Tables 8 and 9 and the appendices. We also reviewed the available
information on the ecological roles and economic impacts of individual introduced
species and of introduced species assemblages. This information is summarized in
the species descriptions in Chapter 3 and discussed in Chapter 6.

(C) ANALYSIS

The primary data set in Chapter 3 and Table 1 was quantitatively analyzed
with regard to taxonomic groups, native regions, timing and transport mechanisms.
The results are presented in Chapter 5.

1. TAXONOMY

The numbers of species per taxonomic group were tabulated at two levels of
aggregation. A first tabulation was done at the taxonomic levels of order (for
vertebrates), phylum (for invertebrates), subkingdom (for plants) and kingdom (for
Pprotozoans). A second, more highly-aggregated, tabulation was done at the levels of
class (vertebrates), a traditional, non-phyletic grouping (invertebrates), and kingdom
(plants and protozoans).

2, NATIVE REGION

The numbers of species per native region were tabulated with regard to
eleven marine regions and five continental regions. The marine regions consist of
the eastern and western portions of the North and South Atlantic oceans and the
North and South Pacific oceans, the Indian Ocean, the Mediterranean Sea, and the
Black and Caspian Seas. The Western South Pacific region consists primarily of
waters around Australia and New Zealand. The five continental regions consist of
North America, South America, Eurasia, Africa, and Australia/New Zealand.
Where an organism's native range included more than one region, that organism's
count was split proportionally.

3. TIMING

We analyzed the timing of introductions in terms of both the date of first
record in the Estuary, and the date of first record in the northeastern Pacific. The
numbers of species were tabulated in four 30-year periods with the first beginning in
1850 and the last ending in 1969, and one 26-year Renod (1970-1995). In the few cases
where an organism's date of first record was a period that spanned parts of two
tabulation periods, that organism’s count was proportionally divided between the
periods.
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We distinguished two different types of dates of first record. The first and
preferred type is the date of initial planting or first observation or collection of the
species in the area. Where this was unavailable, we reported the earliest date
available (date of writing, submission or publication) of the first written account of
the species in the area. In Table 1, dates of first written account are preceded by the
symbol ‘<, meaning that the date of first planting, observation or collection was on
or before (in some cases, perhaps a considerable time before) the indicated date.
Dates of first written account were excluded from the quantitative analysis.

We also excluded from the analysis those dates of first record that we judged
to be a clear artifact of collecting bias, or a fortuitous discovery of a species in a
restricted habitat or locality, and whose inclusion would have contributed to a
misleading picture of the temporal pattern of invasions in the Estuary. This is
discussed further in Chapter 5 under "Results." These dates are marked by asterisks

(*) in Table 1.

4. TRANSPORT MECHANISMS

We analyzed the stocks of organisms that have been introduced to the Estuary
in terms of the transport mechanisms (also called "transport vectors,” "means of
introduction” and “dispersal mechanisms”) that brought them to the northeastern
Pacific. We utilized thirteen categories of mechanisms, as defined in Table 1 and
discussed in Chapter 5 under "Results.” Where multiple possible transport
mechanisms were determined for an organism, that organism's count was divided

proportionally among the possible mechanisms.
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CHAPTER 3. INTRODUCED SPECIES IN THE ESTUARY

PLANTS

SEAWEEDS

Chlorophyta

Bryopsis sp. [CODIALES]

Silva (1979) reported an unidentified species of Bryopsis which only
reproduces asexually in the Bay and which he described as exhibiting weedy
behavior. developing explosively and frequently being cast ashore in large
quantities, creating a nuisance as it decomposes. It has been observed in the Bay
since at least 1951, from Alameda to Richmond on the East Bay shore and at Coyote
Point. Bryopsis occurs in ship fouling (pers. obs.) and, in concert with the other
introduced seaweeds, we tentatively suggest ship fouling as the mechanism of
introduction.

Codium fragile tomentosoides (Suringar, 1867) Hariot, 1889 [CODIALES]
DEAD MAN'S FINGERS, SPUTNIK WEED, OYSTER THIEF

Codium fragile is native to the northern Pacific, and is found in North
America on exposed coasts from Alaska to Baja California (Abbot & Hollenberg,
1976). The weedy subspecies C. f. tomentosoides is native to Japan (where it is eaten)
and was introduced to Europe in the nineteenth century and to New York, probably
as ship fouling, around 1956, subsequently spreading north to Maine and south to
North Carolina (Carlton & Scanlon, 1985; includes discussion of coastal transport
mechanisms). It was first collected in San Francisco Bay in 1977, probably introduced
as ship fouling (Carlton et al., 1990), and as of 1985 not reported from any other site
in the northeastern Pacific (Carlton & Scanlon, 1985).

In San Francisco Bay C. f. tomentosoides is common intertidally and
subtidally attached to rocks, seawalls, piers and floating docks. Josselyn & West
(1985) report it as common (found 60-100% of the time) at Coyote Point, and
frequent (30-60%) at Redwood City, Palo Alto. In 1993-94 we found it on floating
docks in the East Bay from Richmond to San Leandro and at Pier 39 in San
Francisco.

Phaeophyta
Sargassum muticum (Yendo, 1907) Fensholt, 1955 {FUCALES)

Sargassum muticum is a Japanese species which was first collected in North
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America in 1944 in British Columbia, apparently introduced in shipments of
Japanese oyster spat (Crassostrea gigas), and subsequently spread both north and
south into protected waters. It was reported from Coos Bay in 1947, Crescent City in
1963 and Santa Catalina Island in 1970, and is now found at scattered sites from
Alaska to Baja California (Abbott & Hollenberg, 1976; Silva, 1579). It was introduced
to Europe in the early 1970s, apparently also in shipments of Japanese oyster spat
(Druehl, 1973; Critchley, 1983; Danek, 1984).

S. muticum was first observed in San Francisco Bay by Silva on the riprap at
the entrance to the Berkeley Marina in 1973. It has been reported on the pilings of
the Golden Gate Bridge, in the San Francisco Yacht Harbor, on the inside breakwater
at Fort Baker, at Angel Island, Sausalito and the Tiburon Peninsula, on the east side
of Yerba Buena Island, at Crown Beach in Alameda, and from Albany and
Richmond (Silva, 1979; Danek, 1984). Josselyn & West (1985) found it commonly (60-
100% of the time) at Tiburon Peninsula and infrequently (5-30%) at Twin Sisters.

In San Francisco Bay S. muticum appears to be restricted to low intertidal
areas with hard substrate and moderate to high salinity. Germlings grow at salinities
down to 10 ppt (to 20 ppt according to Norton (1977)), but maximum survival is at
25-30 ppt salinity. Low salinities and storms eliminated the Tiburon population in
the winter and spring of 1983 (Danek, 1984). S. muticum was more abundant at
Crown Beach, Alameda during the drought years of 1990-91 than it is at present
(pers. obs.).

Both lateral branches and fertile fronds of S. muticum break off regularly and
float and disperse by currents and wind drift, surviving afloat for up to 3 months,
and can initiate new populations (Danek, 1984). Danek (1984) reports that "in Britain
S. muticum has become the dominant species at low tide levels, and is a successful
competitor against indigenous species such as Cystoseira and Laminaria...it forms
large floating mats (Fletcher & Fletcher, 1975) causing problems for fishermen and
small boat navigation.” An eradication program in England was "largely
unsuccessful” (Silva, 1979). In Canada, Druehl (1973) considers it to be replacing
populations of Zostera in some places, and Dudley & Collins (1995) report that it has
become a dominant intertidal species in the Channel Islands and Santa Barbara area.
However, Silva (1979) states that "there is no evidence that S. muticum is displacing
the native biota of San Francisco Bay."

Rhodophyta
Callithamnion byssoides Arnott [CERAMIALES]

Callithamnion byssoides is native to the northwestern Atlantic from Nova
Scotia to Florida (Taylor, 1957). It was not listed in Gilva's (1979) review of Central
Bay benthic algae, but Josselyn & West (1985) found it attached to rocks “near MLLW
throughout the northern and southern reaches of the bay" in collections between
1978 and 1983. They report it as frequent (found 30-60% of the time) at Redwood
City, Palo Alto and China Camp, and infrequent (5-30%) at Tiburon Peninsula, Point
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Pinole and Crockett. Callithamnion species are common fouling species (WHOI,
1952). C. byssoides may have been transported to San Francisco Bay as ship fouling,
or possibly with the algae used to pack New England bait worms or lobster.

Polysiphonia denudata (Dillwyn) Kiitzing [CERAMIALES]

Polysiphonia denudata is native to the Atlantic coast from Prince Edward
Island to Florida and the tropics, commonly occurring in tide pools and in shallow
bays attached to rocks, shells and wharves (Taylor, 1957). It was not listed by Silva
(1979) in his review of Central Bay benthic algae, but Josselyn & West (1985) reported
it as a "common drift algae during summer months, especially in South San
Francisco Bay" (citing Cloern, pers. comm.), and as drift or epiphytic in both San
Pablo Bay and South Bay in collections between 1978 and 1983. They further suggest
that “the extensive decaying mats observed by Nichols (1979) in Palo Alto during the
summer of 1975" may have been P. denudata. We (JTC) observed a sometimes
abundant Polysiphonia, which we presume to have been P. denudatas, in Lake
Merritt, Oakland in 1963-64.

Polysiphonia species are common fouling species or artificial structures,
including ships (WHO], 1952; Fletcher et al,, 1984), and a species of Polysiphonia was
the organism most tolerant of copper- and mercury-based anti-fouling compounds
in tests in Florida (Weiss, 1947}, suggesting that P. denudata probably arrived in San
Francisco Bay as hull fouling, although introduction by ballast water is possible.
Josselyn & West (1985) reported P. denudata as frequent (30-60% of the time) at Point
Pinole, and infrequent (5-30%) at stations on the western shore of the South Bay, on
the Marin shore, and at Crockett. It apparently reproduces asexually in San Francisco
Bay, and is not reported from other Pacific coast estuaries (M. Josselyn, pers. comm,,
1985).

VASCULAR PLANTS

Dicotyledones

Chenopodium macrospermum J. D. Hooker var. halophilum (Philippi) Standley
[CHENOPODIACEAE]

SYNONYMS: Chenopodium macrospermum ]. D. Hooker var. farinosum (Watson}
Howell

Probably native to South America, this plant is found in wet places and
marshes at low elevations between Orange County and Washington state, including
the coastal California (Munz, 1959) the San Francisco Bay Area and the Delta
(Hickman, 1993).
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Cotula coronopifolia Linnaeus, 1753 {ASTERACEAE]

BRASS BUTTONS

Brass buttons is a native of South Africa that has become established along
the Pacific coast from California to British Columbia, and is reported as adventive in
New England (Peck, 1941; Muenscher, 1944; Steward et al., 1963). In 1878, Lockington
(1878) reported it as an introduced plant common in wet places on the San Francisco
peninsula. As it was likely to have spread to the Bay's littoral zone by around that
time, we have taken 1878 as the date of first observation in the Estuary. It was
probably introduced in ships’ ballast (as suggested by Spicher & Josselyn, 1985).

In California brass buttons has variously been reported as common in salt and
freshwater marshes along the coast (Robbins et al., 1941; Mason, 1957; Murnz 1959;
Hickman, 1993), as present in San Francisco Bay saltmarshes (Jepson, 1951), as
common in wet places near high-tide levels in the tidal marshes around Suisun Bay
{Atwater et al., 1979), and as uncormmon in the Delta (Madrone Assoc., 1980; Herbold
& Moyle, 1989). A 1981 aerial survey of Suisun Marsh classified 3,800 acres, or 5% of -
the area surveyed, as Cotula habitat (Wernette, 1986), and in 1989 it was found at 18
of 48 sites. Along with alkali bulrush, saltgrass or fat hen, brass buttons comprised
the principal vegetation at two sites in each of 1987, 1988 and 1989 (Herrgesell, 1990).
Waterfow! frequently graze on brass button seeds, and the diked, brackish marshes
around Suisun Bay are managed in part to promote its growth (Josselyn, 1983}.

Lepidium latifolium Linnaeus [BRASSICACEAE]
BROADLEAF PEPPERGRASS, PERENNIAL PEPPERWEED, TALL WHITETOP

Broadleaf peppergrass is a native of Eurasia, where it is reported from Norway
to North Africa and east to the Himalayan region. It has been introduced to many
parts of the United States, Mexico and Australia, and is found on beaches, tidal
shores, saline soils and roadsides throughout most of California (Hickman, 1993;
Young & Turner, 1995; May, 1995). Suggested mechanisms of transport to North
America along the New England coast prior to 1924 include transport in gluestock
(animal bones) shipped from Europe, the seeds adhering to scraps of tissue or burlap
sacking (Morse, 1924, cited in May, 1995); with material shipped to a dye and licorice
works (Eames, 1935, cited in May, 1395); and clinging to the wool of sheep (Rollins,
1993, cited in May, 1995).

Broadleaf peppergrass was discovered in Montana in 1935, and in California
near Oakdale, Stanislaus County in 1936, possibly having been transported with beet
seed (May, 1995). By 1941 it was reported from San Joaquin and Yolo counties on the
edge of the Delta (Robbins et al., 1941). Herbarium specimens exist from Grizzly
Island (collected in 1960), Antioch Dunes (1977) and the Bay shoreline at Martinez
and Point Pinole (1978). It was reported as common in the tidal marshes of the San
Francisco Estuary (Atwater et al., 1979), and uncommon in the Delta (Madrone
Assoc., 1980; Herbold & Moyle, 1989). Recently it has been reported as invasive and
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spreading in shallow ponds and adjacent moist uplands in the Central Valley
wildlife refuges, and in high tidal marsh areas and diked seasonal wetlands in
Suisun Marsh (where hundreds of acres on Grizzly Island are affected) and
throughout the Bay (Trumbo, 1994; Dudley & Collins, 1995; Malamud-Roam, pers.
comm., 1994; May, 1995).

Broadleaf peppergrass produces large amounts of seed, can reproduce
asexually by spread of rhizome sections, and is tolerant of a broad range of
environmental conditions (Trumbo, 1994; May, 1995). It often becomes established
on disturbed, bare soils, and was also observed in pickleweed (Salicornia) plains and
among Scirpus spp. (May, 1995). May (1995) reports that it may be intolerant of
frequent or prolonged flooding, and our observations suggest that it is limited to the
upper edge, or often above the upper edge, of tidal inundation.

Trumbo (1994) suggests that at Suisun Marsh peppergrass first got established
in agricultural areas, then as farms closed during the 1950s expanded rapidly
"unchecked by frequent cultivations and crop competition” and invaded wildlife
areas of the marsh. He claims that it competes with pickleweed, thereby reducing
habitat for the endangered saltmarsh harvest mouse, and that its dense growth is
unsuitable for use as nesting cover by waterfowl, although May (1995) reports that
waterfow] nests have been observed in monotypic stands of peppergrass. BDOC
(1994) states that it may outcompete and displace certain rare native marsh plants,
such as Lilaeopsis masoni and Cordylanthus mollis mollis. CDFG has tested
burning, discing and herbicide treatments as control measures for pepper grass,
which is ranked as a "B"level plant pest by the California Department of Food and
Agriculture (BDOC, 1994).

Limosella subulata Tves, 1817 [SCROPHULARIACEAE)
AWL-LEAVED MUDWORT

Limosella subulata is native to Europe or the east coast of North America,
and found in southern British Columbia and in fifteen western states. It is reported
from muddy and sandy intertidal flats in the Delta (Muenscher, 1944; Munz, 1959;
Atwater et al., 1979; Herbold & Moyle, 1989; Hickman, 1993).

Lythrum salicaria Linnaeus [LYTHRACEAE)
PURPLE LOOSESTRIFE

Native to Europe, purple loosestrife is invasive worldwide. It was introduced
to North America by the early 1880s, either as seeds in solid ballast or in the wool of
sheep, or as a cultivated plant. It can grow in monospecific stands, competes with
cattails and other marsh plants (Mills et al., 1993), and is listed as a noxious weed in
California {Hickman, 1993).
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Purple loosestrife was reported by Munz (1968} in Nevada and Butte counties,
but not mentioned by Munz (1959) or Mason (1957). It is now found in low
elevation marshes, ponds, streambanks and ditches throughout much of California,
including the Sacramento Valley and the Bay Area (Hickman, 1993).

Myriophyllum aquaticum (Velloso} Verdc. [HALORAGACEAE]
PARROT'S FEATHER
SYNONYMS: Myriophyllum brasiliense Cambess.

A South American native, parrot's feather is found in ponds, ditches, streams
and lakes in warm temperate and tropical regions throughout the world. Escaped
from cultivation in California and reported from six counties from Humboldt to
San Diego ("set out in these areas by dealers in aquatics for the purpose of market
propagation;” Mason, 1957), from the Coast and Cascade ranges and from central
western California (Hickman, 1993), and from tidal marshes and sloughs in the
Delta (Atwater et al., 1979; Madrone Assoc., 1980). BDOC (1994) reports that parrot's
feather "provides excellent mosquito habitat," and that the USDA has investigated
the use of herbicidal and biological controls.

