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Abstract Biological invasions of mxrine habitats have been common. and many 
patterns emerge 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 mo1Iuscs, while NIS in taxonomic groups d o m i n a t e d b y l  
B r g a n l s m ~ a r e ;(c) Most invasions have r e s u l t e ~ o m  shipping; (d) More NIS 
an present along the P a x c  coast than the Atlantic a n T ~ u i ?  coasts; (e)  Native and 
source regions of NIS differ among coasts, comspondig to trade patterns. The va- 
lidity of these apparent pattems 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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JTROD UCTION 

~: 
Biolog~cal invasions, or the establishment of species beyond their historical- 
have long been of grear interest ro ecologists, evolutionary biologists, and p a l 4  
tologists 14U.4 1,50,72,83.85. 135,148). The establishment and study of srmO 
populations has generared a wide range of oppomnities to understand fun- 
popularion, communiry, and ecosystem processes across many taxonomic 
(38, 130, 136, 137). In recent yexs, invasion research has focused especially wai 
the patterns and prucess of invasions themselves (25,37,81,101,108,129), rmd 
we have wilnessed a vinual explosion in the quantity and diversity of researchin 
this topic area ( I  W, 115. 144). 

The recent growth of invasion research has been stimulatedlargely by an appp-
en1 increase in rhe rate of nunindigenous species (NIS) invasions and their effecb 
on native populations and communities, ecosystem function, and economiq ar 
well as human health (6, 10,38,6l,62,132,140). As a result, new i n f o d m  
and shifting perspecrives have emerged rapidly. This emergence is paniculady 
striking for invasions of marine environments, which had historically received 
little attention compared 10 terrestrial or freshwater systems (13). 

In this anicle we explore patterns, mechanisms and hypotheses associaral 
with marine invasions. Although new data on marine invasions have increavd 
rapidly, they have never been summarized, beyond analysis for single bays or es-
tuaries ( 1  1,29,30,69, 117) (JT Carlton 2000, unpublished checklist; Carlton & 
Wonham 2000, unpublished manuscript). Moreover, the complexities and po-
tential biases of these dara, and inferences that can be drawn from the daca, 
have nor been evaluared critically. Here, we provide such a synthesis for ma-
rine invasions ul' Nonh America and begin to evaluate some of the emergent 
patterns and underlying mechanisms. More specifically, we wish to summarize 
sparial and temporal parterns of invasion and to identify (a) key gaps in data, (b) 
hypothese\ ilbour rr~rchanl.>rns, and (c) future directions for research. Althougb 
our analysis is specific to marine and e s t u ~ n e  invasions, we explore issues and 
approaches that are relevant generally for both invasion biology and invasion 
management. 

;TERNS OF INVASION 

ssification and Analysis 

Wecharacterized partems of invasion formarine (inc1udingesmarine)invenebrates 
and algae on multiple sparial scales, focusing primarily on Noah America. Our 
focus on invertebrates and algae is intended to illustrate general issues, using a rel- 
atively large group of NIS known for Nonh America across many phyla. Although 
vascular plants and fish were excluded from our analysis, these groups have con- 
tribured hundreds ofaddiriunal NIS that areestablished in coastal baysandes~aries 

of ~~~h A~~~~~ (30, 55, 117; P Fofunult. Ghl Kul, & :\H HIIIC\. zub111111c.d. 
GM Ruiz, p Fofonoff, AH Hines & JTCarlton. unpublished data). Their exiluslon 
from our analysis was pragmatic, to reduce the complexity of pattenls lllld :11111?- 
ses. ~ ~ hthere are also many fundamenVal differences fur ~ l s i u l a r  ~ ~ ~ ~ e , plilllls~ 
and fish, compared to invertebrates and algae, with respect 1 0  I L I K L ~ I I I I Ip.tll~.rIIs 
(e,g. mmsfer mechanisms, habitat distributions. dales of arrival. and blulUg! I thal 
warrant separate analyses. 

F~~each of 298 NIS that are reported ro he esrablished in cuaslsl \vaters uf 
N O ~ ~ ~ ewe summarized available informarion about rhe disrribution uld i ~ ~ ,~

invasion history for the Atlantic, Pacific, and Gulf coasts. We ddsti~~cd XIS as 

those organismswansported by human activities to coasral regiuns where the! 

did not previously occur. We omitted species that uader\veor r;ulge ~'xp:s~n\llIs 

amibuted to natural dispersal, even if some resulted frornanthrupug61l1i c~1~111:Cs 

in environmental conditions (19). 


weconsidered the marine and estuarine watersolNorth America to csrsr~d irurll 

outer coastlines to the limit of tidal waters within bays and estuxries. 111iludlog 

the oligohaline and tidal freshwater reaches of rstu;lries. Within this i<x~sr.ll zolls. 

we included all species that occurred below the mean muathly limtt 01' sprillg 

tides, Our list therefore includes marine organisms but also some spzile, fUtI11d 

commonly in salt marshes and strand-lines of benches ;IS \\,ell ils spr.~.ies rryn~rted 

from estuarine freshwater. We also included insects relsased f<>r tbl<~iOlltr~~I 
~vhe11 

their host plants were reported as occurring in ridal warers. H<nYr.\-c.r. \Ye C\L'ludsd 

some "boundary species" that appeared occasionall!, ur r..IreI.\ L V I I I I ~ I I  uur srud> 


wea but were found primarily in terrestrial habirats and inland iresh\v:ltc.r l>e6 I I T  


for additional discussion). . . 

