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I Abstract Biological invasions of marine habitats have been common, and many

 patterns ererge from the existing literature. In North America, we identify 298 non-

indigenous species (NIS) of invertebrates and algae that are established in marine and
estuarine waters, generating many “apparent patterns™ of invasion: (a) The rate of re-
ported invasions has increased exponentially over the past 200 years; (b) Most NIS
are crustaceans and molluscs, while NIS in taxonomic groups dominated by small

fganisms are rare; (c) Most invasions have resulted from shipping; (d) More NIS
are present along the Pacific coast than the Atfantic and Guif coasts; (¢) Native and
source regions of NIS differ among coasts, corresponding to trade patterns. The va-
lidity of these apparent patterns remains to be tested, because strong bias exists in
the data. Overall, the emergent patterns reflect interactive effects of propagule supply,
invasion resistance, and sampling bias. Understanding the relative contribution of each
component remains a major challenge for invasion ecology and requires standardized,
quantitative measures in space and time that we now lack,
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Biological invasions, or the establishment of species beyond their historical .
have long been of great interest 1o ecologists, evolutionary biologists, and paleons
tologists (40,41, 50,72, 84, 85, 135, 148). The establishment and study of smal]
populations has generated a wide range of opportunities to understand fuudalmf.ﬁ
population, community, and ecosystem Processes across many taxonomic $
(38, 130, 136, 137, 1n recent years, invasion research has focused especially on;

the patterns and process of invasions themseives (25,37, 81, 101, 108, 129), and
we have wilnessed a virtual explosion in the

this topic area (104, 115, 144). '

The recent growth of invasion research has been stimulated largely by an appar-

ent increase in the rate of nonindigenous species (N IS) invasions and their effecty -

on native populations and communities, ecosystem function,
well as human health (6, 10,38,61,62,132, 140). As a resul
and shifting perspectives have emerged rapidly. This emerg,
striking for invasions of marine environments, which had historically received
lietle attention compared o terrestrial or freshwater systems (13).
In this anicle we explore patterns, mechanisms and k
with marine invasions. Although new data on marine invasions have increased
rapidly, they have never been summarized, beyond analysis for single bays or es-
tuaries (11,29,30,69, 117) JT Carlton 2000, unpublished checklist; Carlton &
Wonham 2000, unpublished manuscript). Moreover, the complexities and po-
tenital biases of these data, and inferences that can be drawn from the data,
have not been evaluated criticalty. Here, we provide such a synthesis for ma-

rine invasions of North America and begin to evaluate some of the emergent
patterns and underlying mechunisms. More specifically,

spatial and lemporal patterns of invasion and to id
hypotheses ubout mechanisms, and {c) future di

t, new inforration

ypotheses associated

we wish to summarize
entify (a) key gaps in data, (b}

rections for research. Although
our analysis is specific 10 marine and estuarine invasions, we explore issues and

approaches that are relevans generally for both invasion biology and invasion
management,

rTERNS OF INVASION

ssification and Analysis

Wecharacterized patterns of invasion for marine (including estuarine) invertebrates
and algue on multipte spatial scales, focusin

g primarily on North America, Our
focus on inveriebrates and algae is intended to illustrate general issues, using arel-
atively farge group of NiS known for North America across many phyla. Although
vascular plants and fish were excluded fro

M our analysis, these groups have con-
tributed hundreds of udditional NIS that are established in coastal bays and estuagies

quantity and diversity of research in _

and economies, as

ence is particularly

Fot i / © AH Hines. subimuted,
i ; tonoft, G Ruiz & A _
rica (30, 55, 117, P Fo - H ubated,
4 N;\“Fl Fl;HIi‘Zfono(ff AH Hines & JT Carlton, unpubtished data). Their e.:. us
’ ity of p s and analy-
GM Ruiz, alysis was pragmatic, to reduce the complexity of pattems nd awaly:
. Furthenmr there are also many fundamental differences t“_“ vascubar ple - ‘_.
and Funhcrmore,ed o invertebrates and algae, with respect w 1:1\';15:9;; p.u:::t : -.l
ar . SR N N
e cf:mrlr)iechanisms habitat distributions, dates of arrival, and biolugy
{e.g. wanster s
alyses. T
o qu)laraftzgg 13!’[8 that are reported o be established in coastal w L.mrx \‘d
o infi 1 istnbufion w
For:?::e :ca. we summarized available information about the dn.;;-nb:[ ;\ nd
o ifi fe defined NES as
Nomf hislox;r for the Atlantic, Pacific, and Gulf coasts. \’vc.d‘._ o
those o anisms transported by human activities 0 coastal regions here ey
) e A LYY 3
o jously occur. We omitted species that underwent range e pl nons
- " , ronranihropogeniy chianges
a l;‘-“ l::lrfv‘natural dispersal, even if some resulted fronrunthropogenic chang
attributed to )
i i nditions (19). ) .
" envuonn}znticmoe marine and estuarine waters of Norih Amenca h\g.n;i r‘; o
" ithin bays : stuaries, wnctuding
wecon?;ines to the limit of tidal waters within bays and e:,m;ne\ 1 [:] o
o sfuanes. Withi SRNVHEIH .
omerl' ohaline and tidal freshwater reaches of esiuaries. Within E. :.‘ Lm i,
e lgi ded all species that occurred below the mean monihly hin ¢ ,r “m:_i
- M aks : v e fo
W; mc(; list therefore includes marine organisms but also some specics found
: mesm- i ines of beaches as well as spevtes ref
i shes and strand-lines of beaches us
n salt marshes and stran ‘ well e repoe
P 1'ne freshwater, We also included insects reteased for biovame when
: 3 M H I3 < -|-,l'\\-l I.\- c
fmfn eg'“tm:ams were reported as occurring in fidal waters. How ‘.\L‘ii we e ; -
i arely w ur s
their hfs P dary species” that appeared occasionally vr mn.l? within ‘f et
Someb wer af?:md primarily in terrestrial habitats and inland freshwaterise
area but were
it discussion). . . . -
o addmm?a* and synthesis relied on four main sources of lormation. 1 ]
b i i spech Ut existing
o ce was published information, including especiadly .\:uu;.,w. N
. X : : ! unpub-
primary Soufer e particul bays (11,29, 30,69, 117: JT Carlon 2000, upt-
( 1% Anuse as owell us
aﬂal!:; E:Shu«:].dist' Carlton & Wonham 2000, uppublished numuscripty as tL ‘
. ; i ished reports, theses,
hSh'ifuc ollcc;ion of literature. We also reviewed unpublished rupudr:; N
ed : i ach coas additon,
. d; zords from long-term monitoring efforts along each coust. lnl : on W e
i in particular Gy
and re onded with many scieatists wha were expert enhgr in pam‘.ulfmr onomie
com:s or the biota of particular geographic regions. Finally, we also o
grou oy -
imi urveys at selected sites. ) . o
N hmll?d. ﬁelgls we Zoughl to characterize the tollowing atributes for ¢ ;{Lh
s a minimum, _ i Baaion: () Source Re-
A. s: (a) Date of First Record; (h) Native Geographic RL:I\I\.H.- (“ ;?Ll e R
oot i Cimroduction (o) Salinuy P .
i i ion; schamism ) of inroducuon: » D W
nvasion; () Vector (mec : . A
%}c;né):;graphic’Distribution; {g) lnvasion Status; and (k) Population St o 1
or e: ast, SiNCe soMe spedics buve
i i ately for each coast, : »
tion was collected separ €0 SO s
lﬂf;’;n r?mltiple coasts and these attributes may differamong coasts. W hiffll.l o ;mr
: M o fe ’ - qavs collee
vi s of invasion for a species existed within a coast, data were alw ;{\ % U.S ):m .
the Ful i jon (as attributes such as Source Re-
i 55 troduction (as altn :
and date of successtul in S arributes such e Re
“}5 ﬁmdﬂ\t/e tor may differ among sites). The details of this classifcaton schen
gion and Vec ng ,
and subsequent analyses are described below.



http:1,50,72,83.85

ETPTT

.vasion Status

) a.ssess the invasion status ol species (as below), we used a graded set of criteria,
ying on the historical recurd, paleontological record, archaeological record, bio-
f)grapl]ic distribution, dispersal mechanisms, documented introductions, and a
ue. of ecological and biological characteristics (26,27, 30, 138). We assigned
ecies 10 one of three categories of invasion status, reflecting the degree of
rtainty that 4 species was introduced or native:

troduced species  Native and introduced ranges of these species were well

ablished and provided u clear invasion history, in most cases. We considered a
~ additional species to be introductions where the evidence was very convincing;
'y

:Iuded here are u tew intracoast invasions, for which natural dispersal is possible
t highly unlikely (see below).

yptogenic species {Possible introductions)—No definitive evidence of ei-
T native or itroduced status |sensu Carlton {16)]. For some of these species,
roduced status has been suggested or appears likely.

five speciey Native runge of these species was well established and provided
ar evidence ol native status.

Owirig.to intracoastal invasions, it was possible for a species to have a com-
nd assigniment 1o twu ur more categories of species status. For example, the
)_ked mussel {fschadivm recurvam) is native 1o the southeastern United States
1plroduced to the northeast. Thus, this species is considered native, cryptogenic
1 mtrqduced along different regions of the Atlantic coast. In our analyses, ali
ormation about this species along the Atlantic coast refers to the introduced
nl.lationsz Although such intracoastat invasions possibly occurred for many
-.c1'es, we included only those that were clearly documented; all others were
wsidered cryptogenic and thus excluded from our present analyses.

ite of First Record

datie of first record. we used the first date of collection, sighting, or documented
:bgruu: relezse. 11 these were not reported, dates of written documents or
Jlmapons were used; however, we recognize that these later dates may be many
ws after the dute a species was first collected or sighted.

ctor

f:valuated plaustble mechanisms (or vectors) for each introduction, using infor-
tion about the first date of record, life history, habitat utilization, and ecological
‘?buu:s. We assigned each species invasion 1o one of eight broad vector cate-
ies: Shipping, Fisheries; Bioconirol; Ornamental escape; Agricultural escape;
search escape; Cunuls. created by humans, as a corridor for dispersal; or Multi—,
) ‘S?veral of the broud categories are composed of subcategories. For example
shipping vector inctuded organisms moved on the hull, in ballast water or dr);

B
ot
‘.l
r
e

ballast, in or on cargo, on deck. on anchors, ew. Fisheries mtraduciions usufved
both intentional and unintentional release, including those that resulted tram dgua-
culture. Both Fisheries and Omamental introductions alsu included species asso-
ciated with the target species (e.g. fouling organisms on oysiers). Although some
of the subcategories are discussed further in this review, this higher resolution is
the focus of a separate analysis (GM Ruiz, JT Carlton. P Folfanorf & AH Hines,
submitted).

Several simultaneous mechanisms of introduction were clearly pussible tor
many species, creating some uncertainty about the vector responsible: tor cach
invasion. In these cases, we simply classitied the vector as Muluple and tnde
cated the plausible mechanisms. For example, the green crab (Carvinus saends)
was recently to introduced western North America, and muliipte mechanisms of
introduction exist for this invasion: Shipping and Fisherfes. )

Sequential mechanisms of introduction also existed for sume species. where the
firstintroduction can be ascribed to a particuliar vector but subsequentintroductions
may have occurred due to additional mechanisms. To recognize this. there nust
exist a clear chronological sequence in the operation of the respeviive veviars.
such that one predates any additional vectors. Forexample. the burnucle «Balns
improvisus) was introduced (o westemn North America in the mid 197 century by
Shipping, but the latter movement of oysters (Fisheries) represents an additional
vector that was active afterwards. In such cases, we identified both the imtial vector
and additional vectors.

Native and Probable Source Region

Native Region identifies the range of each species betore humun trunsport. and
Source Region identifies the likely area from which an mvasion uccurred. The
Source Region may differ from Native Region for various reasons. First, a species
may have a wide native distribution, whereas an introduction may have been most
likely to occur from a particular region. based upon the prevalent trade putlerns
(and vectors) in operation. Second, there ure many “stepping sone T i as s,
where a species may invade secondarily from u previously mvaded region it s
outside the native range. :

We assigned a probable Source Region. based upon the extent ot avinluble trans-
fer mechanisms, known association with those mechunisms, and prosvnuey o site
of invasion. Identification of Source Region has some degree of uncertaniy. Thes
was particularly problematic for some widespread species. where many potential
source regions (with operating transfer mechanisms} exist. For these sPeCies. we
have indicated “Unknown” for Source Region.