Myriophyllum spicatum Linnaeus [HALORAGACEAE]
FURASIAN MILFOIL
SYNONYMS: Myriophyllum exalbescens in part

Eurasian milfoil is a native of Eurasia and North Africa that has invaded
lakes in the eastern United States and Canada. Its first documented occurrence in
North America was in the Potomac River, Virginia in 1881, though it is thought to
have arrived much earlier (Reed, 1977, cited in Mills et al., 1993). In the early 1970s it
reportedly made up over 90 percent of the plant biomass in Lake Cayuga, New York,
where it may have been eventually controlled by an exotic moth, Acentria niveus
(Anon., 1994). Control efforts have also included cutting, water drawdown and
herbicide applications (Mills et al., 1993). Furasian milfoil reportedly can outcompete
native plants through shading, clog pipes and entangle boat propellers, and foul
beaches with decaying mats of dead plants. It spreads as discarded material from
aquaria and entangled on boats and trailers moved between watersheds (Mills et al,,
1995).

Hickman (1993) reports this plant as uncommon in ditchies and lake margins
in the Bay Area and the San Joaquin Valley, and BDOC (1994) reports it from the
Delta. Munz (1959) reported Myriophyllum spicatum ssp. exalbescens common
throughout cismontane California in quiet water below 8,000 feet, Atwater et al.
(1979) reported M. s. ssp. exalbescens in Snodgrass Slough on the Sacramento River
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in the Delta in 1976, and Madrone Assoc. (1980) reported water milfoil {as M. s. var.
exalbescens and M. exalbescens) common in the Delta. Hickman (1993) states that
M. 5. ssp. exalbescens was misapplied to M. sibiricum, which he treats as a native
(but which we consider cryptogenic (Table 2) based on its reported range which
includes Pacific coastal and eastern Northern America and Eurasia). Based on
reported distribution and abundance, we consider Munz2's (1959) exalbescens to be
M. sibiricum and the Delta reports of exalbescens since 1976 to refer, at least in part,
to M. spicatum.

Polygonum patulum Bieberstein [POLYGONACEAE]
SMARTWEED

Native to eastern Europe, Polygonum patulum is reported as uncommon in
and around salt marshes in the Bay and Delta area (Munz 1959; Hickman, 1993). It
belongs to a closely related (and possibly hybridizing) group of introduced or
cryptogenic species, often found in or adjacent to fresh or saline wetlands, including
Polygonum aviculare (cryptogenic), argyrocoleon (Asian), prolificum (eastern North
America) and punctatum (cryptogenic).

Rorippa nasturtium-aquaticum (Linnaeus) Hayek [BRASSICACEAE]
WATERCRESS

SYNONYMS: Nasturtium officinale R, Br.
Radicula nasturtium-aquaticum (Linnaeus) Britt. & Rendle
Rorippa nasturtium Rusby
Sisymbrium nasturtium-aguaticum

Watercress is a perennial aquatic plant native to Europe which has been
widely cultivated for its edible greens, and which has escaped and become common
throughout North America in marshes, in slowly flowing creeks, around seeps, on
wet banks, etc. Though probably present earlier, established populations were first
reported from North America near Niagara Falls in 1847 and at Ann Arbor,
Michigan in 1857 (Gray, 1848; Green, 1962; Mills et al., 1993). Peck (1941) Teported it
widely distributed in Oregon and Muenscher (1944) reported it from 41 states
including California, Oregon and Washington.

Watercress is found in the Delta (Munz, 1959; Herbold & Moyle, 1989). Most
authors (e. g. Jepson, 1951; Munz, 1959; Mills et al., 1993, 1995; BDOC, 1994) consider
this plant to be an introduction from Europe, although Hickman (1993) treats it as a
native plant of temperate world-wide distribution.

A &

|

L
:i.




Introduced Species Page 17

Salsola soda Linnaeus [CHENOPODIACEAE]

Native to southern Europe, Salsola soda is found on mudflats, in open areas
and among pickleweed in salt marshes, and on berms, among riprap and in open
areas at and above the high tide mark at scattered sites in San Francisco Bay
(Hickman, 1993; pers. obs.). It was first collected in July 1968 at the west end of the
Dumbarton Bridge in the South Bay (Thomas, 1975). It has since been found at
several sites in the South Bay from Candlestick Park to the San Francisco Bay
National Wildlife Refuge, and on the Alameda shore; from Emeryville Marina to
Hoffman Marsh, Richmond and at Richardson Bay in the Central Bay; and at
Chevron Marsh, Richmond, at Pinole and at Tubbs Island in San Pablo Bay
(Thomas, 1975; Tamasi, 1995; pers. obs.}). At the Pinole shore it appears to be
successfully competing with pickleweed Salicornia virginica in the high marsh, and
like pickleweed is attacked by the parasitic plant Cuscuta salina {pers. obs.). A few

lants were observed on a mudflat in Bodega Harbor in the summer of 1994 but not
in 1995 (Connors, 1995; C. Daehler, pers. comm., 1995).
‘ Its mechanism of introduction is something of a mystery, as no known
modem transport vector—excepting the unlikely possibility of its use (and escape) as
an ornamental plant—appears to apply.

Spergularia media (Linnaeus) Grisebach [CARYOPHYLLACEAE]
SAND SPURREY

SYNONYMS: Arenaria meédia
Hickman (1993) noted that "Spergularia maritima (All.} Chiov. may
prove to be the correct name” for this species.

Sand spurrey is native to coastal Europe and has been introduced to South
America, eastern North America and Oregon. It is found on salt flats, in and
bordering salt marshes, and on sandy beaches in Marin and Contra Costa counties
(Munz, 1959; Hickman, 1993). Atwater et al. (1979) listed it as common in tidal
marshes of the San Francisco Estuary.

Monocotyledones

Egeria densa Planchon [HYDROCHARITACEAE]
ELODEA, EGERIA, BRAZILIAN WATERWEED

SYNONYMS: Elodea densa (Planchon) Caspary
Anacharis densa (Planchon) Marie-Victorin
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Elodea is a highly invasive aquatic plant from South America that clogs
waterways and interferes with navigation. In 1944 Muenscher reported it as a
recently established introduction in six eastern states from Massachusetts to Florida
and in California, Steward et al. (1963) reported it from Oregon, and it has also
become established in Europe (Hickman, 1993). It is widely used in aquaria and
omamental pools, and was probably introduced as discarded material Or as an escape
{Muencher, 1944; Munz, 1959). In California it was reported as infrequent at scattered
locations by Mason (1957), and is now found on both sides of the Sierra Nevada, in
the San Joaquin Valley, and in the San Francisco Bay area (Hickman, 1993).

Elodea is reported as common in waterways throughout the Delta and in the
Contra Costa Canal (Atwater et al., 1979; Herbold & Moyle, 1989; Holt, 1992). It was
found at 8 of 10 sites in the Delta surveyed for littoral zone vegetation in 1988-90
(IESP, 1991). In the 1990s it has spread to new areas and deeper water in the Delta and
become more abundant, perhaps due to lower summer water levels and warmer
water temperatures (Holt, 1992; Thomas, pers. comm.). Although elodea provides
shelter for newly hatched fish, it also clogs channels and berths, gets caught in water
intake of engines, and fouls propellers. Management of this species included the use
of an aquatic weed killer on about 35 acres of Delta waterways in 1991 (Holt, 1992),
Field tests are being conducted on the use of Komeen, a copper-based herbicide, and
biocontrol agents are being investigated (Rubissow, 1994; BDOC, 1994).

Eichhornia crassipes (Martius) Solms-Laubach, 1883 [PONTEDERIACEAE]
WATER HYACINTH

Water hyacinth, "perhaps the world's most troublesome aquatic weed"
(Hickman, 1993) is a native of tropical South America that has spread to more than
30 countries on five continents, and has become a massive problem in waterways in
both Africa and Southeast Asia (Barrett, 1989). Its air-filled tissue (aerenchyma)
enables it to float and spread rapidly within and between connected water bodies. It
reproduces asexually by breaking apart into pieces each of which develops into a
separate plant. This results in a rapid increase in biomass, and continuous mats of
living and decaying water hyacinth up to two meters thick covering the water
surface have been reported (Barrett, 1991).

Water hyacinth was introduced to North America in 1884 via the Cotton
States Exposition in New Orleans. The plant was displayed in ornamental ponds
and distributed as souvenirs to visitors, with the excess dumped into nearby creeks
and lakes (Barrett, 1989; Joyce, 1992). It spread across the southeastern U. S. to
Florida, where a 1895 invasion of the St. Johns River produced floating mats of
water hyacinth up to 40 kilometers long (Barrett, 1989), and in several southeastern
sites blocked the passage of steamboats and other vessels by 1898 (Joyce, 1992).
According to Joyce, these problems led to the passage of the River and Harbor Act in
1899, authorizing the U. S. Army Corps of Engineers to maintain navigation
channels in these areas. Control efforts included the spraying of sodium arsenite,
which poisoned applicators and livestock (Joyce, 1992). :
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The 1884 Cotton States Exposition was probably also the initial source of the
water hyacinth that was reported from the Sacramento River near Clarksburg,
California, in 1904 (Thomas & Anderson, 1983; Thomas, pers. comm., 1994). In
California, water hyacinth spread gradually for many decades. Robbins et al. (1941)
reported it from the Kings River in Fresno County and Warner Creek in San
Bernardino County. It reached the Delta by the late 1940s or early 1950s, where the
federal Bureau of Reclamation tried controlling it with herbicides around 1957
(Thomas & Anderson, 1983; L. Thomas, pers. comm., 1994). In 1959 Munz reported it
as occasionally established in sloughs and sluggish water in the Sacramento and San
Joaquin valleys and the Santa Ana River system. In 1972 the U. 5. Army Corps of
Engineers investigated water hyacinth on the Merced River and determined that it
was not a flood hazard (Thomas & Anderson, 1983; L. Thomas, pers. comm., 1994).
Atwater et al. (1979) listed it as common in tidal marshes, presumably in the Delta.
Madrone Assoc. (1980) reported it as seasonally common in the southemn and central
Delta and clearing in the winter, when coot and other waterfowl fed on the dead

lants.
F Starting in the 1980s water hyacinth became a serious problem in the Delta
watershed, blocking canals and waterways, fouling irrigation pumps, shutting down
marinas, blocking salmon migration and, by 1982-83, blocking ferry boats at Bacon
Island and preventing the island’s produce from being shipped to market (CDBW,
1994; L. Thomas, pers. comm., 1994). The plant’s abundance may have been drought-
related, with plant densities building up when low river flows were unable to flush
the year's growth out of the Delta. On the other hand, when a wet year arrived in
1993 the higher rainfall "washed surplus plants from the upstream channels into
the Delta where it created a major problem by early summer, and it also appeared to
trigger unprecedented seed growth.” High flows also lowered chloride levels
enabling plants to grow in parts of the western Delta that had previously been clear
(CDBW, 1994).

On June 14, 1982 California Senate Bill 1344 became law, directing the
California Department of Boating and Waterways (CDBW) to control water hyacinth
in the Delta. CDBW set up barriers to keep large masses of floating plants out of
navigation channels and sprayed the herbicides Weedar (2,4-D), Diquat and Rodeo
(glyphosphate), at a cost that rose to about $400,000 annually. Program Supervisor
Larry Thomas claims that if herbicides had not been used in 1986-1991, "water
hyacinth would have shut the Delta down" (L. Thomas, pers. comm., 1994)

In some areas mechanical harvesting has been used to control hyacinth, but
this is expensive (typically around $1,500 to $3,000 per acre) and disposal of the
hyacinth can be a problem. Because of the cost, CDBW does not use mechanical
harvesting (L. Thomas, pers. comm., 1994).

In 1982 and 1983 CDBW, working with the U. S. Department of Agriculture,
imported and released three insects from South America as biological controls, the
moth Sameodes albiguttalis (which did not survive) and the weevils Neochetina
bruchi and N. eichhorniae. Although the two weevils became established in the
Delta, there is no evidence that they control water hyacinth (Thomas & Anderson,
1983; L. Thomas, pers. comm., 1994}.
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Of the three flowering forms of water hyacinth, only medium-style plants
have been found in California even though these plants are heterozygous for style
length. This suggests that water hyacinth does not reproduce sexually in California.
Conditions preventing sexua! reproduction may include a lack of effective insect
pollinators foraging in hyacinth (although honeybees Apis mellifera may be
effective where they visit hyacinth), and a lack of open shallow water or saturated
soil sites which are needed for germination and seedling establishment (Barrett,
1980, 1989).

Today water hyacinth is locally abundant in ponds, sloughs and waterways in
the Central Valley, the Bay Area, and the southern Coast and Peninsular ranges
(Hickman, 1993), and very dense in many waterways in the Delta. In 1988-1990 it was
found in 4 of 10 sites in the Delta surveyed for littoral zone vegetation (IESP, 1991).
In 1993 hyacinth again became very dense in parts of the Delta and the San Joaquin
Valley drainage, despite herbicide treatment of around 1,500 acres (CDBW, 1994).

In the Philippines, the leaves of this troublesome weed are sold as a market
vegetable under the name of “waterlilly” or "dahon” (Ladines & Lontoc, 1983).

Iris pseudacorus Linnaeus [IRIDACEAE]
YELLOW FLAG, YELLOW IRIS

A native of Europe, Iris pseudacorus was a popular garden flower that escaped
from cultivation. The first populations reported in North America were from near
Poughkeepsie, New York in 1868, from a swamp near Ithaca, New York in 1886 and
from Massachusetts in 1889, and it was first reported from Canada at Ontario in 1940
(Milis et al., 1993, 1995). It is now widespread east of the Rocky Mountains
{Hickman, 1993).

Jepson (1951) did not mention Iris pseudacorus, but Mason (1957) reported
that it “has escaped in Merced County and is apparently moving down the
watercourses.” It has since been found in irrigation ditches and pond margins in the
San Francisco Bay area, in the southern San Joaquin Valley, and in Sonoma County
(Munz, 1968; Hickman, 1993). Atwater (1980) found it was the only common
introduced plant on Delta islets, reporting it from the banks of 4 out of 6 islets
surveyed in 1978-79.

Polypogon elongatus Kunth, 1815 [POACEAE]

Native to South America, this plant is found in salt marshes and on sand
dunes in the Bay Area, including Contra Costa County, and in the southern Coast
Range (Munz, 1959, Hickman, 1993).
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Potamogeton crispus Linnaeus, 1753 [POTAMOGETONACEAE]
CURLY-LEAF PONDWEED, CURLY PONDWEED

This pondweed is native to Europe and now found more-or-less worldwide,
including Atlantic North America, California and Oregon (Steward et al, 1963). The
earliest verified records in North America are from Delaware and Pennsylvania in
the 1860s, although reports of it date back to 1807. It was deliberately introduced into

arts of the Great Lakes basin to provide food for waterfow], and is associated with
fish hatcheries having perhaps been accidentally transported between watersheds in
conjunction with fish stocking activities (Mills et al., 1993 citing Stuckey, 1979). It
reportedly can grow in fresh, brackish or salt water (Mills et al., 1995).

It is uncommon in shallow water, ponds, reservoirs and streams across most
of cismontane California including the Bay Area and the Central Valley (Munz,
1959; Hickman, 1993). In 1988-90 it was found in 2 of 10 sites surveyed for littoral
zone vegetation in the Delta (IESP, 1991).

Spartina alterniflora Loiseleur-Deslongchamps [POACEAE]
SMOOTH CORDGRASS, SALT-WATER CORDGRASS

Spartina alterniflora is native to the coast of eastern North America from
Maine to Texas (Muenscher, 1944) and has been introduced to Padilla Bay {1910),
Thorndyke Bay (1930), Camano Island and Whidbey Island in Washington; the
Siuslaw Estuary in Oregon; and New Zealand, England (1922) and China (1977)
(Chung, 1990; Callaway, 1990; Callaway & Josselyn, 1992; Ratchford, 1995). Most
literature states that S. alterniflora was first introduced to the northeastern Pacific in
Willapa Bay, Washington, but both the date and mechanism of introduction to this
site are unclear. In a brief note Scheffer (1945) reported first becoming aware of a
cordgrass in Willapa Bay "about seven years ago"—thus about 1938—that was
identified as S. alterniflora in 1941. An oysterman reported first seeing the plants
"about 1911, and Scheffer, believing that the first Atlantic oysters (shipped from
Rhode Island) had been planted in Willapa Bay about 1907, concluded (apparently
based on the coincidence in dates) that the cordgrass had been introduced with the
oysters.

d Sayce (1988) pointed out that Scheffer was mistaken about the initial date and
origin of Atlantic oyster shipments to Willapa Bay, reporting that in fact the first
shipment, of 80 barrels of oysters from estuaries near New York City and
Chesapeake Bay, occurred in 1894, and that there were no subsequent introductions
of Atlantic oysters for the next 50 years (although Carlton (1979a, p. 72) reports
introductions of Atlantic oysters to Willapa Bay occurring in 1874 and 1894-1920s).
Sayce did, however, continue to associate Spartina alterniflora with oyster
shipments, stating that the Atlantic cordgrass was introduced with the 1894
shipment. She explained, "When the oysters were packed in barrels, in all
likelihood the packing material was "salt grass” of one of two species, Spartina
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alterniflora or 5. patens. S. patens has not been found in Willapa Bay. Either viable
seeds or rhizomes of Spartina alterniflora were in the packing material.” Nearly all
subsequent authors have followed Sayce in reporting that §. alterniflora arrived in
Willapa bay in 1894 as packing material for oysters. However, we have found no
record of cordgrass ever having been used as packing material for any oyster
shipments, nor is there any reason to think that hard-shelled oysters packed in
barrels would need or benefit from additional packing. Thus, there is no basis for
concluding that 5. alterniflora was introduced to Willapa Bay in 1894,

Accordingly, we consider the first record of §. alterniflora in Willapa Bay 1o be
"about 1911," and suggest solid ballast as the likeliest transport mechanism.
Molecular genetic comparisons with east coast populations may clarify the source of
the S. alterniflora stock in Willapa Bay (as has been done for San Francisco Bay S.
alterniflora; C Daehler, pers. comm., 1995), providing additional information to
resolve the probable means of transport.

