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ABsTRACT: Over the past 20 years, a rapidly accumulating body of knowledge has demonstrated that invasions
by non-native organisms threaten the aquatic flora and fauna in the world’s coastal regions and the human activ-
ities and economies that depend on them, Intensive research in the San Francisco Bay/Delta Estuary has revealed
striking alterations in biodiversity and ecosystem functioning, and provided evidence that the rate of invasion is
increasing. This increase appears linked to the expansion and globalization of commerce, and the wider and
faster movement of goods and people around the world. The consequences are not limited to the oceans. On
land as in the sea, exotic predators and competitors alter ecosystems, while parasites or diseases of crops, live-
stock, native animals or plants, or human beings, may arrive with devastating effect on populations that lack
genetic or acquired immunities. Although méthods exist to reduce the frequency of invasions by exotic organ-
isms, we have thus far done little to apply them. Failures at the international and national level to effectively con-
trol a major transport vector of exotic species, the transoceanic relocation of aquatic organisms via ships’ ballast
water, have led to increasing state and local efforts to regulate ballast water discharges.
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INTRODUCTION

The marine waters of the globe are sometimes
regarded as constituting a single, interconnected
ecosystem—the world ocean. However, biogeogra-
phers have long recognized that the organisms
inhabiting temperate zone coastal waters are distrib-
uted in distinct bioregions, separated by continents,
by zones of tropical water, and by reaches of deep
ocean inimical to the survival of coastal life. Each of
these regions, developing in relative isolation from
the others, has evolved its own unique assemblage of
native endemic organisms.

These assemblages, and potentially the species
that comprise them, are increasingly threatened by
exotic organisms transported in association with
human commerce and travel. Over the past decade
and a half, several spectacular invasions—European
mussels (Dreissena polymorpha) clogging Midwestern
water pipes, a tropical seaweed (Canlerpa taxifolia)
“astroturfing” the Mediterranean, Atlantic comb jel-
lies (Mnemiopsis leidyi) vacuuming the zooplankton
from the Black Sea—have persuaded limnologists and
oceanographers that something is seriously amiss.
Known vectors transporting invasive species into
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aquatic habitats are expanding in scale, new vectors
are being created, and bays, estuaries and freshwater
ecosystems are progressively becoming invaded by
exotic organisms. '

AN Invapep EsTuary

Recent studies in the San Francisco Bay/Delta
Estuary provide a glimpse of just how bad things can
get. We have now documented over 230 exotic
plants, protists, and animals that have become estab-
lished within the Estuary, with over 160 of these
found in the salt- and brackish-water portion of the
estuary (Cohen and Carlton 1995, 1998). We have
identified another 100-200 species as cryptogenic—
meaning that we do not know whether they are
native or exotic (Carlton 1996). Perhaps even more
impressive than the sheer number of exotic species is
the frequency with which they visually and numeri-
cally dominate habitats in the Estuary. Exotic species
account for 40 to 100% of the common organisms
in several biotic communities at various sites,
whether calculated as a percentage of the number of
species present, a percentage of the number of indi-
viduals, or a percentage of biomass.

For example, the organisms clinging to the sides
of the docks and burrowing in the sediment on the
bottom of the Bay are nearly all exotic, primarily
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Francisco Bay, but are common as well in other har-
bors and bays in California and along the Pacific
Coast. For example, recent compilations indicate
about 50 exotic species known to be established in
Puget Sound (Cohen et al. 1998), about 25 exotic
species in Morro Bay in central California, and
about 80 exotic species in the bays and harbors of
southern California. Once established in one bay,
exotic organisms may quickly spread to another
through either natural or anthropogenic transport.
For example, the European green crab Carcinus mae-
nas, first observed in San Francisco Bay in 1989-90,
had spread to Bodega Bay by 1993, to Elkhom
Slough in Monterey Bay by 1994, to Humboldt Bay
by 1995, to Coos Bay in southern Oregon by 1997,
and to Willapa Bay and Grays Harbor in
Washington and Morro Bay in California by 1998,
and to southern Vancouver I[sland in British
Columbia by 1999 (Cohen et al. 1995; Grosholtz
and Ruiz 1995; Miller 1996; N. Richmond, B.
Dumbauld, E. Grosholtz, G. Jamieson, pers. comm.).
Exotic species initially established in bays may also
move out of them to invade the open coast. A
predatory New Zealand sea slug, Philine auriformis,
that was collected in San Francisco Bay in 1992,
appears subsequently to have spread north to
Bodega Bay and south to near San Diego, becoming
the most commonly collected sea slug along the
southern California coast (Gosliner 1995; D. Cadien,
pers. comm. 1996-although the presence of one or
more additional exotic sea slugs in the same genus
may confound this picture [M. Chow, T. Gosliner,
M. Behrens, pers. comm.]).