For the pusposes of our anatysis, we classiticd Native and Sourve regions m
terms of broad oceanic and continental regions. Ocean regivns were used for
species with strong marine affinities. whereas continental regions were used for
those with primarily fresh water (or continental) distributions. The cutegories -
cluded: Western Atlantic, Eastern Atlantic, Amphi- (both Western and Eastern)
Atlantic, Indian Ocean, Indo-West Pacific, Western Pacific. Eastern Puvifiv,
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Amphi-Pacine, North America, Eurasia, South America, Africa, and Australia, As
indicuted abuve, Unknown was used when Source Region remained unresolved,
and vy also used as necessary for unresolved Native Region.

Native and Source Region categories were selected to accommodate most
species and mighlight general patterns. For each species, we identified distibu-
tion according w commonly used biogeographic regions (8, 134). These were then
combined into our broad categories to simplify analyses (e.g. Northwestern At-
laniic and Southwestern Atlantic becarne Western Atlantic) or to refiect species
distributions that traversed boundaries (e.g. Indian Ocean and Western Pacific be-
came [ndu-West Pacific). Additional data on the known native and introduced
ranige ol each species, providing much finer resolution than presented here, are
available upun request; these can also be found in associated references listed in
the supplemental Appendix | on the Annual Reviews online website.

Population Status

To distinguish between introductions with persistent populations and those that

may have failed, we classified the Population Status of each species as one of the
following:

| Established species have been documented as present and reproducing
within the last 30 y. Muliiple records were required for a species to be
considered esiablished. Furthermore, for species detected in the past 10 y,

occusTence was necessary in at least two locations or in two consecutive
years,

[

Pupulatiun status was considered Unknown for introductions with no

recurds within the past 20-30 y or for recent introductions with too few
recurds (as above).

3. We recognized two categories of species introductions that do not appear to
be established. Failed introductions are species that were reported but for
which there is no evidence of establishment. In contrast, Extinct
introductions survived and reproduced for many years before disappearing.

We did not include the extensive literature that exists on failed introductions.
There are literally hundreds of species that have been released but apparenily never
established (see 11, 21, 69, 123, 146). Our goal was to document the history. and
fute of cstublished populations, accounting also for those that were extinct or of
unkitown population status. Since population status can vary along a coastline,
Just as invasion status (above), some species were assigned to multiple categories.
[Uis only wn this context that we refer to failed introductions in our analyses,
Salinity Range
The salimity distribution of each species was classified by the Venice system of
salinity zones. A species could occur in one or more of the following salinity zones:
Freshwater, Limnetic (tidal freshwater, 0-G.5 ppr), Oligohaline (0.5-5 ppt salin-
ity): Mesohaline (5-18 ppt); Polyhaline (18-30 ppt); and Euhaline (30-35 ppt).

All species present in nontidal freshwater alsu vectirred wichin tal witers. veeur-
ring sometimes across a broad range of salinity. Throughuout. sulimity ranges were
considered to be the sum of ranges for ail life-siages reporied tor 4 species.

Geographic Distribution
For each species, we characterized the reported gevgraphic distribution withi.n
North America, aliowing a comparison of invasion patlerns among COUSLS. \:\'c
also compared patterns of invasion among relatively large cslxn:urigs. which in-
cluded commercial ports, For comparisons among estuanes, we focused most
of our attention on five locations: Prince William Sound (Aluska). Puget Sound
(Washington), Coos Bay (Oregon). San Francisco Bay (California), and Chcs:'l-
peake Bay (Maryland and Virginia). Most nrarine invesions have been reported in
bay and estuarine environments {1 163, and these selected estuanes have been il\:‘
foci of intensive analyses on the pattems and extent of invasion L 1. 29, 30, 69, L7
JT Carlton 2000, unpublished checklist: Carlton & Wonham 2000, unpublishr:(
manuscript). As 4 result, the five estuaries ofter the most complete dugi on Spatia
variation in the extent of invasions and species overlup within Nurth Amenea.
We afso included in our comparison of NIS among esiuunes duta from Por
Philip Bay, Australia {67). As with the focal estuaries 1 North .-\mc:jcu \abovc'i
patterns of NIS invasions at this site have recently receved mtensive ;mul:.fst.\
providing the opportunity for an initial comparison with the North Americi
sites.

Analyses _
We used the resulting database (Appendix 1) 1w exanune patterns of marine in\'a::'m
"in North America by taxonomic group. dute of first reconl. vedtor. source regio
native region, and salinity distribution. We wncluded wil introductions that wet
considered established (as ubove). We excluded tfrom ihus wnalysis cryptogen
species as well as boundary residents, but we discuss the impuortance uf.cry;_)mge.n
species further below. Due to the size of Appendix |, itdues notappeur this artic
but is available at the Annual Reviews website repository in the Supplement
Materials section. _ .
Our primary goal is 0 examine patterns of avaston tur the entire contines
We have also included a comparison of invasion patterny on two additiona] spat
scales. First, we examing concorditice of patierns amony he three separile coil:
of North America. Second, we describe the mumber amnd overlup of NS amo
estuaries, including five in North America (i3 above) und one 1 Austrahia (P
Philip Bay) for which invasions have been well analyzed. ,
Although we have characierized the current know ledge vn niinne wvasion p
terns for North America, it is imporiant to recognize the sources and Hnutations
the data from which these patterns emerge. We therefore vonsider our analysis
outline the apparent patierns of invasion from the literature. We address both
limitations and underlying assumptions that must be tested o adequately intery
these patterns. ' : :




STPZCT

KUIZA 100

nt of Marine Invasions in North America

We identified 298 NIS of inveriebrates and algae that are established in coastal
waters of North America (Appendix 1). The 76 established species that have suc-
cessfully colonized more than one coast we designate as “repeat invaders” (also
“repeat” or “secondary” invasions) in our subsequent analyses. Thus, among all
three coasts of North America, there have been a total of 374 successful invasion
events (= 298 initial invasions 476 repeat invasions).

An additional three species are classified as extinct invasions, and the success
of another 33 species is unknown (Appendix 1). In all subsequent analyses, we
have restricted our focus to species known to have successfully invaded, which are
classified as established invasions.

Our data provide only a minimum estimate for established invasions of marine
invertebrates and algae. We have excluded consideration of boundary residents
and cryptogenic species from our estimates, and the latter group may include
hundreds of NIS thal have gone unrecognized as such. Furthermore, many sites
and taxa within North America have received little scrutiny. Below, we discuss
the potential consequences of these limitations to the overall patterns.

Although our analysis is restricted to invertebrates and algae, it is noteworthy
that ar least 100 species of nonindigenous fish and 200 species of nonindige-
nous vascular plants are known to be established within this coastal area (55, 30;
P Fofonoff, GM Ruiz & AH Hines, submitted; GM Ruiz, P Fofonoff, AH Hines &
IT Carlon, unpublished data). In general, the identification and knowledge of
established populations is better for these groups than for invertebrates and algae,
due to both the size of the organisms and the extent of research and mouitoring pro-
grams. However, 4 relatively large proportion of boundary residents exist among
the nonindigenous fish and plants, and the tendency of species to occur within
estuaries can vary geographically, complicating numerical estimates of NIS (P
Fofonoff, GM Ruiz & AH Hines, submitted).

:onomic Distribution of Marine Invasions
North America

The NIS in our analysis were distributed among 11 phyla, with a significant differ-
ence in the contribution of each phylum to the 298 species (Figure 14; Appendix
1, X2 = 224.6, df = 10, P < 0.001). Half of all species were crustaceans or
motlugcs, accounting respectively for 28% and 22% of the initial invasions.

—
>

Figure 1 Tutal number of established nonindigencus species of invertebrates and algae
reported tn marine waters of North America shown by: (4) Taxonomic group, (B) Vector,
(C) Date of First Record, (D) Rate of Invasion, (E) Native Region, and (F) Salinity zone.
Filled bar, number of unique or initial species invasions (n = 298); open bar, number of
repeal invasions among cousts {(n = 76; see text for description). Rate of invasion was

estimatcd for 30 y tniervals, with number of new invasions shown for the first year of each
interval since 1790
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These two phyla together also accounted tor 33% of the 76 repeut tnvasmions (2 2%
of crustaceans and 16% of molluscs), which was high relative w the other phyla
(mean = 7%, range = 0-18%).

Perhaps most striking is the low pumber of relatively smatl orzunisms recog-
nized as NIS. A few species of protists and diatoms are recognized as NIS. bwt
many groups of microorganisms {including bacteria, viruses. fungi. microsparidia.
coccidia, etc.) are absent from our database (Appendix |}, For Chesapeuke Bay
alone, the number of known NIS declines significantiy with size of the vrganism.
using maximum size for ali taxa other than plants and fish (117). Although there
may be something fundamentally different about invasion opportunines or success
for small taxa, we hypothesize that this pattern results from bius in the Jdat (see
below).

(E) i Mechanisms of Introduction for Marine Invasions

105 |
70 ;

35 1

0 A . : ; ,
U S

300 , )

! in North America

Shipping and fisheries have been the dominant vectors for marine wnvisions in
North America. Shipping was the sole vector for 31% of the 295 witial uvasions.
and fisheties were responsible for another 15% (Figure 18: Appendix 11, Al-
though multiple vectors were plausible for 29% of all ininal invasions, 73% of
these 85 invasions were attributed to shipping und fisheries as the only plausible
mechanisms. Shipping and fisheries together accounted tor 3Y¢¢ ut ull 29¥ ini-
tial invasions (=51% shipping +15% fishenies +22% shipping and tisheries as
multiple vectors).

Shipping and fisheries were also responsible fur most {744 ) i the 70 secondury
Or repeat invasions, occurring on coasts other than the initial coast ot iy asion (Fig-
ure 18, Appendix 1). Shipping alone accounted for 39% ol the repeat invasions.
and the remaining 15% were attributed 10 fisheries or multiple vectors tur which
shipping and fisheries were the only vectors.

Despite the predominance of shipping und fisheries as veciors. there renins
a great deal of uncertainty about the relative contribution ur iniportance of cach
mechanism individually. This is underscored by the frequency of visions at-
tributed to multiple vectors, creating a wide range ol importatee fur shipping and
fisheries vectors. For example, 51% of 298 inirial invasions ware attributed to ship-
ping as the sole vector, but shipping may be involved in an additiomsl 274 of
the invasions (as a possible mechanism in 94% of the 83 invasions attributed 1w
multiple vectors; Appendix ). It is possible to weight cach vector, based upon
their spatial and temporal pattern of operation, suggesting a probable vector in
many cases. However, this cannot reliably exclude the other possible vectors as u
mechanism for introduction, Furthermore, the multiple vectors are all i aperiion
and may each contribute propagules 1o the initial vr subsequent introducton of o

:species

A further analysis divided each vecror category into subcompuonents (GM Ruiz,
JT Carlton, P Fofonoff & AH Hines, submited), indicating that nmast wwvasions
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1 shipping resulted from ballust water and hull fouling communities, and those
n fisheries were dominated by transiocations of organisms associated with
ters (see 14 for descripuon). However, the relative importance of these shipping
categories (hull fouling or ballast water) to the overall number of invasions
1ins poorly resolved, due to the existence of multiple vectors (as discussed
we), us well as multiple subcategories that were plausible within the shipping
101, 1IN many cases.