Spartina alterniflora was separately introduced to San Francisco Bay in the
early 1970s by the U. S. Army Corps of Engineers as mitigation for wetlands
destroyed in the construction of the New Alameda Creek Flood Control Channel or
as an experimental planting (anecdotal accounts and genetic analysis both indicating
that the stock originated from Maryland; C. Daehler, pers. comm., 1995). It was
planted at Pond 3 at the Coyote Hills Regional Shoreline. One source reported that
after plantings of the native cordgrass $. foliosz did poorly, the area was replanted
with the more robust S. alterniflora to produce a "successful” restoration.

5. alternifiora from Coyote Hills was later transplanted to San Bruno Slough
near the San Francisco Airport by the Caltrans agency, either as mitigation for the
Samtrans Bus Terminal or for erosion control. It may also have been planted in the
Elsie Roemer Wildlife Refuge on the southwest shore of Alameda Island as part of
yet another “restoration” project in 1983 or 1984, or for erosion control by the City of
Alameda. It was found in Hayward Marsh in 1989 (Spicher & Josselyn, 1985;
Calloway, 1990; Kelly, pers. comm., 1992; Faber, pers. comm., 1993; Taylor, pers.
comm., 1993; Cohen, 1993).

In San Francisco Bay S. alterniflora is found both within existing salt marshes
and extending into lower elevation mudflats. Comparing aerial photographs of the
mouth of Coyote Hills Slough, Callaway (1990) saw no S. alterniflora in 1981 but
counted 31 round patches in 1988 and 146 patches in 1990. Daehler & Strong (1994)
found that "although some dense monocultures have formed,” most S. alterniflora
was growing in discrete circular patches separated by open mud, determined by
isozyme analysis to consist of individual genetic clones. There are now a total of
about 1,000 round or donut-shaped patches at southwestern Alameda Island and
northeastern Bay Farm Island, San Leandro Bay, Hayward Marsh, Alameda Creek
and Coyote Hills Slough (New Alameda Creek), and San Bruno Slough (near the
San Francisco Airport). Smaller amounts are reported from the Estudillo Flood
Control Channel south of the San Leandro Marina, the San Francisco Bay National
Wildlife Refuge and the Cargill salt ponds near Newark, and the National Wildlife
Refuge near Alviso (M. Taylor, pers. comm., 1993; ]. Takekawa, pers. comm., 1994; C,
Daehler, pers. comm., 1995).
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New patches of S. alterniflora are established both from seed and vegetative
fragments (Daehler & Strong, 1994). The cordgrass apparently arrived in Hayward as
floating rhizomes (M. Taylor, pers. comm., 1993) and may be spread by dredges
within the Cargill salt ponds (D. Strong, pers. comm,, 1993). Daehler & Strong (1994)
observed about 75 percent of patches setting very little seed in 1991-1992, and
germination rates ranging from zero to 59 percent, and suggested that a few clones
may be producing most of the seeds. On the other hand, Callaway (1990) found
higher seed production (2,475 vs. 371 seeds/m2), higher seed viability (97% vs. 67%)
and higher germination rates (average germination percentages of 77% vs. 49% in
freshwater, and 37% vs. 14% in 25 ppt salinity) for 5. alterniflora than for the native
cordgrass Spartina foliosa in San Francisco Bay.

Spartina alterniflora grows both higher and lower in the intertidal zone than
S. foliosa (Calloway, 1990; D. Strong, pers. comm., 1993; in Willapa Bay its total
vertical range is at least 66 percent of the tidal range, Sayce, 1988), and can accrete
sediment at a rapid rate (Sayce, 1988; Josselyn et al,, 1993). By growing at a lower
elevation it may reduce the area of mudflats in San Francisco Bay as it has in
Willapa Bay, Washington, where it has turned an estimated 1,800-2,400 acres (5-6
percent) of Willapa Bay's mudflats into cordgrass islands (Ratchford, 1995). Callaway
& Josselyn (1992) listed potential adverse impacts as: competitive replacement of
native cordgrass; altered habitat for native wetland animals because of larger and
more rigid stems and greater stem densities; altered habitat for infauna becanse of
higher root densities; changed sediment dynamics; decreased benthic algal
production because of lower light levels below cordgrass canopy; and loss of
shorebird foraging habitat through colonization of mudflats. In British estuaries, the
invasion of mudflats by Spartina anglica has produced adverse effects on shorebirds
(Goss-Custard & Moser, 1990; Callaway, 1990).

The potential loss of native cordgrass is of particular concern, because it
provides habitat for the severely endangered California clapper rail, Rallus
longirostris obsoletus. On the other hand, 5. alterniflora could possibly provide
more and better cover and therefore better protection for the rail, which is
threatened by predation by the introduced red fox, Vulpes vulpes (P. Kelly, pers.
comm., 1992; Cohen, 1992, 1993).

In San Francisco Bay, S. alterniflora is attacked by the sap-feeding planthopper
Prokelisia marginata at densities (ranging from 116 to 332 insects per inflorescence)
much higher than typically observed on the Atlantic coast, and by the sap-feeding
mirid bug Trigonotylus uhleri. However, this does not appear to affect growth rates,
seed production or germination rates {Daehler & Strong, 1994, 1995).

The California Department of Fish and Game eliminated 5. alterniflora from
Humboldt Bay in about 5 years by constructing a dike around a clump "the size of a
house” and covering it with black plastic, at a cost of $30,000 to $40,000 (M. Taylor,
pers. comm., 1993; D. Strong, pers. comm., 1993). Burning and herbicides have been
tried in Great Britain (P. Kelly, pers. comm., 1992). After trying weed eaters and
burning, the East Bay Regional Park District's current control strategy at Hayward
Marsh is to cover with black plastic. The herbicide Rodeo (glyphosphate) has been
used at San Bruno Slough. Smooth cordgrass has now so thoroughly clogged the
New Alameda Creek Flood Control Channel (the project for which the plant was
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originally introduced as mitigation) that the Army Corps has proposed 5 years of
helicopter-spraying Rodeo in the channel (P. Baye, pers. comm., 1994).

Spartina anglica C. E. Hubbard, 1968 [POACEAE]

ENGLISH CORDGRASS

The western Atlantic cordgrass Spartina alterniflora (2n=62)was introduced in

ship ballast to Southampton Water on the south coast of England, where it was
collected in 1829. §. alterniflora there hybridized with the British cordgrass 5.
maritima (2n=60), producing a sterile F1 hybrid known as S. townsendii or S. x
townsendii (2n=62) which was first collected in 1870 near Southampton, though not
recognized as a hybrid until 1956. Chromosome doubling in this hybrid produced a
fertile form (2n=120-124), probably present by the late 1880s as evidenced by a marked
expansion of range, and collected in 1892. S. maritima disappeared from
Southampton and nearby areas as the new form multiplied (Marchant, 1967). In
1968 Hubbard recognized this form as a separate species and named it S. anglica. This
new species has proved to be an effective invader of both formerly unvegetated
mudflats and of salt marsh, and, through a combination of transplantings for marsh
reclamation purposes, vigorous clonal growth and natural dispersal, it now occupies
10,000 hectares (25,000 acres) of the British coast (Spicher & Josselyn, 1985;
Thompson, 1991).

Another dimension to this story is provided by Chevalier's suggestion (1923;
reported by Marchant, 1967) that S. maritima is itself not native to Great Britain, but
was introduced there with shipping {possibly in solid ballast) from Africa.

S. anglica was reported from France by 1894, where it spread rapidly
(Marchant, 1967). To control shoreline erosion and create salt marshes, §S. anglica has
been exported from England to many parts of the world, including Germany,
Denmark, the Netherlands, China (where it now occupies over 36,000 hectares,
aimost entirely derived from 21 plants introduced in 1963), Australia and New
Zealand (in 1930, where it was later declared a "noxious weed") (Hedgpeth, 1980;
Spicher & Josselyn, 1985; Chung, 1990; Callaway, 1990; Callaway & Josselyn, 1992).
Chung (1990} listed as additional reasons for planting S. anglica in China the
accretion of land for reclamation; the amelioration of saline soils; the production of
green manure; the provision of pasture and fodder for sheep, goats, mules, donkeys,
horses, pigs, cattle, dairy cows, buffalo, rabbits and geese; the production of feed for
tilapia, grass carp and other farmed fish; the increased production of nereid worms
for export sale and of other invertebrates; the creation of biomass for fuel
production; and the production of raw material for paper-making,

In 1961 or 1962 the U. S. Department of Agriculture and Washington State
University introduced what was then known as S. townsendii into Puget Sound,
Washington. Ramets of these plants were introduced into San Francisco Bay at
Creekside Park Marsh, Marin County, as part of a marsh restoration project in 1977.
Botanists realized these plants were in fact 5. anglica when they flowered in 1983
(Spicher & Josselyn, 1985; Callaway, 1990).
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In England S. anglica has hampered shorebird movement and feeding and
correlates with a decline in dunlin (Calidris alpina) numbers (Goss-Custard &
Moser, 1990), and has reduced macroinvertebrate densities (Callaway, 1990).

5. anglica has proved to be highly invasive in many parts of the world (e. g.
southern Great Britain, new Zealand and China), and Thompson (1991) argued that
S. anglica was a more successful invader in Europe than the similar 5. alterniflora
because of greater vigor and selective advantages conferred by allopolyploidy.
However, in San Francisco Bay $. alterniflora is the aggressive invader while S.
anglica has not spread from the marsh where it was originally planted (Spicher &
Josselyn, 1985). Daehler (pers. comm., 1994) suggests that the Bay is near the
equatorial limit of $. anglica’s potential range, a supposition supported by S.
anglica’s production of only 20% viable seeds in 1983 and failure to flower in 1984
(Spicher & Josselyn, 1985).

Spartina densiflora Brongniart [POACEAE]
DENSE-FLOWERED CORDGRASS

Spartina densiflora is native to Chile and was introduced to Humboldt Bay in
the mid-nineteenth century, probably in the shingle ballast of lumber ships
returning from Chile (a mechanism also thought to be involved in the transport of
the shorehopper Transorchestia enigmatica to San Francisco Bay). S. densiflora was
transplanted from Humboldt Bay to Corte Madera Marsh in 1976 as part of a
restoration project at a time when it was thought to be an ecotype of the native S.
foliosa. (Spicher & Josselyn, 1985; Callaway, 1990; Faber, pers. comm., 1993). It is
currently found in salt marshes at Creekside Park, Corte Madera Creek, Muzzi
Marsh and Greenwood Cove, all in southeastern Marin County (Spicher & Josselyn,
1985).

Spartina patens (Aiton) Muhlenberg [POACEAE])
SALTMEADOW CORDGRASS, SALT HAY

Saltmeadow cordgrass is native to the eastemn United States from Maine to
Texas and reported rarely from inland marshes in New York and Michigan.
Meadows of this cordgrass were sometimes harvested for hay used in packing and
bedding material (Muencher, 1944).

Munz (1968) listed Spartina patens as "reported from Southampton Bay in a
marsh, northwest of Benicia, Solano County, Mall." Atwater et al. (1979) referred to
“R. E. Mall's report of salt hay at Southampton Bay" but could not find it there or
elsewhere in the estuary. In 1985 Spicher & Josselyn again found "an existing patch”
of the plant in Southampton Marsh which "does not appear to have spread from its
original location,” and in 1993 Josselyn et al. listed it from San Bruno Slough in the
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South Bay. Spartina patens was also introduced to Cox Island, Siuslaw River,
Oregon in 1930 (Callaway, 1990), and to China in 1977 (Chung, 1990).

Given that various Spartina species have been extensively transplanted
around the globe, and that S. patens was intentionally planted in Oregon, it seems
probable that S. patens arrived in San Francisco Bay as a component of some marsh
restoration or erosion control project (transplanted either from Oregon or the east

coast).

Typha angustifolia Linnaeus, 1753 [TYPHACEAE]

NARROW-LEAF CATTAIL, NAIL ROD

Narrow-leaf cattail is native to Eurasia and was reported as a rare member of
the coastal flora of the eastern United States in the 1820s (Mills et al., 1993). It is now
common in the northeastern states and Canada, and found inland to the Great
Plains, in California and in South America.

Jepson (1951) reported it from Inyo County south to cismontane southern
California, and by 1959 Munz reported it from marshes in central California.
Hickman (1993), who describes it as "possibly naturalized in California,” reports it
from the rentral and southern coastal region of California, including the San
Francisco Bay Area, and inland to the Central Valley and Lake Tahoe. Josselyn (1983)
described it as one of the dominant species in the middle elevation zone of tidal
brackish marshes in San Francisco Bay.

Hybrids with the native Typha latifolia are common in central California
including San Francisco Bay tidal marshes, and are known as Typha x glauca (Munz,
1968; Josselyn, 1983; Hickman, 1993). . . '

——

PROTOZOANS

Several workers have investigated the ciliate protozoans that live with or in
the introduced mollusks and boring/burrowing isopods of San Francisco Bay. We
regard those species originally described from Atlantic waters as being introduced
with their hosts into the Bay. Ancistrumina kofoidi, treated here as a cryptogenic
species (Table 2), is an additional probable introduction.

Mechanisms of introduction of commensal and symbiotic protozoans are the
same as their hosts, and are discussed with the latter. Mechanisms of introduction
of free-living attached or errant protozoans include ship-fouling, ship-ballast (rock,
sand, and water), and the planting of commercial oysters.
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Free-living Protozoans

Trochammina hadai Uchio

This brackish water, benthic foraminifer is native to Japan. It has been found
in sediment cores collected in 1990-93 from six stations in the South Bay and from
three stations in the Central Bay near the Marin County shore. It has not been found
in over 140 sediment samples collected in 1964-70 and 1980-81 from throughout the
Bay (D. Sloan, pers. comm., 1995; McGann, 1995; McGann & Sloan, 1995), suggesting
that the introduction occurred in the 1980s.

Furthermore, where it is present T. hadai appears to be abundant in the upper
sections of cores, less abundant in lower sections, and absent at depth. For example,
in a core from the South Bay, T. hadai accounts for 52.2% of the benthic foraminifera
in the top 2.5 cm, 8.8% at 810 cm depth, 0.7% at 18-20 cm depth, and is absent from
the next 33 sections examined down to 352 cm depth (McGann, 1995). In a core taken
from Richardson Bay in the Central Bay, T. hadai accounts for 16% of the
foraminifera at 0-2 cm from the surface, 38% at 20-22 cm, 26% at 40-42 cm, 23% at 60-
62 cm, 18% at 80-82 cm, 2% at 100-102 cm and less than 1% at 120-122 cm (D. Sloan,
pers. comm., 1995). This pattern of depth distribution is likely due to bioturbation or
other types of sediment disturbance mixing foraminifer tests from recently-
deposited, near-surface sediments downward into deeper and earlier-deposited
sediments. T. hadai's depth distribution may thus provide a means of measuring
the physical and biological processes that mix sediments in different parts of the Bay,
which, aside from telling us something about those processes, will be critical to
efforts to use sediment cores to decipher the Bay's environmental history.

Although foraminifera have sometimes been observed in some types of
fouling (WHOY, 1952; ANC, pers. obs.), transpacific transport in ship fouling seems
unlikely for this benthic organism. Bottom sediments and presumably benthic
foraminifera as well are sometimes churned up by wind turbulence or ship activity
and taken in along with water into ballast tanks; and foraminifera have been
reported from ballast water, though rarely (Carlton & Geller, 1993). A benthic
foraminifer could readily be transported with commercial shipments of oysters, but
there have been no significant plantings of Japanese oysters in San Francisco Bay
since the 1930s {(Carlton, 1979a). A possible mechanism is transport in mud on
anchors or on anchor chains in chain lockers, as discussed by Schormann et al.
(1990).

-assocjat s
Ancistrocoma pelseneeri Chatton & Lwoff, 1926

SYNONYMS: Parachaenia myae

This ciliate was described as Parachaenia myae by Kofoid and Bush (1936}
from the pericardial region and excurrent siphons of the introduced clam Mya
arenaria in San Francisco and Tomales bays. Kozloff (1946) subsequently reported it
from another introduced clam, Macoma balthica, and from several native clams in
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San Francisco and Tomales bays, and synonymized it with the Atlantic ciliate
Ancistrocoma pelseneeri, described from Macoma balthica in Europe.

Ancistrum cyclidioides (Issel)

Kozloff (1946) recorded this European ciliate from the introduced clam Mya
arenarig in San Francisco Bay.