ON LAND As IN THE SEA

Biologic invasions in California are by no means
limited to aquatic environments. Some 1,023
species? of exotic plants, at least 18 species of exotic

2 This includes both terrestrial and aquatic plants. The number s
from the most recent manual of California flora (Hickman
1993), and includes both “naturalized” and “waif” species. An
estimate based on the prior manual (Munz 1968) had been criti-
cized for including plants that are not fully established and capa-
ble of persisting without human interference, such as narrow gar-
den escapes, taxa that are only sparingly established, and agricul-
tural weeds that are maintained though summer irrigation, and a
more conservative estimate was calculated that excluded these
(Howell 1972 and Raven 1988, cited in Rejmanek ez al. 1991).
Reducing the estimate of 1023 species by the same proportion
yields a more conservative estimate of 686 introduced and estab-
lished plants in California.
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Figure 1. Increasing rate af invasions. Cumulative number
of exotic spectes established in the San Francisco Bay/Delia
Estuary. Adapted from Cohen and Carlton 1998,

land snails and slugs, 24 species of exotic birds, 22
specics of exotic mammals, and an unknown but cer-
tainly large number of exotic insects and other terres-
trial arthropeds have been reported as established 1n
California (1Tanna 1966; Hickanan 1993;
Laudenslayer et /. 1991 as updated by R. Jurek, pers.
comin.). The data for plants have been interpreted as
indicating a decline in the rate of invasion since the
1950s (that 1s, a decline in the rate at which new
plants become established in California; many previ-
ously established plants continued to expand their
range and abundance) (Rejmanek er al. 1991).

The data from aquatic habitats, however, reveal a
substantial acceleration in invasions (Figure 1).
Roughly half of all invasions documented for the
San Francisco Estuary occurred in the last 35 years.
Overall, the rate of invasion increased from an aver-
age of one every 55 weeks between 1851 and 1960,
to one every 14 weeks from 1961 1o 1995 (Cohen
and Carlton 1998). In the decadc {from 1986 to 1995,
for cxample, 43 exotic species were newly collected
in the Estuary, with at least 33 of these apparently
becoming established (Cohen 1997). Similarly, a
study of the Great Lakes also found the rate of inva-
sion to be increasing, though not as steeply, from

one every 64 wecks between 1840 and 1959, 1o one
every 39 weeks from 1960 to 1990 (Mills ¢z /. 1993),

Paraways aND PoLICIES

Within aquatic and especially marine ecosystems,
important pathways for the introduction of exotic
species include transport with transoceanic shipping
{in ballast tanks and other components of ships’ sea-
water systems, and as fouling on hulls, anchor
chains, etc.) and transport via aguaculture activities
(including both the intentional or accidental release
of fish, shellfish or other cultured species in areas
where they may become established, and the acel-
dental transport and introduction of accompanying
organisms, including predators, parasites, or diseases
of fish and shelltish). Both of these areas of activity
arc expected to increase substantially over the com-
ing dccades.

The transport of exotic organisms in ships’ bal-
last water has reccived a good deal of attention in
recent vears. Various data suggest that the relative
importance of this pathway has been increasing in
recent decades, so that currently it is probably
responsible for the transport and introduction of
more aquatic species than any other mechanism. For
example, it appears that none of the exotic organ-
isms established in San Francisco Bay that were
reported on the Pacific coast of North American
prior to 1920 were initially introduced via ballast
water; however, ballast water was the initial introduc-
tion pathway for between 6 and 62% of the species
that were first reported in the 1950s, and for 53-88%
of the species first reported m the 1990s (Figure 2).

One method that could reduce the introduction
and establishment of exotic organisms via ballast
water discharges is the exchange of ballast water at
sea. If done properly, the ballast water later dis-
charged in or near bays or harbors should contain
primarily oceanic organisms, which are thought to
be unlikely to survive or become established in
coastal waters. For reasons related to vessel architec-
ture, sca conditions, and ship safcty, some ships can-
not cxchange ballast water at sea under some condi-
tions, and even when exchange is conducted, the
completeness of cxchange will vary. Thus, at-sea bal-
last water exchange is at best a partial solution,
though still worthwhile where better alternatives are
not available.

For several years, U. 8. tederal regulations have
requircd the at-sea exchange of ballast water for




.

1560-1688 J
YER0- 1699 {
19201929
19301030
1950-185

19701973

16301054

1940-1549
1960-1963
1280-1889

1O10- 1915

1870-1679
V00 1 800

Ballast water introductions as 2 percentage of total
tons. Based on the date of the tirst recotds on the

ast of North America for exotic organisms in the San
ay data set. Lower line indicates probable ballast
oductions: organisins for which ne other mechanism

st water scems likely as the pathway for initial hntrodue-
per line indicates possible ballast water introductions:
organisms for which ather mechanisms as well as ballast
appear likely. Based on data updated (rom Cohen and
1993).

ring the Great Lakes and upper Hudson
om overseas ports; in 1996 similar require-
ere placed on oil tankers transporting

ol overseas and returning in ballast.

er, despite mounting evidence of the extent
ne invasions and of ballast water intro-

in other parts of the country, the 1996
Invasive Species Act (NISA) failed to

these requirements to the rest of the country,
¥ISA did mandate a process that could provide
ventual promulgation of regulations by the
of Transportation, but this process has

tly defayed (Table 1).

ponding to the display of federal inaction
[ISA, several efforts have been initiated out-
Washington, DC to regulate the discharge

tic species into the narion’s coastal waters,
pugh state laws or through other federal
gure 3). Most of these intiatives would use
ollution laws to regulatc the release of exotic
sms in ballast water—as a waste discharge of
cal pollutant—and there appears to be a

ing consensus around this approach as an

e mechanism for managing the problem. This
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Figure 3. Policy initiatives regarding ballast water management
in the United States since the enactment of the National
Invasive Speaes Act.

approach 1s likely to lead beyond requiring ballast
water exchange, and require the treatment of ballast
water discharges to remove or kill the exotic organ-
isms in them, much as other wastewater discharges
are treated to prevent the introduction of pollutants
into tle nation’s waters.