Marine Invasions in North America

2 rate of repunted invasions hay increased over the past 2 centuries, using the

e of first record tor all 374 initial and secondary invasions of North America

gure 1C; Appendix 1). The increase of initial invasions is best described by

exponential funcuon (Figure 1D,y = 7.0800™) 2 = 0§ 976; where y is the
nber of new invasions and x is time in 30y intervals, indicated as the first year
the 30y interval). In contrast, although the rate of known repeat invasions is

0 mcreasmu in North America, this is best described by a linear function (y =

35x, 1 = 0.874),

The relative contribution of shipping 1o reporied invasions has also increased
:r time (GM Ruiz, IT Carlton, P Fofonoff & AH Hines, submitted). The rate of
asions utiributed sobely to shipping has increased over the past 200 y, account-
s for 62% of mitial invasions in the past 30 y (Figure 2; see also Appendix 1),
is increase ix best described by an exponential function (y = 1.127(0.02%¢)
= 0.992}. In contrust, the rate of reporied fisheries invasions is not increasing
nsistently vver lime and may be declining in recent years. Only 8% of reported
sasions were attributed solely to fisheries in the past 30y, and the rate of fisheries
/asions since 1790 is best descnbed by a slightly positive linear relationship
igure 2; y = 0.083x — (.929, r’ = 0.669).

Finally, our temporul duta indicate that 20% of initial invasions in the last 30y
erval are atiributed to muhiple vectors, usually the combination of shipping and
heries (Appendix 1). Although lower than the prevalence of maultiple vectors
rall ume perivds (29% ), uncenainty exists about particular vector responsible
r even many ol the most recent invasions.

and Source Region of Marine Invasions
th America

pproximately half of all initial invasions were classified as native to western
ean marging: the Indo-West Pacific and West Atlantic regions (30% and 20%,
spectively; Figure 1£; Appendix ). Indo-West Pacific species were either from
e West Pucific 169% ) or shared between the Indian QOcean and West Pacific (31%;
s shown in Appendix t). In contrast, 12% of all initial invaders were considered
ative 1o the castern ocean marging of the Atlaatic (10%) and the Pacific (1%).
‘ontinents were the native region for 12% of initial invaders, mcluding primarily
pecies ut freshwater origin. Roughly 5% of the initial invaders were classified as

100
@ Fisherles

(O shipping
80 “

60 -

Nuymber of Invasions

0 30 60 80 120 150 180
Tirne (years) since 1790

Figure 2 Rate of reported marine invasions of inveribraws and algie that were attributes
to shipping and fisheries in Nonh America since 1790, Open circles tdicate number of
new invasions associated with shipping per 30 ¥ interval: closed circles indicute number of
new invasions associated with fisheries per 30 ¥ inferval. Data ure plotied as i frgure £

Amphi-Atlantic or Amphi-Pacific for native region. Surprisingly. the i region
for 22% of all initial invaders was considered unknown, although the uxvnonue
identity was also uncertain for 33 (50%) of these 66 species.

Addition of the 76 repeat-invasions has little effect on the averall prevalence of
native regions (Figure 1E). However, it was notable that few repeat i aders were
classified as native to the West Atlantic (2% of total for that region) and .—\mpm-_
Atlantic (0%), compared (o the other regions with relatively Lurge nu’mbcrs .m
initial invaders (1ndo- West Pacific—19%; Unknown—22%: East All;\llilt.‘*-llﬁ‘-'i".
Eurasia—18%). This is mostly an artifact of West Atlantic species betitg nutive w
eastern North America, making it impossible o invade this Coast (in our wnalysis)
and reducing the opporunity tor repeat iNVasLons 10 oCLur.

We estimate that source and native regions were ditferent for 1ppm\un.mh
22% of all initial and repeat invasions (combined), excluding species ol l.\blhet.i
as unknawn for either region (Appendix 1), The source and native Fegions dit-
fered for all species with Amphi-Atantic or Amphi-Pacitic t'l-;l!i\"." fegions. u_:d:-
cating that the invasion of North American sites occur.red often from a limired

portion of the native range. However, for all species from olhe; LIVE Talges,
this implies a “stepping-sione” mode of invasion. where iﬂ\'itSlU!l:\‘ WY oCCur-
ring from secondary populations outside the native runge. Must ol these vises
involved secondary source populations in the East Atlantic (12 speciest, West
Atlantic (8 species, excluding those that were Amphi-Atlantic), ;u-m North Aer-
ica (9 species). Furthermore, we estimate that the proportion of stepping-stone
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invasions wus relutively high for NIS with natjve regions of Indo-West Pacifie
(25% of 109 species} and Eurasia, Europe and Asia (31% of 32 species).

Although native region is well defined for 77% of species, source region should
be considered 1 rough upproximation. Strong evidence often underlies the choice
of source region for each invasion (e.g. operation and relative strength of vectors,
established populations, date of first record, etc). For example, the European greea
crab, Carcinus maenas, may have invaded western North America from multiple
source regions, including: Europe, eastern North Aimerica, Australia, and South
Africa. Recent genctic analyses indicate that this newly established population
derived from easiern North America (3). However, in most cases, alternate sources
(in and outside of the native region) cannot easily be excluded.

linity Distribution of Marine Invasions in North America

Significantly more invasions are known in high {polyhaline and euhaline) than low

salinity zones, for initial invasions as well as for all invasions combined (Figure 1F; -

initial invasions: X* = 245, df = 5, p < 0.001; all invasions: X2 = 234, df =
5, P <0.001). However, repeat invasions were evenly distributed across salinity
zones. Importantly, many species were reported to be euryhaline and to occur in

several salinity zones. Only 18 species were considered to be restricted to one
salinity category.

ographic Variation in the Extent
d Patterns of Marine Invasions

Variation Among Coasts of North America

The largest number of initial invaders are known from the West Coast (187 NIS),
compared 10 the East Coast (108 NIS) and Gulf Coast (7 NIS), representing a
significant difference among coasts (Figure 3; X2 = 161, df = 2, P < 0.001);
the total number of initial invasions (302) exceeds the total number of species
(298), because the initial invasion for some species occurred on more than one
coast).

In contrast, repeat invasions were proportionally greatest for the Gulf Coast
(82% of all invasions) compared to the West Coast and East Coast (18% and 0%,
respectively), resulting also in a significan: difference among coasts (X = 120,
df = 2, P < 0.001). The [ack of known repeat invaders for the East Coast is
striking and underscores the asymmetry in the sequence (or direction) of repeat
invasions among coasts. The high prevalence of repeat invaders for the Gulf Coast
resulis primarily from high overlap in NIS composition with the East Coast. Of
the 39 NIS on the Gulf Coast, 87% are also known invaders on the East Coast,
compared (0 51% on the West Coast. .

The intercoast overlap appears to be much ‘greater for NIS present on the
East Coast (38% overlap with West Coast; 32% overlap with Gulf Coast)
than the West Coast (18% overlap with East Coast; 9% overlap with Gulf Coast).

et
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Figure 3 Total number of established nonindigenous species of im'cnf:hr;ucs and .ul._g.-.\;.;
guned among three coasis of North America. Filled bur. number of umygue ot il

e at invastons. ur the qumber ol

jes i i = ; bar, number of repeat invasions. ¢

species invasions (n = 298); open . - asions, o the tumbar vl

a?i:i:tional invasion events among coasts that involved a subset of imtial invaders To.

see text for funther explanation).

However, the actual overlap of species among coasts 135 muf:h n__'rc;ubc.r lh-:a.n |E§L“:r:‘
above. We have indicated overlap in a narrow sense, including m‘\l.} ‘:.pc‘\ Lg.\ w\‘ "
to be invaders to each coast. Many additional species lh.ul are native Ut i\ r?. L.m: oo : :.
to one coastal region (especially the East Ctoast) have mvgded '.um(r;‘c_‘r. Lm;l :m; .
pendix 1; see also Variation Among Estuanes and Data B;gs Hypot t‘.:sr..\ 5 :'.~ ,n.;
for further discussion). Although these cases are excl}lded from Our COmparisons.
they increase the overall overlap of bioru_s among re{glon::.. e e
Many similarities and differences exist in mvasion.panern}s 43 .L g e theee
coasts (GM Ruiz, JT Carlton, P Fotonott & AH Hines. subnufﬁl .' .:ee ) \.h -.U-f:;
pendix 1). The rate of reported invasions has mcreasebc{J leé[:k)l’lzenll;lgz gug: CLT;“
over the past 200 y (Figure 4; West Coast, y = 4.9351;‘" = [‘ 9 (Tl.l- \uLs H .“;
y = 1.4000195% 2 — 0.916; Gulf Coast, y =0.9407%1%%, ¢~ = 0.833). l‘e; t‘ S ;“
each coast are dominated by crustaceans and molll_lscs, aecounting .(u%:‘t:m. lL
41-50% of the total. Shipping is the sole vector for ;\pproxuuu‘l::-'l_\ hat :_of l 1‘e
known invasions on each coast: East Coast (60%)_. West Coast t—.tlb' € l., (-‘-.u‘ I(nll\;
(64%). However, the relative importance of fisheries as the sn‘lc \_c\tm \\‘.l>l T..:; : :\ ,
on the West Coast (19% of the total) compared to the Eust Coast and Gult Coas
vely). '
(TW;zzdni?V:ere:EgC;;ﬂgg regions of NIS differs among cuists (G Rl-u!\.\ JT
Carlton, P Fofonoff & AH Hines, submitted: see '.!.[s_o Append;xl f'i_ -Mm:- ear
Coast NIS (53%) were native o the lndo-West Pncn.n-: and the W f:.‘\l.:m \l ‘ulu: .
and a smaller proportion (7%) were native © th‘e t&islcrljﬂ?ﬂ.‘u!th ‘ i:nl;\tnxn.nt;
the first two of these native regions accounted for only 33% ot the NIS knowt
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Figure 4 Rate of repornted marine invasions of invertebrates and algae for each coast of

North America since 1790. Filled triangles indicate the number of new invasions for the
West Coast; those for the East Coast and Gulf Coast are indicated by filled circles and open
sircles, respectively. Data are plotted for 30y intervals as in Figure 1.

from the East Coast, where 19% were native to the Eastern Atlantic. Compared
to the West Coast, a larger number of NIS on the East Coast were “within-coast”
invasions, being introduced from one portion of the coast to another (10% of East
Coast NIS compared to 1% of West Coast NIS). Finally, the disparity between
native and source region was greater for the East Coast (28% of NIS had different
native and source regions) than for the West Coast (15%). This results primarily
from secondary invasion of the East Coast by western Pacific natives, which first
invaded Europe and North America. The disparity between native and source
regions was also relatively high for the Gulf Coast (38%), but finer analyses were
not performed for this coast due to low sample size. '

For each coast, there was a significant difference in the number of reported
invasions among salinity zones (West: X2 =254, df = 5, P < 0.001; East: X>=32,
df=35, P < 0.001; Gulf: X*=1.9, df=5, P = 0.05; see Appendix 1). A much
greater proportion of NIS occurred in the polyhaline and euhaline zones of the West
Coast (63%) compared to the East and Gulf Coasts (47% and 23%, respectively;
number of NIS per salinity zone, with increasing salinity as follows: West Coast—

24, 37, 54, 97, 187, 169, East Coust—33, 35, 38, 55, 75, 68; Gulf Coast—18, 18,
22, 19, 25, 22).