Boveria teredinidi Nelson, 1923

Pickard (1927) recorded this Atlantic protozoan from the gills {ctenidia) of the
introduced Atlantic shipworm Teredo navalis in San Francisco Bay.

Sphenophyra dosiniae Chatton & Lwoff, 1926

This European ciliate was reported by Kozloff (1946) from the introduced clam
Mya arenaria and the native clam Cryptomya californica in San Francisco Bay.

Crustacean-associated Protozoans

Cothurnia limnoriae Dons, 1927

This peritrich protozoan is found on the joints of the legs of the introduced
wood-boring isopod Limnoria (Mohr, 1959} (in San Francisco Bay, as discussed
elsewhere, only non-native species of this gribble occur). It was reported from San
Francisco Bay by Kofoid & Miller (1927, p. 330, as Cothurnia sp.), although it may
have been present since Limnoria's introduction about 1870. Although first
described from Europe, and later reported from southern California (Mohr, 1951), its
origins, like those of its host, are not known.

Lobochona prorates Mohr, LeVeque & Matsudo, 1963

This chonotrich protozoan occurs on the bristles (setae) of the gills (pleopods)
of the introduced wood-boring gribble Limnoria; as with other gribble associates and
the host species discussed here, the origin is not known. Lobochona prorates was
reported by Kofoid & Miller (1927, p. 330, as Spirochona sp.; see Mohr, 1966, p. 539)
from San Francisco Bay, but may have been introduced about 1870 with the isopod
itself. It is widely reported from southern California harbors (Carlton, 1979a).
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Mirofolliculina limnoriae Dons, 1927

SYNONYMS: Folticulina sp.

This heterotrich protozoan lives on the back of the pleotelson of the
introduced gribble Limnoria. As with the other Limnoria associated ciliates, it is
undoubtedly introduced, but its origins remain unknown. It was reported from San
Francisco Bay by Kofoid & Miller (1927, p. 330, as Folliculina sp.).

INVERTEBRATES

PORIFERA

Cliona sp.
BORING SPONGE

While the species level taxonomy of this yellow, shell-boring sponge remains
unresolved, Cliona is almost certainly represented by one or more introduced
species in San Francisco Bay. Bay populations are likely to be referable to one or
more of the common Cliona found on oysters in Atlantic estuaries; these include
Cliona celata Grant, 1826 and Cliona lobata Hancock, 1849 (Carlton, 1979a, p. 218).
Japanese species (or genomes) may also be present. Atlantic Cliona were introduced
with Atlantic oysters. The first record is that of Townsend (1893), who observed that
in 1891 large numbers of oyster shells in the Bay "were found honeycombed by the
boring sponge.”

Halichondria bowerbanki Burton, 1930
BOWERBANK'S HALICHONDRIA
SYNONYMS: Halichondria coalita

This Atlantic sponge, known from both Europe and Atlantic America, was
reported from the Pacific in San Francisco Bay in the early 1950s (Carlton, 1979a), and
later from other sites including Humboldt Bay (S. Larned, pers. comm., 1989) and
Coos Bay (Hewitt, 1993). It was either introduced with Atlantic oysters, with which it
occurs (pers. obs.) or as a fouling organism. In 1993-94 we found Halichondria on
most floating docks and with other fouling in the South, Central and San Pablo bays,
though not on docks near the Golden Gate.
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Haliclona loosanoffi Hartman, 1958
LOOSANOFF'S HALICLONA

SYNONYMS: Haliclona sp. B of Hartman, 1975
Haliclona ecbasis de Laubenfels, 1930

We newly follow and extend Van Soest (1976) in designating San Francisco
Bay Haliclona as the Atlantic native Haliclona loosanoffi (although the recognition
of this species in the Bay does not preclude more than one species being present).
This is a common tan, yellow, and orange sponge of Bay fouling communities. This
is the same species referred to as Haliclona sp. B by Hartman (1975), and is also the
same species reported by Fell (1970) as Haliclona ecbasis from Berkeley Yacht Harbor,
St. Francis Yacht Harbor, Redwood City and Carmel. Van Soest (1976) noted that
Fell's (1970} description of H. ecbasis was very close to H. loosanoffi in all characters,
including details of the life cycle, but came short of designating the Bay population
as the Atlantic species solely because it was in the Pacific Ocean (Van Soest not
considering the possibility that it was introduced), Haliclona, possibly including this
species, have been reported from Puget Sound, Coos Bay, Bodega Harbor, and
several bays in southern California (Carlton, 1979a, p. 216).

Haliclona loosanoffi is a common species of oyster communities on the New
England coast (pers. obs.), and may have been introduced to the Bay with Atlantic
oysters, although the earliest records are only from 1950 (Hartman, pers. comm.,
1977). Its presence in fouling communities, however, means that it may have been
introduced by ships as well.

In 1993 we found Haliclona on most floating docks in the Central Bay and the
seaward parts of South and San Pablo bays. We did not find it in 1994 and 1995,

Microciona prolifera (Ellis and Solander, 1786)
RED BEARD SPONGE

This large, common Atlantic sponge is known from Canada to South
Carolina. It was first found in San Francisco Bay in the mid- to late-1940s by Woody
Williams (it was not noted by Light, 1941), who showed photographs to M. W. de
Laubenfels (who initially identified it as the native Microciona microjoanna;
Hartman, pers. comm., 1977). W. Hartman (pers. comm., 1977} found large colonies
at Redwood City in 1950, and transplanted some of these for experimental purposes
to Berkeley Yacht Harbor where it subsequently became established. Its bright
orange-red finger-like colonies are unmistakable in the fouling communities
around much of the Bay. In 1993-95 we observed it on several floating docks in the
South Bay, the eastern shore of the Central Bay, and the southern part of San Pablo
Bay.

Only two other populations are known on the Pacific coast, from Willapa Bay
(Carlton, 1979a, p. 215) and Humboldt Bay (S. Larmned, pers. comm., 1989).
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Microciona could have been a late introduction with Atlantic oysters—along
with the crab Rhithropanopeus harrisii and the whelk Busycotypus canaliculatus
which were first found in San Francisco Bay at about this time, Microciona has been
collected from Atlantic oyster beds (Wells, 1961; Maurer & Watling, 1973). Since it is
a common fouling organism (ANC & JTC, pers. obs.), it could also have been
introduced in ship fouling. '

Prosuberites sp.

This undescribed American Atlantic sponge (Hartman, pers. comm,, 1977)
was first collected in the Bay in 1953 on Angel Island (Carlton, 1979a, p. 217). It may
have been introduced to San Francisco Bay with Atlantic oysters or in ship fouling.

CNIDARIA (COELENTERATA)

Hydrozoa

Numerous species of hydroids have been introduced to the Bay since the
Gold Rush. We treat 13 species here. Campanularia gelatinosa and Halocordyle
disticha (=Pennaria tiarella) may still be present in the Bay, but there are no recent
records, and we thus list them in Appendix 2.

Blackfordia virginica Mayer, 1910

This Sarmatic hydroid, native to the Black and Caspian Seas, was first
collected in 1970 in the Napa River and again in 1974 in the Petaluma River. It
remained misidentified (as a species of Phialidium) until 1993 (Mills & Sommer,
1995), when we collected medusae in both rivers. In San Francisco Bay Blackfordia
jellyfish eat copepods, copepod nauplii, and barnacle nauplii (Mills & Sommer,
1995).

Blackfordiz may have been introduced in ships’ fouling or in ships' ballast
water. The presence of widely scattered populations in the Atlantic Ocean
(Chesapeake Bay, Brazil, France, and Portugal) and in India and China means that
the source of the Bay's population is unknown, although it is possible that if other
populations have diverged genetically, candidate source regions could be identified.
The introduction into the Bay in the 1980s-1990s of the clams Potamocorbula and
Theora, the mitten crab Eriocheir, seven species of copepods, and other crustaceans,
all from Asia, might suggest a Chinese origin. Indeed, it is possible that the recent
populations of Blackfordia in the Bay represent a reintroduction of the species.
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Cladonema wchidai Hirai, 1958

This Japanese hydroid was first collected in San Francisco Bay in 1979 (Rees,
1982), although the polyps and medusae that have been studied to date have
originated from laboratory or home aquaria containing fouling organisms from San
Francisco Bay. The polyps in the laboratory were small (0.5 mm height) as were the
medusae (3.5 mm height), and little remains known of this hydrozoan in the Bay.

Introduction with ship fouling or ballast water is possible, although earlier
introduction with Japanese oysters may have occurred if Cladonema's habitat in
Honshu includes oyster communities.

Clava multicornis (Forskaal, 1775)
CLUB HYDROID

SYNONYMS: Clava leptostyla Agassiz, 1862 of northeastern Pacific authors; see
Austin, 1984

Rees and Hand (1975) noted that this northwestern Atlantic hydroid forms
"large pink patches on pilings in estuaries.” It was first collected in the Bay in 1895
{Carlton, 1979b, p. 229}, no doubt originating from ship introductions from the New
England coast, where it is common. Fraser (1937) described its widespread
distribution throughout the Bay as documented by Albatross collections in 1912-13.

Cordylophora caspia (Pallas, 1771)
FRESHWATER HYDROID
SYNONYMS: Cordylophora lacustris Allman, 1844
This brackish and freshwater Sarmatic hydroid, native to the Caspian and

Black Sea regions, was first found in the Bay in the San Joaquin River at Antioch.
Specimens discovered in 1950 were considered to have been collected "20 to 40

years” previously (Hand & Gwilliam, 1951); we choose a date of 1930 as a first record.

It was also collected at a similarly early but uncertain date from Lake Union in
Seattle, and has now been reported from several sites between San Francisco Bay
and Vancouver Island, British Columbia (Carlton, 1979a, p. 230). It is sufficiently
widespread around the world (Hand & Gwilliam, 1951), a distribution perhaps
achieved centuries ago, as to make the origin of the Bay's populations unknown. It
was likely introduced in ship fouling (WHOI, 1952) or ballast water. Cordylophora is
common in the Delta (Hazel & Kelly, 1966) and on the concrete sides of the Delta-
Mendota water delivery canal (Eng, 1979), and has also been collected in San
Francisco's Lake Merced (Miller, 1958).
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Corymorpha sp.

This tiny estuarine, orange-tinted hydroid was collected from soft mud
bottoms on the eastern shore of the Bay at Point Richmond (1955-56) and in
Oakland's Lake Merritt (1967) (Carlton, 197%9a). It appears similar to the European
Corymorpha nutans M. Sars, 1835, but the species-level taxonomy remains
unresolved (C. Hand, pers. comm., 1967). No similar hydroid has been reported
from elsewhere on the Pacific coast. In Lake Merritt it occurs in samples otherwise
composed entirely of introduced species. This facies, the absence of any similar
Pacific taxon, and its similarity to an Atlantic species, leads us to consider it to be
introduced, either via oyster shipments, ship fouling or ballast water.

Garveia franciscana (Torrey, 1902)
SYNONYMS: Bimeria franciscana

This hydroid, often considered under the genus Bimerig, is common in the
Bay and reported to be one of the primary food sources of the introduced Asian
isopod Synidotea laevidorsalis (Carlton, 1979a). Possibly native to northern Indian
Ocean estuaries, it has been introduced in ship fouling and, in later years, possibly by
ballast water, to many harbors and ports around the world. It has been reported from
western Africa, northwestern Europe, eastern North America, the Gulf of Mexico
and Australia (Carlton, 1979a, p. 225).

Garveia was first collected by Torrey in 1901 (Torrey, 1902; Vervoort, 1964) in
San Francisco Bay, its only confirmed location on the Pacific coast. In 1993-95 we
found it in dense masses under floating docks at some sites in San Pablo Bay, coated
with the introduced bryozoan Conopeum tenuissimum and crawling with
Synidotea. We consider it a ship fouling introduction.

Gonothyraea clarki (Marktanner-Turneretscher, 1895)

This well-known North Atlantic fouling hydroid was first collected in San
Francisco Bay in "Oakland Creek” in 1895 and again at various stations around the
Bay by the Albatross in 1912 (both are unpublished NMNH records). Graham & Gay
(1945) recorded it again in from the Qakland Estuary based upon their 1940-42
studies. Rees & Hand (1975) note that it is "often very common on harbor floats” in
central California. In 1995 we collected it from floats at the Grand Street (Oakland
Estuary), Emeryville and Coyote Point marinas in San Francisco Bay, and from
Isthmus Slough in Coos Bay. Since Gonothyraea can be clearly distinguished from
Obelia only if gonozoids are present (E. Kozloff, pers. comm., 1995), some Pacific
coast records of Obelia may actually refer to Gonothyraea. Gonothyraea species have
been reported from ship fouling (WHOI, 1952), and it was likely introduced either in
fouling or with oysters.
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Maeotias inexspectata Ostroumoff, 1896

Another Black Sea native, Maeotias was first found in the turning basin of
the Petaluma River in 1992, and became sufficiently abundant by the summer of
1993 to attract public attention (Mills & Somumner, 1995). Outside of the Black Sea it
was previously known from two regions on the Atlantic American coast
(Chesapeake Bay and South Carolina) and France (Mills & Sommer,1995); the source
of the Bay populations is as yet unknown. In the Petaluma River these jellyfish eat
primarily bamnacle nauplii, copepods, zoea larvae of the introduced Atlantic crab
Rhithropanopeus harristi, tanaids and other invertebrates, and in the laboratory
tolerated salinities up to 13 ppt (Mills & Sommer, 1995).

Mills & Sommer (1995) concluded that the Maeotizs population in the
Petaluma River appears to have been introduced as polyps rather than medusae,
since the medusae population in the River is entirely male and therefore incapable
of reproduction. A polyp isolated from the Muaeotios population, however, readily
reproduced asexually in the laboratory, creating numerous new polyps which then
produced male medusae. Both polyps (both unattached and on floating debris) and
medusae of hydroids are known from ballast water, making this or ship fouling the
probable means of introduction.

Obelia ?dichotoma (Linnaeus, 1758) and Obeliz ?bidentata Clark, 1876

We consider these two species of Obelia, described from Europe and New
England respectively, as introduced, and provisionally use the names adopted by
Cornelius (1975). Obelia dichotoma was collected in 1894 and later years (identified
as 0. commissuralis) and in 1899 and later years (identified as O. longissima) from
the Bay (unpublished NMNH records). Obelia bidentata was collected in the Bay in
1912 (identified as O. bicuspidata) (Fraser, 1925, and unpublished NMNH records).
Obelia spp. occur throughout the Bay's fouling communities, although in relatively
low numbers.

Kofoid (1915) early on referred to the "contamination” of Pacific coast harbors
by ship-introduced “tubularian and campanularian hydroids." Obelia species have
frequently been reported from ship fouling (WHOI, 1952), and there is little doubt
that Obelia from around the world were a common element of ships’ fouling
communities brought to the Bay from the Gold Rush era on. Obelia may have
commenced its world journeys on ship bottoms in the 13th century, making
identification of original source regions difficult. Obelia has no doubt been
introduced into the Bay continuously over the years in ship fouling, with
commercial oysters both from the Atlantic (where it occurs in oyster beds; Wells,
1961; Maurer & Watling, 1973) and from Japan, and in recent times in ships’ ballast
water, primarily as hydromedusae.

The native nudibranch Doto kyz and the introduced nudibranchs
Eubranchus misakensis and Tenellia adspersa apparently feed upon Obelia in San
Francisco Bay (Behrens, 1971, 1991; Carlton, 1979a; Jaeckle, 1983).

-
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Sarsia tubulpsa (M. Sars, 1835)

SYNONYMS: Syncoryne mirabilis (Agassiz, 1849)
Coryne rosaria Agassiz, 1865

Redescribed from San Francisco Bay as Coryne rosaria by Alexander Agassiz
in 1865, Sarsia was one of several North Atlantic hydroids collected by Agassiz
during his visits to the Pacific Coast in the late 1850s. He collected this hydroid at
Vancouver Island, British Columbia and in the San Juan Islands, Washington, in
1859, and from San Francisco Bay in 1860 (Carlton, 1979a, p. 233). Ricketts & Calvin
(1939), in a rare reference o such matters, took particular note of this hydroid as a
possible “relic of the days of wooden ships;" we agree that introduction as a ship-
fouling organism is the probable means of dispersal. It has subsequently been
recorded from Alaska to southern California, although aspects of its global
distribution suggest that more than one species may be involved.

Tubularia crocea (Agassiz, 1862)

SYNONYMS: Parypha microcephala Agassiz, 1865
Tubularia elegans Clark, 1876
Petersen (1990) proposes that Tubularia crocea be fransferred to the
genus Ectopleura.

This common Atlantic fouling hydroid, known from Newfoundland to
Florida and the Gulf of Mexico and frequently reported from ships' fouling
communities (WHOI, 1952), was introduced by Gold Rush ships to the Bay. It was
first collected in 1859 by Alexander Agassiz (who mistakenly described it as a new
species, Parypha microcephala; Carlton, 1979a, p. 238) "attached to floating logs
round the wharves of San Francisco." It has since been collected from the Gulf of
Alaska to San Diego.

Tubularia crocea has been frequently reported from ships' fouling
communities, although some later introductions may have occurred with Atlantic
oysters, with which it occurs on the Atlantic coast (Wells, 1961; Maurer & Watling,
1973}. The introduced nudibranchs Catriona rickettsi, Sakuraeolis enosimensis and
Tenellia adspersa reportedly feed upon Tubularia in San Francisco Bay (Carlton,
1979a; Behrens, 1984, 1991).

Aurelia "aurita (Linnaeus, 1758)"—northwestern Pacific stock

MOON JELLY
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‘ SYNONYMS: Aurelia labiata

Greenberg (1995} reports that a sometimes dense population of Aurelia aurita
in Foster City Lagoon (on the San Mateo side of the South Bay), present since at least
around 1989, is genetically similar (based on allozyme comparisons) to Aurelia from
Tokyo Bay, Japan and unlike Aurelia from Monterey Bay and Vancouver Island.
Differences in the structure of the radial canal further distinguish the Japanese and
San Francisco Bay from the northeastern Pacific stocks. Aurelia has been seasonally
abundant in recent years in Foster City Lagoon and Redwood Creek, both on the
southwestern shore of San Francisco Bay (J. Thompson, pers. comm.). We know of
no earlier reports of Aurelia in South Bay lagoons, although there are records of
swarms in Tomales Bay (Ricketts et al,, 1985; T. Gosliner, pers. comm., 1995) of this
species which is normally found offshore in central California latitudes (Ricketts et
al., 1985; E. Kozloff, pers. comm., 1995).

The San Francisco Bay population may have been introduced as larvae
(known as ephyrae} in ballast water, since we have found live scyphozoan ephyrae
in the ballast water of freighters arriving at Coos Bay, Oregon from Japan. Ricketts et
al. (1985) describe Aurelia polyps as “extraordinarily tough and resistant,” so
transport across the Pacific as ship fouling would also be possible.

As Aurelia aurita was first described from North Atlantic waters, and since
there is evidence of both genetic and morphological differentiation, the species-level
taxonomy of the group may require revision,

Anthozoa

Diadumene ?cincta Stephenson, 1925
ORANGE ANEMONE

Between the mid-1950s (Hand, 1956) and early 1970s when it was first collected
(no exact date is available as of this writing), a fourth species of Diadumene was
introduced into San Francisco Bay (Carlton, 1979a). Its morphology and distribution
in the Bay were extensively studied by T. Blanchard, whose work and taxonomic
conclusions remain unpublished, but who felt that there was a "strong case for
conspecificity” with the European (primarily British) Diadumene cincta. We
tentatively use that name for this anemone, to which it is morphologically very
similar. Diadumene cincta occurs in Britain both on open marine shores and in
estuaries, tidal creeks, and harbors (Manuel, 1981). Blanchard also found the same
species in Humboldt Bay (T. Blanchard, pers. comum., 1988).

Blanchard (pers. comm., 1988) has provided the following information about
this anemone in San Francisco Bay. Diadumene ?cincta has a column diameter of
about 15-20 mm and a column height of up to five or more times the width. The
most common variety of Diadumene ?cincta on dock floats is solid orange, but pink
forms also occur, most commonly sublittorally on pilings and in the mid to low
intertidal zone in protected locations. Specimens also occur sublittorally on shells

an an A AN
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partially buried in sediment. White markings on the oral disk are common on the
pink forms, but have not been observed on orange specimens. The anemone
commonly forms clonal aggregations of up to 200 individuals in fouling, a character
typical of the European D. cincta (Manuel, 1981); it may also occur singly. As this
anemone is not described in Hand (1975) nor in other guides to Pacific coast marine
life, it may be mistaken for Diadumene leucolena or stripeless Haliplanella lineata.

We tentatively assign an Atlantic origin to this species. It was probably
introduced either in ship fouling or ballast water.

Diadumene franciscana Hand, 1956
SAN FRANCISCO ANEMONE

This usually white-striped introduced anemone of unknown origin has been
reported from San Francisco Bay (before 1941), Morro Bay (1973) {Carlton, 197%, p.
250) and Mission Bay (1977-78) (Dygert, 1981), and we collected it in Tomales Bay in
1995 (identified by C. Hand). Carlton (1979a) suggested that it may originate from the
southern Pacific or Indian Oceans, rather than from the Atlantic, where the
anemone fauna is better known. As the anemone fauna of Japan is also relatively
well studied, oyster transplantation from either the Atlantic or from Japan is not the
likely mechanism of introduction. As it is a common float and piling fouling
organism locally in San Francisco Bay, it may have been introduced as hull fouling,
or else in ballast water. Diadumene franciscana can be very common in the warm
margins of the Bay where other species, such as the tubeworm Ficopomatus
enigmaticus and the bamacle Balanus amphitrite amphitrite of known warm-water
origin are also common. Its presence in warm-water thermal effluents in Morro Bay
(to where it was likely introduced from San Francisco Bay) is also suggestive of a
warm temperate or subtropical origin.

The first record of this anemone is that of Light (1941, as a "double-striped
anemone” from Fruitvale Bridge), whose records were based upon his field
observations made in the Bay since the 1920s.

Digdumene leucolena (Verrill, 1866)
WHITE ANEMONE

This Atlantic anemone, occurring from at least Cape Cod to South Carolina,
was first reported from the Oakland Estuary by Sander (1936}, although it may have
been present in the Bay since the 19th century. Hand (1956) described it in detail
from the Bay. It is common to abundant along the Bay margin, in fouling
communities, under rocks, and on oyster shells, and may have been introduced
with oyster shipments (it is recorded from Atlantic coast oyster beds; Wells, 1961), as
ship fouling or in ballast water. It has also been reported from southern California
bays and from Coos Bay, Oregon (Carlton, 1979a, p. 248).



Introduced Species Page 38

Diadumene lineata (Verrill, 1873)
ORANGE-STRIPED GREEN ANEMONE

SYNONYMS: Haliplanella lineata
Haliplanella lucige (Verrill, 1898)
Diadumene luciae
Aiptasiomorpha luciae

This abundant, often orange-striped anemone, known in most literature as
Haliplanella luciae (Verrill, 1898), was first collected in San Francisco Bay in 1906
(Davis, 1919), and has since been collected from bays and harbors from Newport Bay
to British Columbia (Carlton, 1979a, p. 253). It is now one of the most common
anemones along the margins of San Francisco Bay, occurring in habitats ranging
from fouling communities to bits of shell on open mudflats to brackish marsh
channels. A native of Japan, it has been widely dispersed around the world by both
shipping and by the movement of commercial oysters, either or both of which
mechanisms could have brought it to the Bay. That it may have arrived with the
large volumes of Atlantic oysters brought to the Bay in the 1890s is suggested by its
late appearance in New England (1892; Verrill, 1898) and its presence in Atlantic
coast oyster beds (Wells, 1961; Maurer & Watling, 1973), and it may thus be another

example of the many species whose arrival in one region (in this case San Francisco .

Bay) was contingent upon its introduction to another region (New England) thus
interfacing with an ongoing transport vector and dispersal corridor (the commercial
oyster industry).

Haliplanella has the ability, perhaps unique among the anemones, to encyst,
leaving behind upon excystment a tough capsule (Kiener, 1972). This remarkable
characteristic has likely conferred upon Haliplanella an unusual ability to survive
Jong-distance transport under severe conditions (Carlton, 1979a). The introduced
nudibranch Cuthona perca feeds upon Haliplanella in the Bay (McDonald, 1975;
Carlton, 1979a).

ANNELIDA
Oligochaeta

Of all the commaon macroinvertebrates in San Francisco Bay, the oligochaetes
are perhaps the poorest known relative to the comparative diversity of native
versus introduced species. We recognize here eight introduced oligochaetes and list
four others as cryptogenic (Chapter 4), although the latter are frequently abundant
and embedded in communities otherwise composed of non-native species, Annelid
taxonomy is widely recognized as a difficult and complex field; and although we
know relatively little about the Bay's polychaetes, we know even less about its
- oligochaetes.
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Each of the following species of oligochaetes could have been present in San
Francisco Bay for many decades, if not since the 19th century, before they were first
collected in the 1950s and 1960s. We thus regard the dates of first collection of most
of the following species as artifacts of the collecting effort. The decades- to century-
long uncertainty in the actual dates of introduction makes it hard to determine
transport mechanisms. We generally consider ships’ solid ballast and water ballast,
shipments of commercial oysters, and shipments of aquatic plants to be possible
vectors.

Branchiura sowerbyi Beddard, 1892 [TUBIFICIDAE]

This oligochaete, native to tropical and subtropical Asia {India, Myanmar
(Burma), Java, China, Japan), was first collected in 1892 from the mud of the Victoria
regia tank in the garden of the Royal Botanic Society in Regent's Park, London. Over
the next 30 years it was collected from other warm-water tanks in botanic gardens at
Hamburg, Dublin, Kew and Oxford. By the late 1950s it had been found "in the wild”
in the Rhone River and elsewhere in southern France, in the Thames River below
Reading in water warmed by effluent from a power station, and in unheated waters
in the Kennet and Avon Canal and in the Bradford River Avon in England (Mann,
1958). It has also been reported from north and west Africa (Brinkhurst, 1965).

It was first collected in North America in central Ohio in 1930 (Spencer, 1932),
and spread to the Great Lakes by 1951 (Mills et al,, 1993) and to a total of eighteen
states by 1966 (Brinkhurst, 1965; Cole, 1966). In California it was collected from the
San Joaquin River in 1950, from the Tuclomne River near Modesto in 1952
(Brinkhurst, 1965), and from the Delta in 1963 (specimen at CASIZ). The California
Department of Water Resources has collected it throughout most of the Delta since
sampling started in 1977 (from the western Delta upstream to the Mokelumne
River, Courtland on the Sacramento River, and Stockton on the San Joaquin River),
at densities of up to 823/m2 (Markmann, 1986; DWR, 1993). We found no other
records of Branchiura on the Pacific coast. Branchiura could have been transported
to California in ships' solid or water ballast or on ornamental aquatic plants.

Limnodrilus monothecus (Cook, 1974} [TUBIFICIDAE]

Although first described from Bahia de San Quintin, Baja California based
upon specimens collected in 1960 (Cook, 1974), Erseus (1982) demonstrated that this
marine and estuarine species is widely distributed from the mid-Atlantic coast to the
Gulf of Mexico, and was only found in three stations in British Columbia, southern
California, and Bahia de San Quintin on the Pacific coast. Nichols & Thompson
(1985) record it from their south San Francisco Bay mudflat stations, where they
treated it as cryptogenic. It appears, however, to be an Atlantic species introduced to
west coast estuaries. It could have arrived in ships' solid or water ballast or in
shipments of commercial oysters.
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Paranais frici Hrabe, 1941 [NAIDIDAE]

Brinkhurst & Cook (1980) regard the fresh and brackish water P. friciasa
European (Sarmatic) species introduced into North America. Brinkhurst &
Simmons (1968) found it to be one of two abundant oligochaetes in Suisun Bay in
1961-62. It was collected in the eastern Delta (Mokelumne River) in 1977-79, and in
the western and central Delta in 1980-95, at concentrations up to 1,296/m?2.
Brinkhurst & Coates (1985) also report it from Newport Bay, California and Fraser
River, British Columbia, and note that it has been further reported from Africa and
South America. It could have arrived in California in ships' solid or water ballast or
on omamental aquatic plants.

Potamothrix bavaricus (Oschman, 1913) [TUBIFICIDAE]

This freshwater Eurasian species was regarded as "possibly” introduced to
eastern North America by Brinkhurst (1965), who further recorded a population
(collected by R. Whitsel, no date given) from Coyote Creek, in Santa Clara County.
We tentatively regard it as introduced, if the identification is correct. It has been
reported from the central and western Delta since 1991, at concentrations up to
415/m2 (DWR, 1995). It could have arrived in California in ships' solid or water
ballast or on ornamental aquatic plants.

Tubificoides apectinatus (Brinkhurst, 1965) [TUBIFICIDAE}

This common North Atlantic coast marine oligochaete (Brinkhurst, 1981,
1985) was found to be abundant in South San Francisco Bay sediments in 1961-62
collections (Brinkhurst & Simmons, 1968, as Peloscolex apectinatus). It could have
arrived in ships' solid or water ballast or in shipments of commercial oysters.

Tubificoides brownae Brinkhurst & Baker, 1979 [TUBIFICIDAE]
SYNONYMS: Peloscolex gabriellae of authors

This North Atlantic marine oligochaete (described from Delaware, and
known from other Atlantic coastal sites as well as Europe) was treated by Brinkhurst
& Simmons (1968) as Peloscolex gabriellae (in part), from the South Bay (Brinkhurst,
1986). It is also known from Coos Bay, Oregon (Brinkhurst, 1986). Nichols &
Thompson (1985) reported it as a cryptogenic member of the South San Francisco
Bay mudflat community. We regard it is as introduced based upon its broad Atlantic
distribution and its apparently restricted distribution in the Pacific Ocean. It could
have arrived in California in ships' solid or water ballast or in shipments of
commercial oysters.
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Brinkhurst & Simmons (1968) examined specimens collected in 1961-62.
Brinkhurst (1965), under the name Peloscolex gabriellae, records material from 1957
(collected by M. Jones) from Point Richmond, but it is not clear if these specimens
are referable to T. brownae or to T. wasselli (below). The California Department of
Water Resources reports T. brownae collected in small numbers from Grizzly Bay
and Pt. Pinole since 1987 (DWR, 1995).

Tubificoides wasselli Brinkhurst & Baker, 1979 [TUBIFICIDAE]

This Atlantic marine tubificid is known from Delaware to the Gulf of Mexico
(Brinkhurst, 1986). San Francisco Bay populations collected in 1961-62 and identified
by Brinkhurst & Simmons (1968} as a papillate form of Peloscolex gabriellae are now
considered to be this species (Brinkhurst, 1986). It is otherwise known from Victoria,
British Columbia (Brinkhurst, 1986). It could have arrived in California in ships’
solid or water ballast or in shipments of commercial oysters.

Varichaetadrilus angustipenis (Brinkhurst & Cook, 1966) [TUBIFICIDAE]

SYNONYMS: Limnodrilus angustipenis

This eastern United States species (Brinkhurst, 1971; Strayer, 1990; Erseus et
al., 1990) occurs widely in the Sacramento-San Joaquin Delta in freshwater muddy
sediments. It was collected by the California Department of Water Resources at least
as early as 1982 in stations near the western end of Sherman Island. Flymanson et al.
(1994) reported that it was one of the numerically dominant species at these sites
from 1982-86, concluding that it and Limnodrilus hoffmeisteri (here treated as
cryptogenic) "are among the few native benthic organisms that have maintained
their numerical dominance and broad distribution..."”

V. angustipenis could have arrived on the Pacific coast in ballast water or on
ornamental aquatic plants.

Polychaeta
Boccardiella ligerica (Ferronniére, 1898) [SPIONIDAE]

SYNONYMS: Boccardia ligerica Ferronniére, 1898
Boccardia nr. uncata
Polydora uncata
Polydora redeki Horst

This spionid worm is native to the brackish waters and mudflats of France,
Holland and Germany. A single specimen identified as Boccardiella ligerica was
collected from Newport Bay in 1935 (Kudenov, 1983). B. ligerica was collected from



Intreduced Species Page 42

San Francisco Bay in the San Pablo Channel by 1954 and from the Delta-Mendota
Canal, in fresh water, in 1973 (Light, 1977; Carlton, 1979a, p. 305). It was also collected
from freshwater in the New River and the Alamo River in Imperial County in
southeastern California in 1979, and from a canal in Mar Chiquita, Argentina with
the Australian serpulid worm Ficopomatus enigmaticus (Kudenov, 1983).

Boccardiella ligerica may have been introduced with ships’ ballast water,
perhaps during World War II or the Korean War. Spionid larvae are among the
most abundant and frequently encountered groups of organisms in ballast water
(Carlton & Geller, 1993).

B. ligerica was one of the most common benthic organisms collected by CDFG
near Martinez in 1975-1981, and was found upstream as far as Collinsville in the
western Delta (Markman, 1986). In 1976, a dry year, Siegfried et al. (1980) found B.
ligerica to be a dominant species at their upstream stations near Collinsville in the
late summer and fall, with peak densities of around 20,000 individuals/m2, and
Markman (1986) similarly reported an increase in B. ligerica upstream in the dry
year of 1981. Light (1978, p. 201) summarizing recent studies showed B. ligerica
collected only from the ends of the Bay: at the southern end of the South Bay and
from Martinez to the Antioch bridge in the northern Bay.

Ficopomatus enigmaticus (Fauvel, 1923) {SERPULIDAE]
AUSTRALIAN TUBEWORM
SYNONYMS: Mercierella enigmatica

Ficopomatus enigmaticus is an Australian worm that builds and lives in a
white, calcareous tube, the tubes forming large agglomerate masses when the worm
is abundant. Reported from ships' hulls (WHOI, 1952) and probably transported as
hull fouling, it has become established in many parts of the world including the
Black, Caspian and Mediterranean seas, northern Europe, Uruguay, Argentina,
Hawaii, Japan and the Gulf of Mexico. It was first reported in San Francisco Bay from
Lake Merritt, a tidal lagoon on the East Bay shore, in a 1921 article in the Oakland
Tribune headlined "Coral Reefs Spreading in Lake Merritt.” The "reefs” had been
first noticed by park officials about a year earlier.