Variation Among Estuaries

Considerable varialion exists in the number and overlap of known NIS among es-
tuaries (11, 29, 30, 67, 69, 117; JT Carlton 2000, unpublished checklist; Carlton &
Wonham 2000, unpublished manuscript; Table 1 and 2). The number of known
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TABLE 1 Checklist of nonindigenous species reporied as established i euw

different bays and estuaries

[TRRIIENEN

Phylum

Species

Site*

SFB CB PS PWS ChB

Dinofiageliata
Alexandrium catenella
Bacillariophyta
Artheya armaia
Coscinodiscus wailesii
Odontella sinensis
Thalassiosira punctigera
Phaeophyta
ASperococcus Compressus
Fucus cottoni
Microspongium globosum
Sargassum muficum
Sorocarpus micromorts
Stictyosiphon soriferus
Striaria attenuata
Undaria pinnatifida

Chlorophyta
Bryopsis sp.
Cladophora prolifera .
Codium fragile ssp. tomentosoides
Ulva fasciata

Rhodophyta .
Antithamnionella spirographidis
Bonnemaisonia hamifera
Callithamnion byssoides
Ceramium sinicola
Chondria arcuata
Chroodactylon ramosum
Deucalion levringii
Gelidium vagum
Gymnogongrus crenulatus
Lomentaria hakodatensis
Medeiothamnion tyaili

Polysiphonia brodiaet

Polysiphonia denudata.
Polysiphonia harveyi

Polysiphonia senticulosa (pungens )
Schottera nicaeensis

Solieria filiformis

A s

Wontirued

PPB

ot

hY
X
X
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TABLE tContinued )

Phylum Site?
Species SFB° CB PS PWS ChB PPB
Foraminifera

Trochamniina hadai
Ciliophora
Ancistrocoma pelseneeri
Ancistrum cyelidioides
Boveria teredinis
Cothurnia limnorive
Lobochona prorates
Mirofolliculina limnoriae
Sphenophyra dosiniae
Haplosporidia
Haplosporidium nelson
Porifera
Aplysilla rosea
Clione sp.
Corticium candelabrum
Dysidea avarg
Dysidea fragitis
Halichondria bowerbankii
Haliclona heterofibrosa
Haliclonu loosunoffi
Halisarca dujardini
Microciona prolifera
Prosuberttes sp.
Cnidaria
Amphisbetia operculate
Antennelly secunduria
Blackfordia virginica
Bougainviliea muscus (ramosa )]
Cladonema radintum
Cladortema uchidae
Clava multicarnis
Clytia hemisphaerica
Clytia paulensiy
Cordylophorg capsia : -~
Corymorphy sp.
Diadumena “gincia”
Diadumene frunciscana

X
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TABLE 1 (Continued)

Phylum

Site*

Species SFB CB

PS PWS ChB FPB

Diadumene leucolena X X
Diadumene lineata X X
Ectopleura crocea X X
Filellum serpens

Garveia franc'i:cana X
Halecium delicatulum

Maeotias inexspectaia X
Moerisia lyonsi

Moerisia sp. X
Monotheca obliqua

Obelia dichotoma (australis)

Phialella guadrata

Plumularia setacea

Sarsia eximia

Turritopsis nutricula

Platybelminthes
Pseudostylochus osireophagus

Kamptozoa
Barentsia benedeni X X
Loxosomatoides laevis
Urnatella gracilis X

Nematoda
Anguillicola crassus

Bryozoa
Aetea anguina ‘
Alcyonidium sp. X X
Amathia distans
Anguinella palmaia X
Bowerbankia gracilis X X
Bowerbankia spp.
Bugula “neritina” X X
Bugula calathus
Bugula flabeliaia
Bugula simplex
Bugula sp. 1
Buguia sp.2
" Bugula stolonifera X
Celleporella hyalina
Conopeum reticulum

Conopeum tenuissimum X N

o
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ABLE 1 (Continued)

hylum

Site?

pecies

SFB CBR PS PWS ChB PPEB

Cryptosula pallusiana
Elecira pilosa
Fenestrulina muliesii
Membrunipera membranaceu
Microporella ciliutu
Schizoporella unicornis
Scruparia ambigua
Scrupocelluria bertholeiti
Scrupocellaria scrupea
Scrupacellaria scruposa
Tricellaria occidentalis
Vicrorella pavida
Warersipora “subtorguata”
Watersipora arcudla
Zoobotryon verricillutum
viellusca
Aplysiopsis formosa
Batillaria attramenturiu
Bithynia remaculata
Boonea bisuturalis
Busycotypus canaliculatys
Catriona rickerts|
Cecina manchurica
Cipangupaludina chimensis
Corbicuta fluminea
Corbula gibbu
Crassostrea vurginica
Crepidula convexa
Crepidula fornicata
Crepidula plana
Cuthona perca
Cyrenoida floriduna
Eubranchus misakiensis
Gemma gemma
Geukensiu demissa
Hyanassa obsoleta
Janolus hvaltnus
Littorina littorea
Littornia saxatitiy
Lyrodus pedicellutus
Macoma petalum
Melunoides tuberculutu

X X X

X
X X
X

X
X
X
X

X
X
X X

X
X

X
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TABLE 1 (Continued)

Phylum

Site*

Species

Ch

PWS ChB PPB

Mercenaria mercenaria
Musculista senhousia
Mpya arenaria

Myosotella myosotis
Mytilus galloprovinicialis
Nassarius fraterculus
Nuttallia obscurata
Ocinebrellus inornatus
Okenia plana
Petricolaria pholadifarmis
Philine auriformis

- Potomocorbula amurensis

Raeta pulchella

Rangia cuneata

Rapana venosa
Sukuraeolis enosimesis
Stramonita haemostoma
Tenellia adspersa
Teredo navalis

Theora lubrica (fragilis)
Urosalpinx cinerea

Venerupis {Ruditapes) philippinarum

Viviparus georgianus

Annelida
Boccardia proboscidea
Boccardiella ligerica
Branchiura sowerbyt
Demonax leucaspis
Eteone sp.
Euchone limnicola
Ficopomatus engimaticus
Heteromastus filiformis
Hydroides elegans
Limnodrilus monothecus
Manayunkia specicsa
Marenzellaria viridis
Marphysa “sanguinea”
Myxicola infundibulum
Nereis succinea
FParanais frici
Potamilla sp.
Potamothrix bavaricus
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TABLE 1 (Continued)

Phylum

Site?

TABLE 1 (Continued)

Species

SFB CB PS PWS

ChB PPB

Pseudopolvdera paucibrmnchiata

Sabaco elongaruy
Sabella spullanzanii
Streblospio benedicti
Tubificoides apectinatus
Tubtficoides brownae
Tubificoides diazi
Tubtficoides wasselli

Variachaeradrilus angustipenis

Crustacea
Acanthomysis aspera
Acanthomysis bowmani
Acartiella sinensis
Ampelisca abdita
Ampithoe valida
Argulus japonicus
Balanus amphitrite
Balanus improvisus
Caprella mutica
Carcinus maenas
Cheluru terebrans
Cirolana harfordi
Corophium acherusicum
Corophium alienense
Corophium heterocerutum
Corophium insidiosum
Corophium sextonue
Deltamysiy holmquisiue
. Dynoides dentivinus
Eobrolgus spinosus
Eochelidium sp.
Epinebalia sp.
Eriocheir sinensis
Euryluna arcuata
Eusarsiellu zostericola
Gammarus daibert
Gitanopsis sp.
Grandierella juponica
Hernigrapsus sanguineus
lais californica
Hlyocryptus agilis
Jassa marmoruia

LAl
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Phylum

Site®

Species

SFB CB

PS PWS ChB PPB

Lernaea cyprinacea
Leucothoe sp.
Ligia exotica
Limnaithona sinensis
Limnoithona tetrasping
Limnoria quadripunctaia
Limnoria tripunctata
Loxothylacus panopaei
Melita nitida
Melita sp.
Mytilicola orientalis
Nippoleucon hinumensis
QOithona davisae
Orconectes virilis
Pacifastcus leniusculus
Palaemon macrodactylus
Paracerceis sculpta
Paradexamine sp.
Paranthura sp.
Parapleusies derzhavini
Procambarus clarkii
Pseudodiaptomus forbesi
Pseudodiaptomus inopinus
Pseudodiaptomus marinus
Pyromaia uberculata
Rhithropanopeus harrisii
Sinelobus sp.
Sinocalanus doerri
Sphaeroma quoyanut
Stenothoe valida
Stephos pacificus
Stephos sp.
Synidotea laevidorsalis
Tortanus dextrilobatus
Transorchestia engimalticd

Hexapoda (Insecta)

Anisolabis maritima
Conchopus borealis
Galerucella calmariensis
Galerucella pusilla
Hylobius transversovitiatus
Neochetina bruchi
Neochetina eichornia
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ABLE ]

(Connnued )

)h .
ylum Site®

Species SFB. CB PS PWS ChBR PPB

X X%

Procancace dignnue
Trignonylu whierr X
Zchinodermata
ASIErian uanierensia
- o x

“hordata
Ascidic sp

>

Ascrdieila uspersu

Botrvllotdes leachi : X
Borryllowdes sp. X
Botrvliowdes violuceus
Borrylfuy schlossers
Ciona intestinaliy

MK X
P
s
~

e

Cionu savegnyt
Diplosoma listerivnum X

Evteinascidia wrbinatu ' X
Motgolea marsthariensis
Stvelu cluva

Sevela plvcagn

Tutaly 157 55 57 10 49 91

<
>
>

X
X X X
X

ABBreviateoms wad poans eraioie woaetes boe cach site ane as follows,
san Francsoo la i5hL My
VOBOIT Carlion 2000, unpublished checklist)

S 1 Cardton & M Wonham, unpublished manuscri
: N ranusc)
Iresce Willtaw Sound (PRS0, P ey

‘hesapsuke Bay Chis. 11T
2un Philip Bas tHIl. 67

Zouy Bay

'ugel Suund

N per csluur_y runges from 10w 157, and the percent overlap of NIS between
irs of estuaries varies between 0% and 90%. The percent overlap was often
,fmmcm_cal between estuary pairs, especially where a disparity existed in total
mbt.:r ot N £S. Estuaries with relatively few NIS had the greatest overlap with
uangs with a larger number of invaders. As discussed above, the total number
species _shared #mang estuaries is much greater than it appears, when native and
/progenic species are included.

Ah}‘wugh it may not be sucprisiog to find relatively high NIS overlap amon
281 (,oast_csluarius from California to Washington, the degree of overlap amcmg
: more distant estuaries (e.g. across oceans or continents) is notable. The :sul5
se averlap runges from 6% 0 41% among San Francisco Bay, Chesal;eake%a
q Pon Phi.lip Buy (Austrulia), as shown in Tablé 2. Five s’pecies are know{;
mv'aders_ m afl three estuanies, and twenty NIS are established in both San
ancisco Bay wnd Chesupeuke Bay (Appendix 1). An additional 43 eétablished

il 5

TABLE 2 Overlap of established nonindigenous species repuricd among »in JIICTEnL Calaiis
shown as number and percent (parentheses)’

cB PS PWS chB PPB
SFB 51 {32.5) 37 (23.6) 6(3.8) 200127} 200127
cB 31 (54.4) 5(8.8) 9 us.é] 13 (22.8)
PS 57 (100) 5(8.8) 5(8.8) 11193
PWS 5 (.50.0) 210.0 100
chB : 9 (18.4) 5(10.2) 0(0.0) ~ EECIRUVIN 5:102)
PPB 113 (14.3) 11 (12.1) 1(1.) 5(5.5) [EIRRLW)!

*See Table § for abbreviations.

*Diagonal {in black) indicates she aumber of nonindigenvus species in el estuiy. Numbers pekos
cate the overlap as the percentage of spevies at the row site that als wcur il the cubuin sites NumBers abos e (0 dnigod
{clear) indicate overlap as the perentige of speenes at e column site that ahso ocoun e o ale

dragona g il

species introduced 1o San Francisco Bay occur as nabves 1o Choesapeake
Bay, and at least 6 other species (Boccardiella ligerica, Bowerbankiu graciles.

Halichondria bowerbankia, Molgulu manhatiensis, and Tenellun aidspersad we

cryptogenic in Chesapeake Bay and introduced 0 San Francisco Bay: both ot

these groups are not included in our estimates for Table 2 ¢which requires the

species be introduced in both systems). However, there are dnly two vases of
species cryptogenic or native on the west coast. meluding Sun Fruncisco Bay. and
introduced into Chesapeake Bay (the diatoms Coscitodiscus watlexit and Teades-

siosira punctigera). ’

The data for West Coast estuaries show an intriguing latiiudinal puttern, with
number of NIS increasing significantly from north to south (for Prince William
Sound, Puget Sound, Coos Bay, and San Francisco Bay: v = =3 A1n - 3317,
2 = 0762, P < 001, where degrees latitude is the independent vanable. see
Tables 1 and 2).' Fewer invasions e, however, known Trom southeru Califoenia
(n=35) than San Francisco Bay (n = 157) (33) {Tuble 2). lmportanthy, miensive
analysis of NIS invasions is not yel availuble tor any bay 10 Seuthern California,
similar to that for other estuaries in Table 1.