It was also in 1921 that F. enigmaticus was discovered and described in France,
and discovered at the London docks (Carlton, 1979a). F. enigmaticus apparently
requires water temperatures of at least 18°C to breed (Obenat & Pezzani, 1994), and in
Europe it frequently lives in water heated by the cooling water effluent from power
plants (Vaas; 1978). In the Netherlands its colonies have interfered with lock
operations (Vaas; 1978).

F. enigmaticus has been collected from many sites in the South, Central and
San Pablo bays, sometimes in dense masses, especially from enclosed lagoons or
protected waters. These sites include Aquatic Park Lagoon in Berkeley (first appeared
between 1942 and 1946, and still abundant), Alameda Lagoons (abundant in 1971,
scarce in the 1990s}, Berkeley Yacht Harbor (1969), San Rafael and Corte Madera
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Creek (1970), Palo Alto Yacht Harbor and China Camp (1974), Foster City Lagoons
and Belvedere Lagoons (before 1979), and the Petaluma River Turning Basin
(abundant in 1993; see Carlton, 1979a, p. 331, for references on the other records). It is
less abundant now in Lake Merritt than it was in the 1920s and the 1960s-70s.

Newman's (1963) report of a serpulid worm "comparable to Mercierella
enigmatica” in the seawater system of a naval vessel docked in San Francisco Bay
suggests that it may have been introduced more than once.

Heteromastus filiformis (Claparede, 1864) [CAPITELLIDAE]

Heteromastus filiformis is native to the Atlantic coast of the United States
from New England to the Gulf of Mexico, and has also been reported from
Greenland, Sweden, the Mediterranean, Morocco, South Africa, the Persian Gulf,
New Zealand, Japan, and the Bering and Chukchi Seas. The wide temperature range
covered by these locations suggests that more than one species may be involved. In
California Heteromastus was collected from San Francisco Bay in 1936, from Morro
Bay in 1960, possibly from southern California by 1961, and from Bolinas Lagoon by
1969. Tt was collected from Vancouver Island in 1962, from Coos Bay, Oregon in 1970
(pers. obs.), and from Grays Harbor, Washington by 1977 (Carlton, 1979a, p. 322).

As with other polychaetes first collected on the Pacific Coast in the 1930s by
Olga Hartman (including Polydora ligni and Streblospio benedicti in San Francisco
Bay), Heteromastus filiformis may have been present but undetected for many
decades due to the lack of earlier investigations of intertidal polychaetes on this
coast. Thus this mud-dwelling capitellid worm may have been introduced to S5an
Francisco Bay in the late nineteenth or early twentieth century with Atlantic oysters,
(with which it occurs; Wells, 1961), or may have been an early ballast water
introduction.

Heteromastus filiformis is commonly collected from the far South Bay to the
western half of Suisun Bay at concentrations of 10 to 4000 per square meter, and has
been collected upstream to Pittsburg (Hopkins, 1986; Markmann, 1986). It is one of
the most common benthic organisms in the shallows of San Pablo Bay and the
channels of the South Bay (Nichols & Thompson, 1985a).

Manayunkia speciosa Leidy, 1858 [SABELLIDAE]
SYNONYMS: Manayunkia eriensis (Krecker, 1939)

Manayunkia speciosa is a freshwater polychaete native to eastemn North
America from the westernmost Great Lakes, New York and Lake Champlain in
Vermont south to the Savannah River in South Carolina (Klemm, 1985). It was
collected from two small, shallow lakes in northern Alaska in 1961 and 1964, and
from Sevenmile Canal in Klamath County, Oregon in 1964 {Hazel, 1966; Holmquist,
1967; Croskery, 1978). It was first collected in California from the Mokelumne River
near New Hope Landing in the eastern Delta in 1963 (Hazel, 1966). Hartman's (1969)
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report of this species from San Pablo and Suisun bays appears to be based on a
misreading of earlier reports.

This tube-dwelling, colonial worm has neither a resting stage nor a
planktonic or swimming stage that might aid dispersal or transport in water—
young worms mature within the parental tube and emerge as small, crawling adults
to build tubes nearby (Holmquist, 1967; Croskery, 1978). However, transport in
detritus carried in water may be possible. Hazel (1966) suggested that M. speciosa
arrived in the Delta in the water in which freshwater gamefish from the eastern
United States were transported. Hazel (1966), citing Smith (1896), noted as pertinent
the fact that white catfish Ictalurus (now Ameiurus) catus introduced to the Delta in
1874 were taken from the Schuylkill River, Pennsylvania, the type locality for M.
speciosa. However, although Smith (1896) describes these as "white catfish or
Schuylkill catfish," he clearly states that the fish transported to California were taken
from the Raritan River, New Jersey. Thus "Schuylkill” appears to be part of a
common name for these fish, rather than the site from which they were collected.

Although most or all of the freshwater fish introduced to California from the
northeastern United States appear to have been planted in the late nineteenth or
early twentieth century (Table 1) and Manayunkia was not discovered in California
until 1963, it is possible that this small polychaete was present and overlooked for a
long time (Holmquist, 1967; Mackie & Qadri, 1971). Alternatively, it may have been
transported in detritus floating in freshwater ballast.

Manayunkia is the fourth most numerous benthic invertebrate collected by
the California Department of Water Resources in the Delta, with densities in the
interior of the Delta of 2,000 to 50,000 individuals/m2. It apparently requires fresh
water and silty substrates, and is found in the eastern portions of the Delta
downstream to Frank's Tract and Rio Vista, with questionable records from a few
stations further downstream (Markmann, 1986; Herbold & Moyle, 1989; Hymanson
et al., 1994).

Marenzelleria viridis (Verrill, 1873) [SPIONIDAE]

SYNONYMS: Scolecolepis viridis
Scolecolepis tenuis
Scolecolepides viridis

Marenzelleria viridis is native to the northwestern Atlantic and was collected
in Germany in 1983, probably having been introduced via ballast water (Essink &
Kleef, 1993). It spread though western and northern Europe and into the Baltic Sea,
where it is now extremely abundant. It was first collected on the Pacific coast in Nov.
1991 at Collinsville on the Sacramento River, at which station it has been found
most consistently and abundantly at up to 1700 worms/ma2. It has since been
collected from Frank's Tract and the Old River in the Delta downstream to Grizzly
Bay in 1992, in San Pablo Bay in 1995, and in the far South Bay (M. Kellogg, pers.
comm., 1995; W. Fields, pers. comm., 1995; DWR, 1995). It probably arrived in ballast
water.
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Marphysa sanguinea (Montagu, 1815) [EUNICIDAE]

Marphysa sanguinea is regarded as a single cosmopolitan species, but likely
consists of several difficult-to-distinguish but distinct taxa. It is reported from
Europe (from Great Britain to the Mediterranean), the western Atlantic
{Massachusetts to the West Indies, the Gulf of Mexico, Bermuda and the Bahamas),
Japan, China, and from Australasia to the Red Sea and Africa. In the eastern Pacific
it has been known from San Francisco Bay since 1969, and from various sites
between Los Angeles and Panama (Carlton, 1979a, p. 302). The San Francisco Bay
population may have been introduced from the Atlantic with shipments of oysters,
with which it occurs on the Atlantic coast (Wells, 1961), or it may have been
introduced in ballast water.

Hopkins (1969) reported M. sanguinea as common at concentrations of 106-200
per square meter, but found only in the South Bay south of Hunters Point, and most
commonly in the channels.

Nereis succinea (Frey & Leuckart, 1847) [NEREIDAE]
PILE WORM

SYNONYMS: Neanthes succinea
Nereis saltoni Hartman, 1936
Nereis limbata Webster, 1879

This euryhaline "pile worm" lives in a variety of habitats: under rocks, in
mud and sand, in oyster beds and in fouling communities. It is reported from
locations around the world, including the easten Atlantic and the Mediterranean;
the western Atlantic from the Gulf of St. Lawrence to the West Indies, Gulf of
Mexico and South America; West Africa and South Africa; and the tropical eastern
Pacific from the Gulf of California to Colombia (Cariton, 197%, p. 295). These reports
may involve a single species transported synanthropically about the globe, or
multiple, closely-related species.

In California it has been collected from San Francisco Bay (earliest records
from 1896), the Salton Sea {from 1935), Tomales Bay (1941), several southern
California bays (from 1952), and in Oregon from Netarts Bay (1976) (Carlton, 1979a)}
and Coos Bay (1986; pers. obs.). The San Francisco Bay population probably
originated in the western North Atlantic and arrived in shipments of Atlantic
oysters (with which it occurs on the Atlantic coast; Wells, 1961; Maurer & Watling,
1973) or in ship fouling. It may have been independently introduced to southern
California bays in ballast water or as fouling, or secondarily introduced from San
Francisco Bay by coastal shipping.

Nereis succinea is common in San Francisco Bay in waters of less than two
meters depth, generally at concentrations of 10-400 individuals/m2. It has mainly
been collected in the northern Bay from San Pablo Bay to Antioch, and in the far
South Bay below the Dumbarton Bridge (Hopkins, 1986). It is one of the dominant
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benthic organisms in Suisun Bay (Nichols & Thompson, 1985a). As discussed by
Oglesby (1965), the native worm Nereis vexillosa occupies more marine waters in
the Central Bay and the native Nereis limnicola occupies fresher waters in the Delta.
Nereis succinea may thus have squeezed in between two existing pile worm
populations, with each population restricted by a combination of physiological
limitations and competition with its neighbors.

Recher (1966) noted Nereis succinea in the diet of shorebirds in the South
Bay, and Oglesby (1965b) reported on infection by the trematode parasite Parvatrema
borealis along the East Bay shore. Carlton (1979a) summarizes other research on the
worm's physiology and ecology.

Polydora ligni Webster, 1879 [SPIONIDAE]
MUD WORM
SYNONYMS: Polydora amarincola Hartman, 1936

Polydora ligni is native to the northern Atlantic where it is found in
mudflats, fouling (including ship fouling; Hartman, 1961) and oyster beds,
sometimes forming thick mud beds that cause extensive oyster mortalities. In the
Pacific it was first collected in Ladysmith Harbor, British Columbia in 1932 (“on
[oyster] cultch sacks”), in San Francisco Bay in 1933 (redescribed as Polydora
amarincola), and in False Bay on San Juan Island, Washington in 1937. It has since
been reported from other bays and harbors in British Columbia, Washington and
Oregon, and from Drakes Estero, Bolinas Lagoon, Elkhorn Slough, Morro Bay,
Mugu Lagoon, Santa Monica Bay, Los Angeles/Long Beach Harbors, Alamitos Bay,
Anaheim Bay, Santa Catalina Island, Mission Bay and the Salton Sea in California
(see Carlton, 1979, p. 306, for references). There are a few records, questioned by
Carlton (1979a), from Mexico.

As with Heteromastus filiformis, Polydora ligni could have been transported
to the Pacific coast with Atlantic oysters decades earlier and overlooked, or
transported in ballast water (larvae of Polydora species have been found to survive
transport in ballast tanks; Carlton, 1985, p. 345), or possibly in ship fouling.
Considerable movement between embayments along the coast may have occurred
with shellfish transplants or coastal shipping. In San Francisco Bay it has been
collected from the far South Bay to Carquinez Strait (Light, 1977, 1978), and is one of
the more common benthic organisms in the shallows of San Pablo Bay and the
channels of the South Bay {Nichols & Thompson, 1985a).

Potamilla sp. [SABELLIDAE]

This worm was first collected in June 1989 at Sherman Lake in the western
Delta by the California Department of Water Resources. It has been found from
Frank's Tract and the Old River in the Delta downstream to Grizzly Bay, and is most
commorn at or just upstream of the confluence of the Sacramento and San Joaquin
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Rivers, where it has reached densities of over 16,000/m2 (W. Fields, pers. comm.,
1995; DWR, 1995). Its absence from Delta samplings in previous decades suggest a
relatively recent introduction. It was probably introduced in ballast water.

Pseudopolydora kempi (Southern, 1921) [SPIONIDAE]

SYNONYMS: Neopygospio Iaﬁ:fmfem Berkeley & Berkeley, 1954
Pseudopolydora kempi californica Light, 1969
Pseudopolydora kempi japonica Imajima & Hartman, 1964

This spionid worm has been reported from Mozambique, India, Japan and the
Kurile Islands, in waters ranging from marine salinities down to 6 ppt (Light, 1969).
It was first collected in the eastern Pacific in 1951 at Nanaimo, British Columbia, and
later from False Bay, San Juan Island (1968) in Washington and Yaquina Bay (1974),
Netarts Bay (1976) and Coos Bay (1977; JTC, pers. obs.) in Oregon. In California it
appeared in Morro Bay (1960), Bolinas Lagoon (1967), San Francisco Bay (1972), and
Bodega Harbor, Tomales Bay and Anaheim Bay (1975) (references in Carlton, 1979a,
p- 310). Many of these sites have received shipments of the oyster Crassostrea gigas
from Japan, possibly containing this worm. Alternatively it could have been
transported in ballast water or ship fouling.

Light {1969} found that the California specimens more closely resembled
Indian than Japanese P. kempi. In California P. kempi occurs intertidally and
subtidally on mud and sand. It has been collected in San Francisco Bay from the far
South Bay to the western end of Carquinez Strait (Light, 1977, 1978).

Pseudopolydora paucibranchiata (Okuda, 1937) [SPIONIDAE]
SYNONYMS: Polydora paucibranchiata

P. paucibranchiata was described from Japan. It was first reported from
Australia in 1973 (Carlton, 1985) may also be present in New Zealand. It was
reported from Los Angeles Harbor in 1950 and thereafter from other southern
California sites: Newport Bay in 1951, San Diego Bay in 1952, Alamitos Bay in 1938,
Anaheim Bay and Santa Barbara in 1975, and Mission Bay (in densities up to 60,000
individuals/m?2) by 1981 (Carlton, 1979a; Levin, 1981). It was collected in South San
Francisco Bay (Hunters Point and Oakland Inner Harbor) in 1973, Elkhorn Slough,
Bodega Harbor and Tomales Bay in 1975 (where it "may be the dominant spionid
polychaete on many sand flats;" Blake, 1975), and Netarts Bay, Oregon in 1976 (Light,
1977; Carlton, 1979a, p. 312).

Summarizing recent studies, Light {1978, p. 200) showed P. paucibranchiata
collected from the South Bay to the western end of Carquinez Strait. It may have
been introduced to the northeastern Pacific in ballast water or in fouling on ships,
possibly related to increased ship traffic during or after the Korean War, or with
Japanese oysters.
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Sabaco elongatus (Verrill, 1873) [MALDANIDAE]
BAMBOO WORM

SYNONYMS: Asychis elongata
Asychis amphiglypta (Ehlers)
Maldane elongata
Maldanopsis elongata
Brachioasychis colmani
Brachioasychis americana

This common "bamboo worm" is native to the western Atlantic from Maine
to Florida, the Gulf of Mexico and British Honduras (Light, 1974). It was first
reported from south San Francisco Bay in 1960 (Berkeley & Berkeley, 1960) and
probably collected in the 1950s (Carlton, 1979a, p. 324). It is now extremely common,
typically found in concentrations of 10-1,000 individuals/m2 at most stations from
the far South Bay to mid-San Pablo Bay, and in concentrations of 1,000-5,000
individuals/m? along the eastern shore of the Central Bay. It is not found upstream
of San Pablo Bay (Hopkins, 1986).

Light (1974) suggested that Sabaco was introduced with Atlantic oysters. As
there had been no systematic subtidal benthic sampling in San Francisco Bay since
the 1912-13 Albatross survey, it is conceivable that it was a late introduction with
oysters in the 1920s or 1930s and overlooked for 30 years. Alternatively, it may have
been introduced with ballast water.

Streblospio benedicti Webster, 1879 [SPIONIDAE]
SYNONYMS: Streblospio lutincola Hartman, 1936

Streblospio benedicti is common in the western Atlantic, ranging from the
Gulf of St. Lawrence to the Gulf of Mexico and Venezuela, and is also found in
northern Europe and the Mediterranean and Black seas. It was collected at Berkeley
in 5an Francisco Bay in 1932, in Tomales Bay and Bodega Harbor by 1936, and in
subsequent years in several other estuaries south to Newport Bay and north to Grays
Harbor, Washington (records in Carlton, 1979a, p- 314). As with Polydora ligni, the
other spionid discovered in San Francisco Bay in the 1930s, Streblospio could have
been introduced with Atlantic oysters (with which it occurs on the Atlantic coast;
Wells, 1961; Maurer & Watling, 1973), in ballast water, or possibly in ship fouling,
and moved along the Pacific coast with shellfish transplants or coastal shipping.

In San Francisco Bay Streblospio beredicti has been collected from the far
South Bay to Antioch, commonly at densities of 1-10,000 individuals/m2 in the
channels and up to 50,000 or more individuals/m? in near shore areas, especially in
constricted embayments (Light, 1978; Hopkins, 1986). It is one of the most common
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benthic organisms in the shallows of San Pablo Bay and the channels of the South
Bay (Nichols & Thompson, 1985a).