Recent analysis of Pearl Hurbor, Hawaii, indicates thata relanvely Tugh wmber
of that NIS are established in this low latitude embuyment. Although o yeteam-
plete for direct comparison in our analyses, Carlton und Eldridge (200 report 156
NIS of invertebrates and algae are estublished at this site. increasing an curlier 1Eh -
tial estimate (32). This result appeurs consistent with the latitudiml patiern above.
However, island sites may differ from vontinental ones in many respects B39
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that could comtvund interpretation of latitudinal effects. Analysis of additional is-
land sites, both tropical and temperate, is necessary to partition the relative effects
of latitude versus land area (ie. mainland versus island sites) on invasion number,

The five focal estuaries (Table 1) display both similarities and differences with

respect to invasion patterns, as described in recent analyses (30, 31, 67, 117;
Carlton & Wonham 2000, unpublished manuscript). Mostdisplay a strong increase
in the reporied rate of invasions. The NIS among sites are dominated by crustaceans
and molluscs, and most invasions are atiributed to shipping or the combination of
shipping and fisheries. Narive and source regions of the NIS are highly variable,
particularly across continents or oceans, Although some sites do not exhibit a large
range in salinity (e.g. Port Philip Bay, Puget Sound), the other estuaries exhibit
contrasting salinity patterns of invasion. For example, the total number of NIS
increases three- 1 fourfold from low to high salinity in San Francisco Bay, peaking
in the polyhaline zone; whereas in Chesapeake Bay, the total number varies much
less among zones {up 10 twofold) and peaks in the mesohaline zone. In contrast, the
number of NIS in the fouling community increases with salinity in Chesapeake
Bay but decreases with salinity in Coos Bay (46, 117; GM Ruiz, AH Hines,
LD McCann & JA Crooks, unpublished data).

Most data about the extent and patterns of marine invasion in North America
and elsewhere come from protected bays and estuaries, and we have presented
data from a small number of sites. Although data on marine invasion patterns exist
for other global regions, le.g. 2,33, 51, 59, 67, 73, 94, 102, 103, 105, 109, 150
G Pauley, pers. comm,), these are not directly comparable to the sites evaluated
in North America, difiering substantially in area (e.g. entire seas), habitat type,
or intensity of analysis. Our analyses therefore represent only a subset of exist-
ing latitudes, habitat types, as well as continents. A clear next step is to test the
robustness or generality of emerging patterns across these additional scales.

JERSTANDING PATTERNS OF INVASION

Hypotheses that could explain the observed paticmns of invasion may be grouped
into three general categories related to: (a) variation in propagule supply char-
actenistics; (b) variation among recipient regions in susceptibility or resistance to
invasion; or {¢) bias in the quantity or quality of existing data. These hypotheses
are pol mutually exclusive and have been advanced in various forms and combi-
nations to account for invasion patterns by space, time, taxonomic group, habitat
type, and donor region (34, 50, 81, 82, 84,101, 116, 121, 129, 143). Below, we re-
view these hypotheses in more detail and evaluate existing support for them in
marine communities, discussing ways in which these hypotheses may operate to
generate observed pauerns.

Another theme in invasion ecology has been the invasion potential or capacity

Cofa species to invade (5,39,43,52, 66, 93,101, 107, 120, 121, 142). This theme

focuses on the applicant pool of species, examining a range of questions, such as
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® Progagule Supply Hypotheses

Supply hypotheses propose that variation in propagule delivery accounts tjr_ \:.;':
ation in invasion patterns. In its basic form, propagule. supply is portraye |~. ©
uantity of arriving propagules (propagule pressure), with the numbfr ol "“‘Il-\'“;ln':‘
?ncreasing as a function of total propagule quantity (34, 119. I?O. ljl:o).. Sup[: )—Ii"_\w
potheses by themselves predict that the same propagule pressure 12‘ ‘hpduttt r l
i i : ber of invasions. Thus, the rela-
uld result in approximately the same num - he
::))nship between propagule supply and invasions would be described by a single
i i s (82, 143).
across spatial and temporal scales (82, o
fun;il::agule su[fply can be broken down into companent parts that euch may
affect the invasion outcome, including the following:

uantity (Propagule Pressure) | |
::::a cllu?mity ofypiopaglt)lles released may be correlated Sigl:lilﬁC}llll!y :Uhm::::::
success. Studies of propagule pressure have (a) correlated e.s_,l.mme': o. ll :(mduc_
propagule arrival and invasion or (b) measured the success of) mwi.;mn.l it
tions as a function of propagule number (10, 84, 114, 119,120, 1435

Inoculation Density, Frequency, and Duration | o

The spatial dispersion and tempo of supgly .may hu\"‘.:. uupor’u?ml_c‘m.l.\‘::‘:_:l;:l:;::.
The same quantity of propagules can be dlstrlbut.ed d;ngrenlly :.n .\P.nll\?\... .iL-.-;“‘,L-;
affecting invasion success{112, 121, 142). In p.ufnculatr. muculaflml_l ¢! }‘.lt‘.l\. L l :_c\-_\.
that result in consistently low propagule densities may produt.'c Llllllil(ll:)l{ ].\]u oues:
rates compared to those resuliing in high local propa«%ule densities (1. :

Different Donor Regions . ‘ .
The source of propagules may influence invasion success. due w a nutl.].!)-(.r. ut
differences in the donor region. These include different species pools. dlﬁr..l‘.m‘;_
genotypes of the same species, as well as differences in density and condition
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(Le. “muculanon density” und “condition™ as discussed elsewhere). Propagules

trom two dunor regions may therefore differ in their physiological, life-history, and
eculogical characieristics thal can modify capacity 1o invade the same recipient
environment (37,43, 101, 135). Discussions of such variation among donor re-
gions are often accompanied by consideration of “environmental matching” or
“biotic resistance” in the recipient region (see below).

Condition of Propagules

‘The physiological condition of propagules upon arrival to various recipient regions
may vary, depending upon the individual organisms (e.g. life stage or age) and the
history of wransfer (e g vector, food, temperature, season, length of journey, etc).
In wira, this may affect performance of propagules and their invasion success
(69,96,97,123, 147).
For marine and estarine habitats, these aspects of propagule supply exhibit
considerable spatia) and temporal variation that may contribute to observed in-
vasion pattemns. The strongest evidence for supply hypotheses derives from in-
Creased propagule pressure and a corresponding increase in the rate of reported
invasions. In general, the transfer rate of marine organisms is thought to have
increased, especiatly during the twentieth century, due to changes in the size,
speed, and operation of global shipping traffic (17, 116). Ship size is correlated
positively to the volume of ballast water (within vessel class) and the surface
area of hulls and seachests (24; GM Ruiz, AW Miller, B Steves, RA Everett &
AH Hines, unpublished data). The increase in ship sizes could result in increasing
Propagule pressure. The increased speed of vessels over time may have further
increased the number and condition of arriving propagules, especially in ballast
water where survivorship of organisms during transit is often time-dependent (58,
77,123, 147 LD Smith, GM Ruiz, AH Hines, BSS Gali} & IT
lished data). With expanding global trade, both the number of arriving vessels
and the number of source regions (i.e. last ports of call) have increased at many
recipient ports. This combination of factors may increase the overall number of
propagules armiving to poris over time as well as the diversity of species and geno-
types involved. Furthermore, as invasions continue to accrue at the source ports,
the diversity ol exporied propagules may further expand and promote a positive
feedback of “stepping-stone” invasions (17,69,77). :

Working against this presumptive increase in transfer rate, however, is the
probable decline in ship fouling communities that characterized wooden vessels
for many centuries, ay well as stee) and iron vessels up to the mid-twentieth century
(12,22). Several tactors are thought to be involved in a decline, including the
development of anti-fouling paints, lower port residenciés (leading to reduced
setdement of fouling organisms), and greater speeds at sea (leading to more species
being washed away by shear forces, while also facilitating potential survivorship
for those organisms that remain, as noted above). The balance zmong these various

processes, operating to both enhance and depress transfer rates by ships over time,
remains to be quantified,
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thun those arrnomyg 14 the East Coast (US Maritime Administration, unpublished

data), and may also ditfer in the diversity and densities of arriving propagules.
We do not know the extent 1 which the spatial and temporal patterns of these
progagule supply characieristics differ among coasts.

The relationship between supply and taxonomic distribution of known ma-
rine invastons has received Hitle consideration {however see 146). In general, we

_expect that the number and diversity of propagules released into marine environ-

ments by humans is inversely correlated with organism size, reflecting the general
availability of organisms in their naturat environment as well as the abundance of
organisms measured in ballast water of ships (9, 56, 60). For example, it is not
unusual to detect bacteria in the range of 107108 cells per liter in ballast water,
compared to densities ot 1(°-10® crustaceans per liter (47, 69, 123; GM Ruiz, FC
Dobbs, TK Rawlings, LA Drake, TH Mullady, A Hug & RR Colwell, unpublished
data). However, the relative number of reported invasions for small organisms,
and taxonomic groups dominated by small organisms, is perhaps not surprisingly
counter o this expectation (as discussed in Data Bias Hypotheses section, below).

The relationship between supply and salinity distribution of invaders is also

poorly resolved. It is clear that propagules have arrived frequently from high
salimty zones of donor regions (14, 21, 30, 69, 123; GM Ruiz, LD Smith, AH
Hines & JT Carlion, unpublished data). We speculate that most ballast water (and
entrained propagules) arriving in Norih America from overseas is of relatively
high salinity, as described for Chesapeake Bay (123) and Coos Bay (21), but this
is not at all clear. Since species richness often increases with salinity in estuaries
(7,42}, this may increase the species pool arriving in ballast of higher salinity.
For murine invertebrates and algae, we hypothesize that both species richness and
absolute number of human-transterred propagules have generally been greatest
from high salinity zones of donor regions, corresponding to the pattern of invasion
for North America. If true, however, this would not exptain the observed difference
in salinity distribution of NIS between the East Coast and West Coast, or between
Chesapeake Bay and San Francisco Bay. '

So far, we have limited our discussion of the supply-invasion relationship to
species richness and patterns of delivery, but variation in invasion potential may
exist among donor regions, tuxonomic groups, and time periods that can modify
this relationship. There is reason 10 believe that invasion potential differs among
donor regions and laxonomic groups, corresponding to size, life history character-
istics, and environmentat requirements of organisms (43, 66, 100, 101, 135, 143;
see also below). Furthermore, the condition of propagules at the donor region
or during transfer may change over time and influence their capacity to invade,
independent of invasion resistance among recipient regions (17). Although an
intriguing posstbility, we presently lack the data to critically evaluate variation in
nvasion potential or its importance (o patterns of marine invasion.

We have identified some possible associations between propagule supply and in-
vasion patterns, based primarily upon qualitative data. Some quantitative data exist
on propagule supply in particular marine systems (21, 28, 36, 58,61, 63,64, 69, 76,
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86.99. 123,127, 141, 146, 149). However. these fj&ll‘.l have l’l.\llrl\&,‘ul‘l L‘un..:)u:lwll:t.
a ;tan;imd fashion or compared directly to invasion panem:.. tw -li?lr.,::\,-ie:“.‘m
associations. Comparative data on propagule s_upply among sue:.‘:x zﬂ{\-iw ;:nd
to be collected and should include measures of dwc.rsu_y, treq'uu‘en:.c)s.0f [:\]l;;‘luuh_-
condition of propagules (as above). Until such qtfamuau,ve‘r.ne;llz;u\"u_iuus rcl;l:\,n-
supply are available, we cannot adcgualel)' and t-urm-..illg?u;l 13 ' : E

ships between supply and invasion in marne systems (82, ..