MOLLUSCA: GASTROPOD
Busycotypus canaliculatus (Linnaeus, 1758) [MELONGENIDAE]

CHANNELED WHELK

SYNONYMS: Busycon canaliculatum
Busycon pyrum

The channeled whelk, a native of the western Atlantic from Massachusetts to
Florida, is now by far the largest snail in San Francisco Bay. As discussed by Carlton
(1979a), Stohler (1962) stated that the whelk was first collected in the Bay at Alameda
in 1948, but specimens from Berkeley at the California Academy of Sciences may
have been collected as early as 1938. There are records and frequent observations of
the whelk on the eastern shore of the Bay from Alameda and Bay Farm Island to
Berkeley, and on the western shore from Belmont Slough to Candlestick Point. One
specimen was collected in 1953 from the Tiburon Peninsula in Marin County
(Stohler, 1962, Carlton, 19793, p. 397).

The channeled whelk feeds on bivalves. It produces distinctive strings of egg
cases that release crawling (nonplanktonic) snails. Natural dispersal may be
achieved by floating egg cases, one string of which was collected at Bolinas Lagoon.
The whelk may have been introduced to San Francisco Bay with some of the later
and smaller shipments of Atlantic oysters (with which it occurs on the Atlantic
coast; Wells, 1961; Maurer & Watling 1973}, but could also have been released from a
private or school aquarium.

Cipangopaludina chinensis malleata (Reeve, 1863) [VIVIPARIDAE]
CHINESE MYSTERY SNAIL

SYNONYMS: Viviparus malleatus
Cipangopaludina malleata
Viviparus stelmaphorus Bourguignat

A long history of revisions and disagreements over identification, reviewed
here with regard to Bay and Delta area specimens, leaves it unclear whether one or
two (or possibly more) species of Japanese or Chinese viviparids have been
introduced into California.

In 1892 Wood reported buying live snails from Japan at a Chinese market in
San Francisco, at a price of ten cents per dozen, and found "that each specimen
contained inside, from twelve to eighteen young shells.” The snails were identified
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by W. J. Raymond as Paludina japonica Martens. Wood's specimens were later
separated by Tien-Chien Yen at the California Academy of Sciences into three lots
identified as Viviparus japonicus, Viviparus japonicus inakawa and Viviparus
stelmaphorus. The last of these is accompanied by Wood's business card with the
notation: "Bought alive for 10 cents a dozen at a Chinese vegetable store on Wed.
morning, Nov 18/91- Came from China.” Steamns (1901) described Wood's snails as
"being part of the first lot brought alive from Japan, where they are collected in the
rice-fields near Yokchama, and are sold for a few cents a quart."

Sorenson (1950) recalled purchasing Viviparus malleatus in Fresno's
Chinatown in 1895 which "had been imported from Chinese rice fields to Fresno for
the thousands of Chinese vineyard workers there.” In 1901 Stearns reported
receiving a few snails from the San Jose or Mt. Hamilton area "a year or more ago."
One living specimen was examined and identified by Pilsbry as "Vivipara
stelmaphora Bgt. (=V. malleata Rve.)." Later Hannijbal (1908) found no viviparids in
the Mt. Hamilton area, but between San Jose and San Francisco Bay collected snails
identified by Dall as Vivipara lecythoides Bensen. He reported these as "introduced
by the Chinese fifteen or twenty years ago™ and "common where planted, but
spreads slowly.” A few years later, Hannibal (1911) reported that on re-examination
both these snails and Wood's snails in Raymond’s collection were Viviparus
malleatus Reeve, which he said were "brought from Yokohama and originally
planted between Alameda and Centerville [a small town 18 miles east of Fresno] to
supply the markets of San Francisco Bay..whence colonies have been distributed to
a number of points in the Sacramento-San Joaquin Valley as well. This is verified by
specimens from an irrigating ditch near Fresno.” However, Hannibal reported that
he also found Vivipara japonica, "readily distinguished from malleztus,” in an
irrigation ditch at Hanford, about 30 miles southeast of Fresno.

The first record of introduced viviparids within the study zone consists of
five shells at the California Academy of Sciences, labeled as malleata, collected from
a slough near Holt in the Delta in 1938. Other specimens from within or near the
Delta include eight snails collected from a canal north of Stockton in 1933, three
snails from Victeria Island in 1941, eight snails from Sycamore Slough in 1946, and
two undated snails from a slough near Stockton, all labeled as malleata. Greg (1948)
reported finding a few live and many broken shells of Vivipara malleata in
irrigation ditches near Stockton, speculating that muskrat may have been eating the
snails. Sorenson (1950} reported collecting Viviparus malleatus from an irrigation
canal 60 miles northwest of Fresno in 1948. Also, the wet collections at the
California Academy of Sciences include two viviparid snails labeled Bellamya
japonica that were collected at Stockton in 1968.

Hanna (1966), referred all existing western North America records to
Viviparus stelmaphorus, based on finding enough variation in shell morphology in
specimens from a single locality to encompass records that had been reported as
malleata, japonica, iwakawa or lecythoides. He reported that the snails were still for
sale in San Francisco markets and very abundant throughout the Delta and in
irrigation canals, and in Mountain Lake and Stow Lake in San Francisco.

Taylor (1981) assigned these various California records to two species,
Bellamya japonica {including Wood's 1891 market specimens, Hannibal’s 1911
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Hanford record, and records from Mountain Lake) and Cipangopaludina chinensis
malleata (apparently including all other California records known to him), which
he listed as occurring in irrigation ditches, sloughs and ponds from the Central
Valley and San Francisco Bay area to southern California. He reported both species
present in California since 1891.

Based upon these records, we conclude that the Chinese mystery snail is
established in the study region. The current distribution and status of the Japanese
mystery snail (placed in Bellamya by Taylor (1981) and in Cipangopaludina by
Turgeon et al. (1988)) remains to be determined in the Bay area.

Viviparid snails from these one or more species have been reported from
many other North American locations, including: the Chinese market at Victoria,
British Columbia (Pilsbry & Johnson, 1894); Muddy River in Boston's Fenway (from
1914 to at least 1942); Worcester, Massachusetts (1917); Philadelphia (1925), at 5t.
Petersburg, Florida and near Niagara Falls (1942); Ottawa, Sioux City, Jowa and
Seattle (1943); near Agassiz, British Columbia {collected by 1948, but reportedly
planted in 1908); Lake Erie (1940s); Jefferson County, Washington (1964); and Hawaii
(by 1976) (La Rocque, 1948; Abbott, 1950; Mills et al., 1993; and specimens at the
California Academy of Sciences). These snails are both used as food items and
commonly sold by dealers of aquarium fish, which has undoubtedly helped to
spread them (La Rocque, 1948; Abbott, 1950). They were reportedly introduced to
Sandusky Bay, Lake Erie to feed channel catfish in the 1940s, and became so
abundant by the 1960s that they were a nuisance to commercial seine fisherman,
who reported sometimes catching two tons in a single seine haul (Wolfert &
Hiltunen, 1968).

Crepidula convexa Say, 1822 [CALYPTRAEIDAE]
CONVEX SLIPPER SHELL
SYNONYM: Crepidula glauca Say, 1822

This slipper shell is native to the western Atlantic, where it is found from
Nova Scotia to Florida and Puerto Rico. It was first collected in San Francisco in
1898, from oyster beds, and was almost certainly introduced in shipments of Atlantic
oysters {with which it occurs on the Atlantic coast; Wells, 1961). In San Francisco Bay
Hopkins (1986) reported Crepidula spp. mainly from the South Bay, where C.
convexa is commonly found on shells of the native oyster Ostrea lurida and the
Atlantic mudsnail Hyanassa obsoleta. It is not known from any other Pacific coast
site (Carlton, 1979a, p. 370).

Crepidula plana Say, 1822 [CALYPTRAEIDAE]

EASTERN WHITE SLIPPER SHELL
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Crepidula plana is native to the western Atlantic with a recorded range from
Prince Edward Island to South America. It was first reported on the Pacific Coast
from the eastern shore of San Francisco Bay in 1901, where it was probably
introduced with shipments of Atlantic oysters (with which it occurs on the Atlantic
coast; Wells, 1961), and was found in Willapa Bay and Puget Sound in the 1930s and
1940s (Carlton, 1979a, p. 376). C. plana is similar to and may be mistaken for the
native flat slipper shells C. perforans and C. nummaria, and in fact went unreported
in the Bay, though occasionally collected and misidentified or unnoticed, for many
decades after its initial sighting. It is found considerably further into the estuary than
the native slipper shells which are restricted to the outer, more marine portions of
the Central Bay. On both the Atlantic coast and in San Francisco Bay, C. plana is
common on the inside of hermit crab-occupied snail shells.

Hyanassa obsoleta (Say, 1822) [NASSARIIDAE]
EASTERN MUDSNAIL
SYNONYMS: Nassarius obsoletus

This mudsnail is native to the western Atlantic from the Gulf of St. Lawrence
to Florida. It was introduced to the Pacific Coast with shipments of Atlantic oysters
(it is reported from oyster beds on the Atlantic coast; Wells, 1961), and was first
collected in San Francisco Bay in 1907 from beds of Atlantic oysters at Alameda.
Carlton (1579a) suggests that it was probably introduced between 1901 and 1907, as its
presence in the Bay was unlikely to have been missed for very long due to the
intensive activities of shell collectors in the area beginning in the 1890s.

Ilyanassa has also established breeding populations in Willapa Bay,
Washington and Boundary Bay, British Columbia, first reported in 1945 and 1952
respectively but possibly present for a considerable time earlier. It has also been
reported from but apparently not established populations in five additional Pacific
Coast sites, as discussed by Carlton (1979a, p. 404): Tomales Bay (1920s-1930s?),
"Bolinas Bay" (1920s or earlier), Humboldt Bay (1930), Birch Bay, British Columbia
(1550s), and one specimen from Bodega Bay (1968).

liyanassa is today the dominant mudflat gastropod in San Francisco Bay
(Nichols & Thompson, 1985b), and is also sometimes abundant in salt marshes and
marsh sloughs and on pilings. Hopkins (1986) reported it mainly from the southern
part of the South Bay and from San Pablo Bay, and we have also seen it abundant at
Alameda. Although intensively studied in the Atlantic (with, for example, studies
demonstrating significant effects on mudflat community structure and sediment
composition (Grant, 1965; Sibert, 1968)), there has been relatively little work on the
Pacific Coast. Ilyanassa is listed or mentioned in many faunal surveys and checklists
and bird diet studies {e. g. Painter (1966) lists it an important food of diving ducks,
but Williams (1929) and Moffitt (1941) found it to be a minor or negligible food for
California clapper rail), and a few studies contain brief notes on its ecology
(Carpelan, 1957; Filice, 195%a; Quayle, 1964a; Vassallo, 1969). Its distributional ecology
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in Lake Merritt is the subject of an unpublished master's thesis (Gilmore, 1935).
Grodhaus and Keh (1959) found it to harbor five species of trematode flatworms,
including the schistosome Austrobilharzia variglandis which is responsible for
"swimmers' itch." Race (1979, 1982) demonstrated competitive displacement and
predation of the native hornsnail Cerithidea californica, as discussed in Chapter 6.

Littorina saxatilis (Olivi, 1792} [LITTORINIDAE]

ROUGH PERIWINKLE

This common north Atlantic snail was first collected in San Francisco Bay by
J. Carlton in May of 1993 on the shore of the Emeryville Marina. This site is adjacent
to a public boat ramp and dock, and L. saxatilis was likely introduced in the seaweed
used to pack live marine baitworms shipped from Maine and discarded by anglers.
We have repeatedly found live L. saxatilis in the seaweed (Ascophyllum nodosum
and occasionally other fucoid seaweeds) packing baitworms shipped to Newport Bay
and San Francisco Bay (Carlton, 1979a; Lau, 1995; ANC, pers. obs.}. As many as over a
million Maine baitworms are shipped to the Bay Area each year (Lau, 1995) packed
in seaweed containing many millions of living invertebrates from many phyla, so
that this may be a transport vector of some significance (also see Miller, 1969).

We have irregularly visited and collected a total of about 100 live Littorina
saxatilis from the shore of the Emeryville Marina, where the snails were abundant
intertidally in 1993 and 1994, and scarce in 1995, in the crevices of rocky debris along
about 10 meters of shoreline. They have not been observed elsewhere in the Marina
or the Bay. They produce "crawl away" larvae, and could spread as eggs or snails on
rafting seaweed.

Melanoides tuberculata (Miiller, 1774) [THIARIDAE]
RED-RIM MELANIA
SYNONYMS: Thiara tuberculata

Melanoides tuberculata is a freshwater snail native to the region from Africa
to the East Indies. It was introduced to the United States through the aquarium trade
and was first reported from California in 1972 from a drainage ditch in Riverside
County (Taylor, 1981). The California Department of Water Resources has collected
it from several sites in the Delta since December 1988, at densities of up to 754
snails/m2 (DWR, 1995).

Urosalpinx cinerea (Say, 1822) [MURICIDAE]

ATLANTIC OYSTER DRILL
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Urosalpinx cinerea is native to the northwestern Atlantic from the Gulf of St.
Lawrence to Florida. It was introduced in shipments of Atlantic oysters to San
Francisco Bay, where it was first collected from oyster beds at Belmont in 1890
(Stearns, 1894). It has been collected from many other bays in the northeastern
Pacific, and is currently established in Boundary Bay, British Columbia (first record
1931), southern Puget Sound (1929}, Willapa Bay (1948), Tomales Bay (1935) and
Newport Bay (pre-1940s?) (Carlton, 1979a, p. 384). As Urosalpinx 's larvae are not
pelagic, most of these sites represent either independent introductions from the
Atlantic or intracoastal, human-aided transfers from other bays, including
commercial shipments of oysters and other bivalves along the coast. Within San
Francisco Bay, Hopkins (1986) reported Urosalpinx only from the South Bay.

LIrosalpinx eats barnacles, mussels and bryozoans as well as oysters. Although
in some studies the drill has apparently preferred barnacles or mussels to oysters
(Haydock, 1964; Carlton, 1979a), its impacts on oysters, especially on oyster spat, can
be substantial (Haydock, 1964).

Opisthobranchia
Boonea bisuturalis (Say, 1821) [PYRAMIDELLIDA]

TWO-GROOVE ODOSTOME

SYNONYMS: Menestho bisuturalis
Odostomia bisuturalis
Odostomia fetella

Boonea bisuturalis is native to the western Atlantic from the Gulf of St.
Lawrence to Delaware, where it is an ectoparasite both of the Atlantic oyster
Crassostrea virginica and of a number of bivalves and gastropods that were
transported to San Francisco Bay with shipments of Atlantic oysters. It was reported
in San Francisco Bay in 1977 associated with the Atlantic mudsnail Ilyanassa
obsoleta and the native hornsnail Cerithidea californica on the Fremont shore
(Race, pers. comm.), and reported as common on a far South Bay mudflat (Nichols
& Thompson, 1985b}. Odostomia fetella reported from San Pablo Bay (Filice, 1959)
and Suisun Bay (Markman, 1986) may also be this species. Carlton (1979, p. 435)
argues that Boonea bisuturalis was probably introduced with oyster shipments in
the 19th or early 20th century, and remained unreported because of incomplete
systematic work on the Odostomia complex in the northeastern Pacific. He predicts
that early collections of Boonea bisuturalis and possibly other species of Atlantic
odostomids will be found when unsorted, unidentified or misidentified material in
museum collections is systematically worked up by specialists.

Although, based on its associations, Boonea was probably an introduction
with oyster shipments that remained unrecognized for many years, it might possibly
have been a later introduction in ballast water.
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Catriona rickettsi Behrens, 1984 [TERGIPEDIDAE]
SYNONYMS: Trinchesia sp. Behrens & Tuel, 1977

Catriona rickettsi was first collected in San Francisco Bay from Pete's Harbor,
San Mateo County in 1974, where it is associated with and presumably feeds on the
hydroid Tubularia crocea (Behrens & Tuel, 1377; Behrens, 1984), and was
subsequently collected from La Jolla (Behrens, 1980). In 1995 it was collected on
Tubularia marina on the ocean side of the Umpqua River jetty in Oregon (J.
Goddard, pers. comm,, 1995). The most likely means introduction is in ballast water
or transported as eggs on ship fouling. Its origin is unknown.

Cuthona perca {Marcus, 1958) [TERGIPEDIDAE]
LAKE MERRITT CUTHONA

In California, Cuthona perca is known only from Lake Merritt, where it feeds
on the introduced Japanese anemone Haliplanella lineata {Carlton, 197%a, p. 431, as
Trinchesia sp.} It is reported from Brazil, Jamaica, Miami, Barbados, New Zealand
and Hawaii (Behrens, 1991). The most likely mechanisms of transport are either in
ballast water or as eggs on ship fouling.

Eubranchus misakiensis Baba, 1960 [EUBRANCHIDAE]
MISAKI BALLON AEOLIS

Fubranchus misakensis was described from Japan in 1960 and collected at the
San Francisco Municipal Marina in 1962 (Behrens, 1971; Gosliner, 1985). It occurs on
boat floats and docks and silty-clay bottoms throughout the Bay, where it is found
with and apparently feeds on the hydroid Obelia. (Carlton, 1979a, p. 433; Behrens,
1971, 1991). It may have been introduced in ballast water or as eggs on ship fouling,
or possibly with shipments of Japanese oysters and overlooked for a few decades.