Invasion Resistance Hypotheses

Resistance hypotheses hold that in;’;aSion paue{mrsf;:;:l[; [t:;l::l :::l:l“:::j 1:1\;.:;:::;
isti ipi vironments that prevent (o ) and esta :
ti:::‘f)sf?\flr;cﬁl;z;?l]e l(82) has effectively ill}.lst.raled.this co.m.:.epl El\m‘l ::l::vl‘i,)j;_
equation: E=15. Here, the number of successful invasions at 1 .x.n.:; t | 1\l ‘ ,L[‘llm.\-c
uct of number of exotic species that are il:roducetlj é :1::':31 ;hti:ut; :.:\\ ll.{ \.[ ‘lt':r_-:_l L,em-.\-
ies at this site (S); we assume that the term sy frequency.
:\[rfictcmpo of introductions (as discussed gt:ove;. hS\fL;ﬁ)p:}i:;i\:pg:)hﬁ:x ;,::1:]::1 [I['lhl:
i imately constant, whereas resistance hy E - s - the
lsatltse,:'1 gf:g?cl:‘tlhat ;iven the same supply c.harac:Ierislics (!l. fhe ltt:SL-lh-l:lli% :]l:l :l:t:c : SU'.I
invasions (E) will differ among sites or nmes_due to variation .m .h.u,l. - i;l\--f\-i\m;
When controlling for supply, such diﬁ'crcnlce_.\' in lhe "um.bf"_( Ui‘ill\iL‘L.\.\. e 1("1[.11['“;-
are considered to result from differences in wvasion resistunce u,'zl -;: \l::.\‘“ it
or invasibility). Invasion resistance is theretore a relan've .lt:Fll_l. W u]\.; [f.l.;m.mhip
variation in S and can only be defined by measuring l".?SldUd!b t fun} t u‘ ¢ tu oe
between ] and S (82, 143). Asa practicallmatter, sgr\'wo-rsmp 1.\’otle.n L[Lli?l: : dae
invasibility (the inverse of resistanch), s:j\c: sl.:urvn:::lr;hég L:;ltlt;; iisr;\nl)\ ::Sh;p ;\-;m
i is difficult to quantify. Unfo , g A
:ﬁi::;;ﬁ;ﬁ:;‘;;gﬁe ﬁgorc?us analysis of resis.tanc.e as an‘indezendem atribute
of the recipient system, which regulates the survwmt.sh'lp r;h?[::déd N
As with propagule supply, resistanc_e bypf)theses'c.m‘ ¢ uli -d.;| ! (q:-] e
gories based upon factors causing variation in survwo;rsmg‘). ‘ O;lb :l:,“:-— 5 ;
gested survivorship (S) is a product ot. mult.lple survw(.)fi:s,‘m‘p“ .i:::lbt“;.; 33
$,8,5,...5,, where §,_, represents su.}rvworshlp due 0 di : Lr:::d-;‘u“ p;,l.ho‘.c,']_\-_
of the recipient environment (e.g. environmental condmoq:-.l pred: » m ribuw:_ Ay
etc.). Thus, resistance can result from any one or & com.bz.n.umu x bt :
affect survivorship of propagules differently among regnp.em e_n‘\ iron .u‘ \_ -
For our discussion of resistance h).*pmhc?‘.cs in marine !Iuhu.n..\. \\.L'\ :l l‘\ ,Lm.l“
sistance into two general components: abiotic an.d bm'uc_.’l hc-: ubfui:; ,k \fu ;-1[;1““\-
includes environmental conditions, such as habitat dnsmt_muu:T i '1\'11‘ [.“ u”_l_.
that affect mortality; this is roughly equival.em 0 n.:uru.ihly r‘e:\u‘ll-m';__ .‘rt[m m.“
adaptation (82). For example, tropical species armiving in pular u.o:\s: (r;] )‘“‘:;;I
experiencé very poor survival compared-[o tho:l:e arriving in lc.l'll.[_JLr.l.t.l \ o [;l ol
ecosystems. We consider this difference in Sl.ll'\’l'\'t)ll'shll_) and ”3\ LL‘\m,T .\: T\\ .-,;-,.um“
sult from differences in abiotic resistance. The biotie camponentineiides dury
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1 iortuhity due io biodagical wierscuons (e.g, competition, predation, disease,
parasitism, <1¢). and differences in the strengih of interactions among sites may
result in differences i biotic resistance, The roles of biotic and abiotic resistance
to invasion success have been explored using a variety of quantitative and theoret-
ical approaches, providing strong suppott for both (4, 25, 101, 106, 111, 128-130,
133; see ulse 79, 110). In uddition, an extensive literature since Elton (50) also
indicates that disturbance can significantly affect invasion resistance (54,70, N,
100; but see also 126). We consider disturbance to either facilitate or inhibit inva-
sion through changes in biclogical and environmental conditions, affecting biotic
and abiolic resistance respectively.

Considering known differences in the biological and environmental attributes
among manne systems throughouwt the world (8, 48, 134), variation in resistance
‘0 invasion is virtually certain. Furthermore, temporal variation in invasion resis-
‘ance is an expected outcome of the broadscale changes and disturbance in re-
sipient coastal ecosysterns resulting from habitat alteration, freshwater diversion,
:utrophication, fisheries exploitation, sedimentation, anoxia, chemical pollution,
wnd invasion (23,45, 54,70, 161, 1 12,118, 122). Many, if not most, considerations
f disturbance suggest that invasion resistance should diminish with increasing
nagnitude and frequency of change over time (6,62, 89,90,95).

Despite these predictions, 1ests of biotic or abiotic resistance to invasion are
xtremely rare in marine systems compared to terrestrial systems. Smith et al
123) showed that most propagules released in Chesapeake Bay with the ballast
rater of ships derive from high salinity environments and are faced with low
alinity cunditions upon release, suggesting that abiotic resistance may be rel-
tvely high and limit many poteniial invasions. In addition, an experimental
udy has shown that species richness had a significant effect on establishment
ad survivorship of exotic maripe species, using pre-assembled fouling comumu-
ities exposed to natural rates of recruitment at field sites (125). In this case, it
pears that the outcome was mediated by resource (space) competition, as space
*came more ltmiting with increasing species richness. A similar outcome may re-
di from disturbance events that reduce diversity and space occupation, allowing
fe species to become established and persist (98, 124; but see also 79). De-
ite some support for effects of species richness on invasibility in freshwater and
rrestrial systems. the interaction between species richness and invasibility has
€0 vanabie among communities, suggesting that the interactions are often com-
ex and any generalizations are premature (78, 79, 82, 110, 145; see also 80 for
view).

Climatic ditferences between the respective coasts may also contribute to dif-
rences.in abictic resistance (8, 134). Although there is a growing literature about
¢ of environmental matching to predict invasibility, or abiotic resistance to inva-
n (59,68, 143}, we urge caution. To date, there are no clear demonstrations of
S approach as a predictive ool in marine systems. For example, it is tempting
suggest that the paucity of NIS known from Prince William Sound, Alaska, is
large part a result of environmental resistance, which may be intrinsic to high

o

latitude ecosystems. We surmmise that relalive pruPugulcrpn.j»-u;u)[x»iilt:;cl-::f::ij]
historicalty has been low. Propagule Sl:lppl)" 1o Prince \r‘?’]l”'hlllll .L ;:\-c dc“\..e .red
markedly in the latter half of the swen_ugth century, as oil [fll]. ?rs f [ e devered
annually since 1977 an estimated 20 million metric was ot b‘_‘“_“f( \‘\ ‘.1; ‘ :] “.-L-\-ll e
(69). Most of this ballast water and associaied plan_kum Ong"-hm-] ; t ;{ 1 ‘ .m-[-,cm
U.S. ports, including San Francisco Bu-y: that are invaded by N‘ > ! L‘;OLHS e
surveys in Prince William Sound have failed to d.elecl man}r new \m -Jlb-.qismnc,_;
Although the low number of NIS is consistent \_\'uh an ep\-lruq|11f.f1,[.n IL-.l-; s
hypothesis, there may be significant time lag‘s- in d.eteclmn o-t_ f.t.u.lll .“.“l‘.-\- \lh‘.ﬁ
More fundamentally, we lack comparisons of invasion .\'UCL:C_\_\ ‘me_n::: :::.[ i:‘““;c
control for propagule supply, providing the necessary reference pointish o st
resgt‘:asnpcift;. the current lack of data to evalvate invasidn festsunwe. '.\‘g.- ;ur.q:lxl
that variation in invasion success among sites is prpbgbly llln..‘ u.ll‘c \r:.:.l?p.ﬁn (- “_n, i:‘:
exception. In our view, the question is not whtelher biotic vr nbmm‘ r.;\.n.\t';uu’ele:.t?] L;r-:,
but how much variation exists in space and time. anhemmft". g.n‘: nt 1-6[?\-@ nors
of missing data and potential confounding iucFors in anatysis of mr‘re a xr e el
data {32; see also above), we advocaie an gxpenmema.l and ihgnwreliaf..\ \-d\?jpm\‘-h-‘mu
explore both the variation in invasion resistance and its role in ubserve RE

patterns.

Data Bias Hypotheses

Many potential biases exist in the observed paterns of maring mvIsions. .
Potential biases may result from three fundamental aspects of the present data:

1. The search effort for NIS is unevenly distributed spatially, lcr.ualpu_)ri;l'lj?.l :nd
taxonomically. All of the data used in our analyses.. :.md uju.s-c .".T;IILI:\‘:.\[::I 2
compilations for the well-studied estuanies, are u:lcrlx edjpn;l;.m y :li "
literature-based syntheses (11,20, 30, [17. J.T Carlon _Ul:t . .Llupitl‘ .\b; |
checklist; Carlton & Wonham 2000, unpubl:shed manuscs |pl .bu‘tl.\ce .
These data represent "by-caich” from a w1_de spectrum of lt‘bf’.‘.ll.'i.‘l‘ -
surveys, and observations. The tocus Sh—ub!lals. :;:nhn_n.{_\-' zuqc._\_.r l.|.\u|]u.:l:d;
groups), resolution (taxonomic expertise and level of ldr:T\.llf_lL-.l'l.m]n : .
extent (sampling effort, areal coverage, number) ol unul:._se.\ﬂu.:.lt werefore
uneven in space and time. Thus, duts for analyses are not tl‘llu.lr} e
comparable (especially among silcs: limc:s'. Of LIxenOINe “__-.I‘tlll:.‘lj\l. u | \L.
result primarily from the uccumu!uuun ol historicad analyses that werg
conducted for a diverse variety of reasons.

2. The quality of systematic and biogeographic information i3 u.m"\?“?
distributed taxonomically. There is an inherent bias 1 the qu?nlu_\. n
information available among taxonomic groups. Some nf:._!'.ln.l.:'l'l'l:: e N
relatively large and conspicuous, with hard parts that are p_n'f'ft.'\(.d u\ [ ui
fossit record (e.g., molluscs, crustaccans). In general. the =) .\lt.ll‘l.ll‘lull.\ .ll.h. .
biogeography of these groups are well known relative o statler orgamsis
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g hetiubodes. armends. dinoflageilates, and microorganisms) for which
the histonical surveys and paleontalogical records are much more limited
and the systematics are often poorly resolved.

. The quality of biogeographic information is upevenly distributed among
sites and regions. The extent and timing of search efforts differ relative to
the onset of intensive propagule pressure. For example, intensive shipping
began in Chesupeake Bay approximately four centuries ago, predating
surveys of many taxonomic groups by decades to centuries. In contrast,
intensive propagule pressure in San Francisco Bay commenced about
1850, and major biological surveys of this region commenced within
approximately 60 y (rather than the 300 y lag-time evident for many
groups in the Chesapeake). The relative timing of these activities may have

affected our ability o differentiate early invaders from native species
(18,53, 117).

Although we are confident about the information presented for the 298 NIS
Appendix 1), providing a minimum level of invasions on the coasts, the uneven
vality of data may cause invasions to go undetected and thereby influence ob-
erved invasion patterns. It is for this reason that we have characterized our analysis

fexisting data as “uppurent” patterns. Here, we evaluate further some biases that
1ay exist for many of the patterns discussed above,

patial Patterns of Invasion

/e hypothesize that significant bias exists in the apparent spatial patterns of in-
1sion in our analyses. As suggested above, this may result primarily from two
wrces. First, the search effort among sites is uneven (#1 above). For example, the
search effort for San Francisco Bay is, undoubtedly greater than that for Prince
‘lliam Sound, and effont for individual taxonornic groups also varies among sites.
scond, and possibly more significant, the quality of historical baseline informa-
N on biotic cummuniues is highly variable among sites (#3 above). We expect
th the search effor and quality of baseline to affect the number of NIS detected
ithin each site. .

There are no standardized, quantitative measures across sites to evaluate (or
ntrol for) the effect of variable search effort on spatial invasion patterns. It is
so difficuli to compare or normalize prior search effort among sites, because
2 historical information results from a variety of studies and methods. We
2sently know of no approach to control for these missing data, shortof conducting
Tveys.

On the level of coasts, we hypothesize that the relatively low number of in-
ders known for the Gulf coast results from bias in search effort; (a) there has
2n no “case study” of invasions for a Guif Coast esthary, similar to those
San Francisco Bay or Chesapeake Bay, and (b) the extent of historical re-
wrch on rmarine inveniebrate communities is lowest for the Gulf coast. On the
‘el of estuaries, similar potential for strong bias clearly exists, especially for

sites like Prince William Sound compared w Anlhcr cslu.u::w.x. \ l)L‘:"L‘I!I :::1:;\\111\;1
Prince William Sound resulted in 20 new species records for the Fr. t:,;:;n. T;m qu:
3 NIS and many additional species that were native or cryptogenic ' :d\r “: 1L x_:d
gests that the biota remains poorly descnb.ed. Although t‘he po;Jrhr:::)I . .ﬂ:“ st
biota may result in bias, this survey also ‘dld not detect .m‘fn)j.u ; L NS :ur\; N
been evident at other West Coast estuaries. In contrast. a bll]l‘l]l-;ll hw; [}; -l-ef‘_;r;:
in Chesapeake Bay detected five new NlS_fer that _rggxon :; . ). A “m:ﬂc\. ©
hypothesize that the observed numerica.l differences in NIS among estuarie:
Table 2 does not result from differences in search etiont. N
While it is possible to test for bias due to search e-ttor.( b‘y mfp.en ; “_m:; ‘*{[es
dardized surveys, the issue of uneven historical baseline mmmm-mjf Ll-!\r\,(:.-,_.n'.c
is more difficult to resolve. For each estuary and coasl. l.her.e I.m t; vf\‘ ):mm
species that may be either native or aon-nauve (3Q, 69.- I.l7. C .tr‘ .m_n. o \:u_\; 1.“:_
s s oneionally, bt e sioricalfecord i imbigtous abou
and functionally, but the s : rd s 2 guous abou
Ltlhoel;:'dsitsr;f;t:?i?prior to ocean trade (Tlublg ). There 1§‘st.rts.)mg ;L::‘::, 1u\ll::\
lieve that the extent of cryptogenic species is ur;evenly d.mn. ute: .;\ ‘\ “;_“:( u.f
and coasts, corresponding to the extent of biotic surveys Rruo’r\ W [m:b:- r L oot
i togenic is greater tor asts ‘
:: ilhoen%vglsitca;:s?y afld0 %or Pn'nci William Sound compared to other West Coitst
esn'll:)n::ﬁlore the potential magnitude of cryploggnic species, ‘F‘L.)lu[-]if‘t «gl.x\l ( ;:L:
found that approximately 34% of 780 species from Ihe -Ch::dp\c-‘l ?;1\'-:‘_‘.[3[.\; .m
occur in Europe. Although a few (5%) of thesF species are _nubwa1 ‘\:.|L.-l;¢d
the Chesapeake or Eurape, the invasion status of most huve‘ne\-er“ ex..l- :1 g m.\. cm,
suggesting that 30% of 739 species shguld be ccmsulere.d Lr‘yp_lo._:e‘m:h ‘ uf’i “..lm“;
The first records for many of these taxa tol!ow by decades 0 Lr.‘l\[!.ll N..\. \., " |g~m',\-
of extensive commerce with Europe. Fotonoff et al surmise lh.,l-l' [“_m‘d N ’ ,1,}'
have arrived with early trade and are now included in lh::s; ?me\tul.u.nft.ti ,':,-[:.L\- ;.md
species. We suggest that the extent of overlap betwee_n _\'ve:.[ C lel:il‘t..,\ ld .:‘l:r.\‘;“
the western Pacific may be lower, due in part 10 the timing of tr \:' ‘.|.n ﬂ:.‘ ‘ E:l;;
The extent of cryptogenic species may also be lowe‘r afong the gaf[ 1..ul “0.“.“
Coast. It would be instructive to quantify and test for such asyvinmelry among
i ble data sets. ‘ Ny |
coa';‘:)sfiﬁg:roen:{iﬁe this possible bias in the observe.d puucnt fﬂ. fi:';l.ﬂ}::::; :.\:
examined spatial patterns of invasion for molluscs. which _:1rc .l‘t\.l"ll:L‘ \ L‘; ".:‘ N
uous and well studied, have a fossil recurd.l and are Pl’t'A.\mlhlb,t_\- u~ 1’ lw "
be missed as invaders. Despite our prediciions about bias duc.‘stm‘u._\-;lu.::n.ll
species, the distribution of invasions for n1L1!!u§cs shows -thc '\'Hjl_L. ,u;r\n I.\E d .,;-l
pattéms that we reported across all taxonomic groups (13 SleLln.\.-J A .li ‘.L\\."‘\-‘l
indicate that the largest number of moliusc invasions arc k:ln:\\ In !It?l.l.l‘l.lf ! :\
Coast (47 NIS) compared to the East and Gulf Coasts (28 and 3 NIS. respecuvely:
Appendix 1).
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TABLE 3 Examples of cryplogenic marine and estoarine specics present in North America®

Present World

Date of 1* North

Folvdnra "cornua”

Species” Phylum Distribution American Record  Distribution®
Pathogens &Parasites
Vibrio cholerae Onmibacteria Cosmopolitan Unknown LEast, West, Gull
Labyrinthula zosterae Luabyninthulamyecota N Atlantic. 1930s Eay
NW Pacific
Perkinsus marinus Apicomplexa NW Atlantic 1920s East!
Minchinia reredinis Haplosporida NW Atlantic 1976 East
Phytoplankton
Pseudo-nitzschia Baciliariophyta SW Pacific, 19305 West ‘
australis NE Pacific ;
Gyrodinium “aureotum” Dinophyta Cosmopolitan 1957 East
Pfiesteria piscicida voom NW Atlantic 1991 East, Gulf
Heterosigma akashiwo Raphidophyta Pacific, Atlanlic 19505 East, West
Fibrocapsa japonica Raphidophyta W Pacific, N Atlantic 19805 East
Aureococcus anophagefferens  Chrysophyta NW Atlantic 1985 East
Macroalgae ‘ .
Enteromorpha “intestinalis”  Chiorophyta Cosmopolitan 1858 East, Gulf, West
" Ulva “lactuca” oo Cosmopolitan 1858 East, Gulf, West
Cladophora spp. o Cosmopolitan 1858 East, Gulf, West
Myriocladia loveni Phaeophyta N Atlantic Unknown East
|
Zooplankton i West2
—__ﬂntino.p_sis “corniger” Ciliophora NW Pacific, 1968 Gulf,
Gulf of
Mexico
) East, Guif, Wesi
Euryiemora “affinis” Crustacea C;rcumborcall. :g(;?l Gulf, East®
Américamvsis almyra .o Golf of Mexico,
) NW
Atlantic
Benthic Inveriebrates . - East
Ectopleura dumortieri Cnidaria N}f \;\’;’;:’“:{:-!-ic 1862
. Cosmopolitan 1857 Eust, West
Obelia spp. _ Cosmopolitan 1939 East, West
Protohvdra fenckorti : N )\tlnmic 193y Rast, Gulf. West
Nematostellg vectensiy e
NI Pacific 0. Wes!
Limnodrifus Annelida Cosmopoiilin Unknnwn’ East, Wes
MJ """l""ff:“ N Cosmuopolitan Unknown Fast, Gulf, West
Capitelte ,-.r:r{;.-.rmf.f." i Cireumboreal [BK 1 ast, West
Hurmaothor :nlrlu r.c ‘;m-- Cosmopotitan 1942 East, Ww
Namanerees il Cosmopolitin 1820 Last, Gulf, Wesl

(Continued }

LA R




Distribution®

Date of 1" North
American Record

Present World
Distribution

Phylum

(Continned )

TABLE 3
Species?
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Temporal Patterns of Invasion
The number of established marine NIS is increasing over time, but the actual
rate of invasions warrants further scrutiny and discussion. Based upun current
data, the rate of invasion appears to have increased over the past 200 v tor Nonh
America as well as for multiple estaries (31.67. 117). A similar patern has ulso
been observed for freshwater and terrestrial SCOSYSIEME. UUTVSS TRy WaxoONOmMIC
groups (55, 87, 88; GM Ruiz & JT Carlwon, submitted). Althvugh the signal is
consistent and appears robust, two sources of bias may contribute o this tem-
poral pattern. First, many early invasions may simply be undetected and are
considered cryptogenic species. Second. the search etfort has increased uver time,
due 1o (q) 10 increased level of research activity and publicanans. both generally
and specifically on invasions, (b} increased public interest and search effort. and
{c) improved tools for systematic analyses (e.d. molecular techmguesi.

These three sources of bias would serve to increase the apparcnt rte of in-
vasions, but their relative importance has not been explored ¢f 131, 1t would be
useful to standardize rate of past detection ugainst search effurt. since number of
species detected clearly increases with both temporal and spatial components of
effort (113). However, this is not possible because the effort is s0 uneven among
the various information sources and is poorly documented (113 but see 31). Fur-
thermore, with the advent of new molecular approaches, we are aow detecting
invasions that previously could not be discerned (3,537, 115). Fuor example, the
recent discovery of two bivalves, Mucoma petdum and Myviilus yalloprovingialis.,
along the West Coast reflects use of molecular tols 10 idensily N1S that clearly
amived many decades earlier (Appendix 1). Although tew manoe NES in North
Ametica have been identified with such moleculur techiigues. this underscores
the general issue of increasing search effort,

1f we examine the temporal patiemn for molluscs, tollowing the rionale above.
the rate of reported marine NIS known for North Americu increased significanily
over time (Figure 5; vy = 0.1417x — 1.6, r* = 0.956; where v 15 number of new
invagions and x is time in 30 year intervals. indicated as the first yeur of each
interval). However, the increase is linear in contrast (o the exponential tunction
observed for all taxonomic groups combined (Figure 31 Although we suggest
that moliuscs provide a good proxy meusure (o remove emporal bus, the extent
to which they represent other taxonomic groups with respect o nvasion rites has

, Gulf, Wesi
, Gulf, West
, Gulf, West

, West

East, Guil, Wes)
East, Guif
East, Guif, Wesi

East. West
. West
. West

East, West?

Eas
Eas
Eas
Eas
Eas
Eas

Unknown
1881
1848
1923
1901
1841
1818
1818
1873
1891
1873
1843

1841
pecimens collected in 1953, but cryptogenic on the Atluntic Coaxt

Cosmopolitan

S Attamic
Cosmopolitan
Cosmopolitan
Cosmopolitan
Circumborea)
Cosmopolitan
Cosmopolitan
Cosmopolitan
Cosmopolitan
N Atlantic,

N Pacific
Cosmopolitan

Circompolar
N Atlantic,

L where it was described from ¢

rst reported in 1977,

, but introduced to Delaware-Maine.
Cryptogenic on the Atlantic Coast, but introduced on West Cousl.

Chordata
y on the West Coast.

Crustacea
.

Bryozoa

Bryozoa

Mollusca

peake Bay and southward

ollected from balast water oni

species native on the Gulf Coas

not been tested, .
We hypothesize that the rate of marine invasions is increasing over ume, driven

by the combination of increusing propagule supply and decreasimg wnvusion resis-
tance. However, we also predict that the apparent rutes of invasion are infuted,
due to the prevalence of undetected carly invasions and increusing search ettort
over time. Lag times in population inceease of invaders may also serve o intlate
the apparent rate of invasion, as detection probably depends upon both density and
search effort (36,65, 113). This could be especially important if the population
dynamics of invaders has changed over time, perhaps in response o anthropogenic

“hombyx

=
=
=
=
-

T pertingta

'Cryptogenic in Chesa

i

b . o
Quotation marks indicate possible species complexes.