Okenia plana Baba, 1960 [GONIODORIDIDAE]

FLAT OKENIA
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Okenia was first reported from San Francisco Bay by Joan Steinberg in 1960
(the same year it was described from Japan), based on collections in the 1950s. It has
also been reported from San Onofre, Orange County (Gosliner, 1995). It occurs on
floats and pilings among fouling and with egg cases on a membraniporid bryozoan
(tentatively identified as Conopeum tenuissimum), on rocks on mudflats, and
subtidally in San Francisco Bay, where it has been reported from the South Bay (Palo
Alto Yacht Harbor, Crown Beach in Alameda), Central Bay {Berkeley Pier and Yacht
Harbor, San Francisco Yacht Harbor) and San Pablo Bay {Point Richmond and China
Camp) (Carlton, 1979a, p. 425; ANC, pers. obs.). Carlton (1979a) suggests that it was
probably introduced with shipping from Japan, either in ballast water or as €ggs on
fouling, perhaps related to increased trans-Pacific ship traffic during and after the
Korean War. Alternatively it could have been introduced with shipments of
Japanese oysters and overlooked for a couple of decades.

Philine auriformis Suter, 1909 [PHILINIDAE]

TORTELLINI SNAIL

Philine auriformis is native to New Zealand and possibly southern Australia,
and was first identified from San Francisco Bay in July, 1993. It had been collected
from the South Bay for about a year prior to its recognition as an introduced species
(i.e. since about the summer of 1992) in trawls by the Marine Science Institute of
Redwood City, USGS and CDFG (K. Grimmer, J. Thompson and K. Hieb, pers.
comm.). By 1994 it was regularly collected in otter trawls and benthic samples from
the Central Bay (P. Donald, pers. comm.; ANC, pers. obs.), and snails and egg masses
(which successfully hatched in the laboratory) were collected from intertidal
mudflats in Bodega Harbor, 120 km north of the entrance to San Francisco Bay, in
April, 1994. As it is not known from fouling, Philine was probably introduced to
California via ballast water (Gosliner, 1995).

All specir:ens were taken from fine, silty mud. Stomachs contained
fragments of bivalve shells, Nutricula (=Transennella Jtantilla and N. confusa in
Bodega Harbor and possibly the introduced bivalve Gemma gemma in San

Francisco Bay (Gosliner, 1995).

Sakuraeolis enosimensis (Baba, 1930) [FACELINIDAE]
WHITE-TENTACLED JAPANESE AEOLIS

SYNONYMS: Coryphella sp. Behrens, 1980

Sakuraeolis enosimensis is native to Japan and was first collected in San
Francisco Bay in 1972. It is common ar}d widespread in the southern portions of San
Francisco Bay (Gosliner, 1995), where it feeds on the hydroid Tubularia crocea
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growing on boat docks (Behrens, 1991). It could have been introduced in ballast
water or as eggs on fouling.

Tenellia adspersa (Nordmann, 1845) [TERGIPEDIDAE]
MINIATURE AEOLIS

SYNONYMS: Tenellia pallida (Alder & Hancock, 1854}
Embletonia sp. Alder & Hancock, 1851

Tenellia adspersa is widespread in European and Mediterranean waters and
recently reported from Chesapeake Bay and Brazil, with a single 2 mm specimen
reported from Japan (Carlton, 1979a). It was first collected from the Pacific Coast of
North America at Point Richmond in San Francisco Bay in 1953, and later from the
Richmond and Berkeley Yacht Harbors, Lake Merritt, San Leandro Bay, Sausalito
and South Beach Harbor, San Francisco (Carlton, 1979a, p. 428; Jaeckle, 1983; ANC,
pers. obs.). It is now known from Coos Bay to Long Beach (Gosliner, 1995).

In Europe it is reported to range from waters of ocean salinity to "quite fresh
water" and feeds voraciously on a variety of hydroids including the freshwater
hydroid Cordylophora caspia (Roginskaya, 1970), which is introduced to and
common in the Delta. In San Francisco Bay Tenellia adspersa apparently feeds on
the introduced hydroids Tubularia crocea (Carlton, 1979a; Behrens, 1991} and Obelia
dichotoma (Jaeckle, 1983). Carlton (1979b) suggested that it was probably introduced
from Europe by shipping, either in ballast water or as eggs on fouling.

Pulmonata
Owatella myosotis (Draparnaud, 1801) [MELAMPIDAE]

SYNONYMS: Alexia setifer Cooper, 1872
Alexia setifer var. tenuis Cooper, 1872
Phytia myosotis

Ovatella myosotis occurs on both coasts of the north Atlantic, but may have
been introduced to the western Atlantic in the late 18th or early 19th century
(Berman & Carlton, 1991). It was first collected from San Francisco Bay in 1871,
probably introduced with Atlantic oysters, although possibly carried in wet ballast or
wedged into holes or cracks in the wooden hulls of sailing vessels. Failure to find it
earlier in San Francisco Bay despite intensive prior shell collecting in the area, plus
the initiation of Atlantic oyster shipments with the completion of the
transcontinental railway in 1869, suggests that O. myosotis was introduced not long
before its discovery, probably in 1869-1871.

O. myosotis was collected in Humboldt Bay in 1876, in San Pedro Harbor in
southern California in 1915, and in Washington state in 1927. It has now been
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recorded from numerous Pacific coast bays and estuaries from Boundary Bay, British
Columbia to Scammons Lagoon, Baja California (Carlton, 1979a, p. 414). Since O.
myosotis lacks planktonic larvae, these additional sites resulted from transport
either on coastal shipping or in replantings of oysters, or from separate
introductions from the Atlantic.

O. myosotis is absent from Pacific coast Pleistocene deposits, but there is one
anomalous report by Gifford (1916) of this snail in an aboriginal shellmound on the
shore of San Francisco Bay. Carlton (1979a) doubts this is Ovatella, and Gifford's
material has been lost.

O. myosotis is euryhaline and lives under boards and debris near the high-
tide line of salt marshes and protected beaches in lagoons and bays. The snail has
been studied in Europe but largely ignored in North America. On the Pacific coast it
has been reported from the stomachs of willets (Catoptrophorus semipalmatus)
(Stenzel et al., 1976). Carlton {1979a) noted that its co-occurrence in various Pacific
coast sites with several species of native and introduced snails provided suitable
systems for the study of competitive interactions between native and introduced
species. Berman and Carlton (1991) found dietary overlap with the native snails
Assiminea californica and Littoring subrotundata in Coos Bay, Oregon, but no
evidence of competitive superiority by O. myosotis, and concluded that its
establishment was not at the expense of the native snails.

MOLLUSCA: BIVALVIA
Arcuatula demissa (Dillwyn, 1817) [MYTILIDAE]

RIBBED MUSSEL, RIBBED HORSE MUSSEL

SYNONYMS: Ischadium demissum
Modiolus demissus
Geukensia demissa
Volsella demissus
Brachidontes demtissus
Modiolus plicatulus Lamarck, 1819

Arcuatula demissa (more commonly known as Ischadium demissum on the
Pacific coast and as Geukensia demissa on the Atlantic coast) is native to the
northwest Atlantic, commonly found in salt marshes from the Gulf of St. Lawrence
to North Carolina. Southward it is replaced by a subspecies, Arcuatula demissa
granossisimum. It was first collected in the Pacific from south San Francisco Bay in
1894 (Stearns, 1899), probably introduced with Atlantic oysters (small Arcuatula are
commonly found on oysters in the Atlantic; Wells, 1961; Maurer & Watling, 1973). It
has since been collected from four other sites: Newport Bay (first collected in 1940),
Alamitos Bay (1957) and Anaheim Bay (1972) (Reish, 1968, 1972; Carlton, 19792, p.
440). Questionable or probably adventitious specimens from other Pacific coast bays
are discussed by Carlton (197%a)-
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Arcuatula has become one of the most abundant bivalves in San Francisco
Bay. De Groot (1927) reported that “countless millions of these small mussels cover
the edges and sometimes the entire bottoms of the gutters and creeks of the west Bay
marshes.” Pestrong (1965) found in the Palo Alto area that they "effectively rip-rap
channel banks when they form in large colonies, as is often the case.” Carlton
(1979a,b) found Arcuatula lining the base of concrete retaining walls at Lake Merritt,
a brackish lagoon in Oakland. Arcuatuls is common and often abundant in salt
marshes from the South Bay to San Pablo Bay, where it frequently lies embedded
with its posterior margin protruding above the mud.

This "endobyssate” habit has resulted in a curious reported effect on the
endangered California clapper rail (Rallus longirostris obsoletus). De Groot (1927)
reported that the toes or probing beaks of rails are caught and clamped between the
exposed, slightly gaping valves of the mussel. He reported that almost every rail
examined over the preceding twenty years was missing one or more toes,
presumably from this cause, that others had had their beaks clamped shut and died
of starvation, and estimated that an average of one or two chicks per brood were
caught by mussels and drowned by the incoming tide. More recent observers note
that clapper rails in San Francisco Bay are frequently missing one or more toes
(Moffitt, 1941; Josselyn, 1983; Takekawa, 1993), and Takekawa (1993} reported that a
rail captured in the Palo Alto marshes with a mussel clamped onto its bill
subsequently lost part of its bill. On the other hand, Moffitt (1941) found that
Arcuatula formed 57 percent by volume of the total food in 18 clapper rail stomachs
that he examined in 1939, and Recher (1966) and Anderson (1970) recorded
Arcuatula from the stomachs of willet and dunlin in the South Bay.

Corbicula fluminea (Mtiller, 1774) [CORBICULIDAE]
ASIAN CLAM, ASIATIC CLAM

SYNONYMS: Corbicula fluviatalis (Miller, 1774)
Corbicula manilensis {Philippi, 1841), Corbicula leana (Prima, 1864) and
Corbicula sinensis as reported in North America, and many other
names in Asia; see Prashad (1929), Morton (1979), Britton & Morton
(1979), and Woodruff et al. (1993) for extensive synonymies

This freshwater clam is native to China, Korea and the Ussuri Basin in
southeastern Siberia (Ingram, 1948), with closely related and possibly conspecific
populations in Japan (Britton & Morton, 1979). The earliest North American record
consists of three shells collected on the beach at Nanaimo, British Columbia in 1924,
though no further specimens have been reported from Canada {Counts, 1981).
Corbicula was next collected from the mouth of the Columbia River in 1938
(McMahon, 1982). It was reported from the Delta in 1945 (Hanna, 1966} and
widespread there by 1948 {Ingram, 1948), and reached the Imperial Valley in
southeastern California by 1952 (McMahon, 1982).
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From southern California Corbicula spread eastward to Arizona by 1954
(Ingram, 1959), and to near El Paso in west Texas by 1964 (McMahon, 1982).
Meanwhile, Corbicula was collected from the Ohio River near Paducah, Kentucky in
1957, which McMahon (1982) suggests initiated a second zone of dispersal in North
America. By the end of the 1960s Corbicula had spread through the lower
Mississippi and Ohio river valleys, into southeast Texas and Oklahoma, and along
the Gulf coast from Louisiana to southern Florida, and by the mid-1970s had spread
up the Mississippi Valley to northern Jowa and along the Atlantic coast from
Florida to New Jersey. By the early 1980s, Corbicula was found in 35 of the United
States and in northern Mexico (McMahon, 1982). Corbicula was reported from South
America, France and Portugal in 1981, and a specimen was collected from a stream
in Oahu, Hawaii in 1992 (Araujo et al., 1993; Burch, 1994).

Although for many years the Corbicula in North America were described as
belonging to at least three different species, in 1979 Britton & Morton argued that
only one species is involved, the highly variable Corbicula fluminea, a view that
has generally been accepted since. Corbicula from California, Texas, Arkansas,

Tennessee and South Carolina showed no genetic variation between populations at -

18 loci, 14 of which were polymorphic in some Asian Corbicula (Smith et al., 1979).

Since Corbicula are cultivated and sold as food in many Asian countries,
many researchers have suggested that it was deliberately introduced to establish a
food resource {e. g. Ingram, 1948; Hanna, 1966; Britton & Morton, 1979; McMahon,
1982}, or possibly introduced through the aquarium trade (Ingram et al., 1964). Some
researchers have suggested that it was introduced with Japanese oysters (Burch, 1944;
Hill, 1951; Filice, 1959), but since Corbicula is mainly a freshwater organism, this
seems unlikely.

Corbicula's spectacular spread within and between watersheds in North
America may have resulted from transport for use as bait, food or aquarium pets, or
in river gravels dredged for use as aggregate {Ingram et al., 1964), although
McMahon (1982) argues that natural means of dispersal were paramount, including
passive downstream transport of juveniles in currents, upstream transport in fish
stomachs, and upstream or between-watershed transport on birds. Corbicula are
fairly hardy, tolerating several months without food (Hanna, 1966) and 7-27 days out
of water (McMahon, 1979}). One specimen was mailed, dry, in an envelope from
Pennsylvania to Washington state for identification and mailed back without ill
effect (McBane, pers. comm., 1995).

The use of Corbicula in aquaculture or for wastewater clarification, in either
commercial or experimental applications as on St. Croix, Virgin Islands (Haines,
1979), may serve to introduce the clam to new locations in the future.

Corbicula is today the most widespread and abundant freshwater clam in
California, found throughout Iower elevation waters, the dominant mollusk and
the third most abundant benthic organism in the Delta, and one of the most
commonly identified benthic organisms in fish stomachs (Gleason, 1984; Herbold &
Moyle, 1989). Densities of 2,000 young clams/m? are common, and range up to
20,000/m?2. Spring flows carry young Corbicula down to Suisun Bay where they are
sometimes collected as far west as Martinez, but high fall salinities appear to prevent
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the establishment of large adult populations even in the western Delta (Hazel &
Kelley, 1966; Evans et al., 1979; Markmann, 1986).

Populations of Corbicula with typical densities of 10,000 to 20,000 clams/m?2
{with a maximum of 131,200/ m?2) trapped sediment and formed extensive bars in
the Central Valley Project's Delta-Mendota Canal, reducing delivery capacity and
requiring expensive dewatering and the dredging of over 50,000 cubic yards of clam-
bearing material. One bar was described as filling the bottom of the canal from 0.3-1.0
meter deep for 3 kilometers (Hanna, 1966; Eng, 1979). Ingram (1959) reported the
clam as an economic pest of water delivery systems in California, infesting and
impairing operation of underground pipes, turnout valves, laterals and agricultural
sprinkler systems in the Coachella and Imperial valleys, and plugging the tubes of
condenser-cooler units at the federal government's Tracy Pumping Plant in the
Delta. Corbicula is frequently cited as a significant problem in fouling irrigation
systems, municipal water systems, power plant steam condensers, emergency reactor
cooling systems and service water systems elsewhere in the country (e. g. Ingram et
al., 1964; Sinclair, 1964; Hanna, 1966; Goss & Cain, 1977; McMahon, 1977, 1982;
Mattice, 1979; Goss et al,, 1979; Parsons, 1980).

Corbicula is also reported to render river sand and grave! unfit for use as
aggregate, and to outcompete native unionid and sphaeriid clams (McMahon, 1982).
Blue catfish, Ictalurus furcatus, were introduced to some California waters in part to
control Corbicula, but without success (Gleason, 1984}).

Upper salinity tolerances for Corbicula fluminea have been reported at 14 ppt
(Gainey, 1978), 13-17 ppt (Morton & Tong, 1985}, and about 10 ppt without
acclimation and 22-24 ppt with acclimation (Evans et al., 1979). Sparse populations of
Corbicula have been observed in the San Francisco Estuary near Martinez at 17 ppt,
and abundant populations in areas subjected to daily salinities of 10 to 12 ppt (Evans
et al., 1979).

Corbicula fluminea are viviparous, releasing benthic pediveliger larvae or
planktonic veligers that become benthic within 48 hours (Eng, 1979). There are
typically two spawning periods per year, with one study reporting peak production
of over 800 larvae/clam/day and an average of 1,140,820 larvae/m2/year. Biomass
productivity rates were the highest ever recorded for 2 freshwater bivalve, and
higher than most marine bivaives (Aldridge & McMahon, 1678)}.

In California there are modest market sales of Corbicula both for bait and for
food (Gleason, 1984; commercial harvesting for food is allowed only in Lake Isabella
in Kern County). It was noncommercially harvested from the Delta for food at least
as early as 1946 (Hanna, 1966).

Gemma gemma (Totten, 1834) [VENERIDAE]
AMETHYST GEM CLAM

SyNONYMS: Gemma purpurea (Lea, 1842)
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This small, viviparous clam, native to the northwestern Atlantic from Nova
Scotia to Florida and Texas, was first reported from the Pacific coast as 42 specimens
recovered from the crop of a duck bought in 2 San Francisco market in 1893, It was
collected directly from the Bay in the late 1890s, from Bolinas Lagoon in 1918 and
from three other nearby embayments—Bodega Harbor, Tomales Bay and Elkhomn
Slough—in the 1960s and 1970s (Carlton, 19794, p. 490).

Earlier observations of Gemma gemma in these embayments could have

one unremarked because of confusion with the small native venerid Transennella
tantilla. The early records from San Francisco Bay noted above were originally
identified as Transennella, and many later reports of Gemma gemma from various
Pacific coast embayments and offshore sites were ba