*References for each species published in reference 117,
“North American Distribution,

Alderia modesta

Teredo clappi
Lepiochelia “dubia™
Limnaria lignorum
Caprella “equilbria”
Caprelia “pennantis"
Platorchestia platensis
Aetea anguina
Alcyonidium parasiticum
Molgula manhattensis
*We consider this
fﬂoﬁda-Maryland), where il was fi

Spricsphictnes

Siphon
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® Al Specles
— Molluscs

-
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[=]

Number of Invasions
[}
[=1

0 30 60 90 120 150 180
Time {years) since 1790

Fagure : Rate .of rq?(.med marine invasions of North America since 1790 for (a) molluscs
and (b) all species of invenebrates and algae. Open circles indicate the number of gew

invastons for molluses; plled circles indi
| ' ndicate those for all taxa. D
mtervals as in Figure 1. | aa e plotied for 30y

chung_e.& w gstuarine hubitats. These hypotheses remain to be tested and are best
examined with temporally replicated, standardized measures that we now lack

Taxonomic Patterns of Invasion

We hypoches:‘ze that strong bias also exists for the taxonomic distribution of
Invasions, and that the prevaience of small invading organisms is grossly und
represenu.:d by current measures. In general, the quality of systematic an b?r-
geographnc iqt‘orman’on dimnishes with organism size, and the available ba;Q:
?me information for small organisms and microorganisms is poor relative to larce
mvenc.:bra:es (49). With the exception of a few dinoflageilates (61), there i :
=onspicuois tack of surveys or baseline studies to evalvate the exten; of maxl: 2
Ticroorgansm invasions. If invasions were occurring, even at a high rate, h ,
wguld we know? Furthermore, invasion biology in these groups is even mo com.
)hcalcq than for other taxa, due (0 the occurrence of gene transfer that is r;e c:tmc;
n the fickd (79). At present, invasion by microorganisms, including parasitsga;d

)a[ 9 P T 3 Tep oy H
: hogens that cause disease (62), is a fundamenta) gap in our understanding of
ratterns and consequences of marine invasions.

salinity and Habitat Patterns of Invasion
.>1les vary significant]y in the relative size of salinity zones and habitats that may
trongly influence sowne of the spatial, temporal, taxonomic, and salinity patterns

observed. Perhaps most striking is the extentol variable freshiwaterand oligohaline
zones in estuaries. As noted previously, several bays have only smull ureas of
low salinity, restricting the opportunity for colonization by species of freshwater
origin. This is especiatly so for Puget Sound and Port Philip Bav i our unalyses.
Consequently, the search effort for low salinity faxa is uneven amang bays. 1f
we remove the freshwater and oligohaline species from our unatysis (Appendix
1 and Table 1), many of the same patierns are evident: (&) more NIS we known
for the West Coast (217) compared to the Eust Couast (951 and Gult Coast 130,
and (b) more NIS are known for San Francisco Bay compared o other bays.
However, attempting to standardize for salinity generally reduces the observed
spatial variation in the extent of invasions. ,
it would be instructive 1 standardize all data for salinity, habitt, and dred.
Each of these attributes should have a strong influence on buth the GoROMIC
distribution and number, and perhaps rate, of successful invasions  Eftects of
habitat type and area on species richness have been well documented (34,1 L3).
We surmise that such species-area relationships cannot explain the overall patterns
observed {e.g., East Coast and West Coast are roughly similar in s1ze. Chesupeake
Bay and Prince William Sound are larger than San Francisco Bav). but it wauld be
informative to examine invasion patterns with a multivariate approavh to control
for size, habitat, and salinity characteristics. This approach should be especially
valuable as data become available from a broader array of sites, ncreasing overall
sample size and statistical power.
Although it is possible to conirol for the size and habitat/saliny compasition of
sites, the uneven nature of existing data remains u problem due tw the difticulty in
* assessing variation in search effort. Asa firststep toward standardizing the present
data, it is possible 1o document the distribution and types of existing wiformanon
sources (by habitat, salinity zone, area, and (axonomic group). which can serve to
identify studies with the most similar methods as well as (o identity conspicuous
gaps. [t may even be possible to find similar stdies for comparisons unong bays.
Although such approaches can provide useful insights. interpreting the Jdaca gath-
ered from non-standardized methods is often an insurmountable problem. which
is inherent to studies that were not designed for direct comparison.

CONCLUSIONS AND FUTURE DIRECTIONS

In the past decade, the ecology of marine invasions has votne o focus. s knowl-
edge of extent and history of NIS invasions has expanded rapidly tor coustal
ecosystems of North America and elsewhere. The existing literature tor North
American coasts shows that scores (o hundreds of exouc species have vaded
each coast, We have summarized for the first time many of the apparent paterns
* that gmerge from a comprehensive analysis of these Norih American duti. Sume
patterns are clear, particularly that shipping has been the most important vector
of introduction historically and at present, although an array of other vectors Rive
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ulse apeiated 1o mtroduce many marine and estuarine species into North American
waters. Limitations of the present data confound interpretation of other patterns,
especiully sputial vanation in both the extent of invasion and taxonomic disii-
buiton of NIS. Geographic variation in the number of invasions is particularly
ditficult o sort out. Whereas San Francisco Bay clearly is more invaded than
Prince William Sound and many other West Coast sites, the greater number of
NIS reported in San Francisco Bay than Chesapeake Bay may be an artifact of the
Chesapeake’s longer history of active vectors {(and relative paucity of early biotic
surveys coincident with the onset of European trade and colonization), resuliing
in & greater nember of unrecognized invasions. The observed exponential rate of
increase for invasions may alsa be an artifact of data biases. Although we remain
uncertain about the actual rate, we are more confident that a striking increase is
not arufact, because it holds for subsets of better quality data, including (a) mol-
luses. a lurge und well-siudied taxon and (b) San Francisco Bay, a site at which
early biological studies were nearly contemporaneous with the operatjon of major
VECIUTS,

Despite the value of the existing data for marine invasions of North America, as
elsewhere, itis unportant to recognize their limitations. Most data are derived from
literature-bused analyses, rather than direct field surveys designed to detect NIS.
In fact, contemporary field surveys are lacking for many taxonomic groups and
habitats at each site, where the most recent assessments may-be decades old, and
the quantity und quality of data on marine invasions is highly variable among sites.
As a result, this “by-catch” approach to data collection has resulted in inkerent
biases that contound the interpretation of invasion patterns and processes.

Thus, moditying Lonsdate (82), we consider that the observed patterns of ma-
rine invasions reflect the interactive effects of propagule supply (PS), invasion
resistance (K of the recipient system, and bias (B) of the data, such that

L= (PSi}(R;) (B

o=l

where § is the number of established NIS surnmed across species fromi =1iton
at a Jocution and time. Each component may vary spatially and temporally within
asingle bay. Rigorous interpretation of invasion parterns is confounded in most
ecosystems. because Huctuations of the independent variables of PS and R are not
contrulled, und because B creates so many interaction terms (PS*B,R*B,PS*R"B)
that the mam elfects ure obscured. Cleard v, priorities for invasion research include
the coliechion of uantitative and experimental data that allow controlled analysis
of the independent variables und elimination of data bias.

Testing many ol the invasion hypotheses about propagule supply and invasion
Fesistance requires stundardized, quantitative measures of community composition
in space and time (75, 115). At present, no program or framework exists to imple-
menl such quantitative measures of NIS invasions in North America. We therefore
underscore the need to establish standardized ecological surveys of NIS across
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major regions of the North American shoreline und elsewhere 1113 see ullsu §7 for
discussion of such a program). Furthermore, we ud\‘u;mc repe;llgd quur‘uu?\.uve.
measures at multiple sites, as well as 3Cr0ss taxy and habnats w ;l\“md s.tTI-It lu':-l-L)'['l)
based upon a single site (taxa or habitat) that may _nut be broadiy repr.ucm.m\ej.
Indeed, it is measures of variation in space and tire thal ur.e.ucc‘?s:ar_\' 0 test
hypotheses about supply and resisiance. .“Xlthough.a prurpo:,:m‘m !o‘r ]‘L?rlxgt:kt.ezr:
temporal data, oaly this approach van pruvn..‘l_e d-.n;} Tree ut m-.-m_\ pulul-l‘l..l- .m:- R
that preseatly contound our interpretation of invasion pitterns ;fnd.prm-n.\:.e:-.. L
Spatial and temporal measures of propagule supply are atso .tundtm-ufngl. 0
understanding of invasion mechanisms. To atarge extent. we pre.\r.‘ml_\. kack stan-
dazdized measures of propagule supply. De.\‘p:}'l-e eXisling measures of pr‘up-u%ulc
supply, the data derive from a diverse variel)‘r of methqu and ungr‘l un.l ¥ rm 1‘1> oln
a single vector for a short (i-2 ¥) time period. As with ect)lugu;u‘.\.ur\e) 3, '.-._e
must establish quaniitative measures of propagule suppi:\‘ wor vector strength) (h.tl.
are collected in a standard fashiom in space and fime. if we wie to test many key
hypotheses about supply and invasion re.sis[amcﬂ. i und
Multiple approaches are clearly required o understand the ;.r.m%-.m.:. an u.n ‘er-
lying processes of marine invasions. Stundur@xzed meusures.ml [ l;lf.l:.\[l in '\ e mni
sirength and invasion success (us above) will allow us QChL'l'll\t' c.\l.m.l p.‘l.(‘tem..\
‘and test invasion mechanisms, particularly at large spatat ;mq temporal .5-\.:.1185.
Although this approach is necessary to understand invasions, It 13 not suttictent,
For example, it will be difticult to contral for ait of Ehe.dll’lcrcncc‘ﬁ m_p‘rupuguil-e
supply characteristics to different sites (e.g.. Source region. l;l.\\lllxiflll‘.' L!J.[]'IF:U&I‘.
ton, density and tempo of delivery, and capacity of different orginusins (o m\-aq?.
for further discussion see Propagule Supply H_\'pulh.e-sc:;.i. Huowever. m;.mupul;.im-.:
laboratory and field experiments can provide an eftective und un;mlb:gtmu? up-.
proach to address such a complex suite of variables at s:n_;tller sculfs. und {ho\\
a great deal of promise for invasion ecology (70, 79,123, I29§. 1t.1u.\. LL. k..\)ﬂl-'
bined strategy of mensurative and experimental apprquches o vasian ecology
is both complementary and most desisuble, given theu l'c:ipcct1\cl:»ucug_th:‘- and
weaknesses, particularly in addressing issues of scx.ile‘ and complesity (44, L4,
Using these approaches, measures of invasion resistance are wrgently needed.
Resistance, the independent variable that detines propuagule .\‘.ul.'\'u_'.\\r:'-h\p. tihe de-
pendent variable), remains vague and poorly measured, especially o manne cont-
munities. When propagule supply is known. resi::t;u.v.cc can be extinted as 3 rel.-
ative trait by comparing survivorship (or muuhcr.ot EIWASIONS) ahieng locations,
habitats, or time periods (82, 144). Comparing esties ol propazule :.:1!})1-35_\‘ and
the resulting invasions can be used both 1o cstim;u.c resistutice and it i mrre.m_-
tion to particular environmental or biological wtivibutes ol the recipient .;\_nm}num_\.
Thus, we advocile use of these estimates w advance and test prv.‘dl.c.tmn:.'abum
specific ateributes that uaderlic reststance and mediare the paiterns of _1:1}';1;1\?11:
Finally, we emphasize the dual value of these -Tn?pmu.ches_ providing m[ummt'u.).nl
that is key to both basic and applied aress of invasion ecology. ()L.ll.’ f.'l]'lphd?l.:l
throughout has been on the fundumental stience. amd we have argued for rigorous.
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quantitalive aid expernicntal data o test relationships between propagule su pl
and invasion panerns. However, there are many management and policy initiatri)vez
now underway at regional, pational and internationat levels of government to
reduce the risk and impacts of coastal invasions (23, 92, 131 139). The succe
of fundamenial science 10 guide and evaluase invasion mana:gemerllt actions a.lsS:
depends on accurate measures of the basic relationship between propagule supply

and invasions.
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