Our review and synthesis relied on four m:lill sources ol ~lltnrln;lll~~ll
ThC 


primary source was published informarion, including sspect;\ll> \IIIIIC C S I \ ~ I I I ~  


analyses of NIS for pmicular bays ( I  1 ,  29, 30, 69. 117: JT Curlts>n 2 t l ~ I O .illlpub-
lished checklist; Carlton & Wonham 2000, unpublished ol;lnus~'rlpt~ ;I> \YL'II ;I, 

a diffuse collection of literature. We also reviewed unpublished repurrs. IhestS. 
and records from long-term monitoring. efforts along each const. III ~ ~ J ~ L I I U I I .\\e 

corresponded with many scientists who were expen either in particular blxunumlc 

proups or the biota of particular geographic regions. Fimllly. \ve ;tlsv cu~~ducied 

some limited field surveys at selected sites. 


As a minimum, we sought to char.sterize the follu\viltg ;~rtrhhutc.s kvr e:lih 

species: (a) Date of First Record: (b) N;~tive Geogr;~phic Kegiull: ( < I  Suurcc KC-

gionof invasion; (8Vecror(ntechar~isr~~)~, l .~~~I~t ,Juct in~~:
1 t . l  S:tli~ttt! I )~ i l r ih~~ l~ t )~ l :  
(f) Geographic Distribution; (g) Invasion Status: ilnd (h) Popul;~llviI Sl:llur. ' f h ~  
information was collected separately for each coast, since some ipeile. I ILIYC 111-

vadedmultiplecoastsandtheseattributes may difter amongcoasrs. M'hsrc. rt~olti(?le 
sites of invasion for a species existed wirhin acoast. darn were al\\;lys ivllCiled for 
[he first site and date of successful introduction (as artribures such :Is SuIIriC Kt- 


and Vector may differ among sites). The derails of [his cl;ls.;itic.~l!r~~l 
sc'I1e111e 
and subsequent analyses are described below. 

http:1,50,72,83.85


vasion S ta tus  
,assess the invaslon status of species (as below), we used a graded set of criteria, 
ying on the historical record, paleontological record, archaeological record, bio. 
ograpl~ic distribution, dispersal mechanisms, documented introductions, and a 
ite of ecological and biological characteristics (26,27,30,138). We assiped 
ecies to one of three categories of invasion status, reflecting the degree of 
nainty that Y species was introduced or native: 

troduced rperirs Nau\,c :tnd introduced ranges of these species were well 
:ablished and pruvidrd a cle;v invasion history, in most cases. We considereda 
N additional specie5 to be ~ntroducrions where the evidence was very convinciag; 
:luded here are a few intracoast invasions, for which natural dispersal is possible 
r highly unlikely (sec below). 

yprogenic species (Possible IntroducrionstNo definitive evidence of ei- 
.r native or introduced status [sensrr Carlton (16)]. For some of these species. 
roduced status has been suggested or appears likely. 

tive species Native Lunge of these species was well established and provided 
ar evidence <~fnative statuh. 
Owirig to ~ntracoastal invasions, i t  was possible for a species to have a com- 
~ n dassignment to twu or more categories of species status. For example, the 
~ k e d  mussel (Ivclrrrdium rrclcrvum) is native to the southeastern United States 
introduced ttJ the northeast. Thus. this species is considered native, cryptogenic, 

1 introduced along dinerent regions of the Atlantic coast. In our analyses, all 
ormation about this species along the Atlantic coast refers to the introduced 
~ularions. Although such intracoastal invasions possibly occurred for many 
:ties; we included only those that were clearly documented; all others were 
isidered cryptogenic and thus excluded from our present analyses. 

11eof' F i rs t  I<ecortl ;j:.j 

-date (~l t i r \ l  rcc<,id.wc uhcd 1I1c lirst dateofcollection, sighting, or documented ! 

iberate relc:~re I t  these were not reported, dates of written documents or )
c a w n  c 1 however, we recognize that these later dates may be many 

11s after the date a species was tirst collected or sighted. 


I 

ctor  

evaluated plausible mechanisms (or vectors) for each introduction, using infor- :I 
h) tion about thc tirst date of record, life history, habitat utilization, and ecological i 
A !.,ibute\. We ussigl~cd each specics invasion to one of eight broad vector cate- .;

i 

ballast, in or on cargo, on deck, on anchors. crc. Fisher~e:. I I I I ICIJU~II \>I~\I I I \ \ ~ ~ L ' J  
both intentional and unintentional release. ~ncluding those th:!r rcsultr.J ~ ~ N I I:alU:t-

culture, Both Fisheries and Ornamenral introductions alsu iocluded spcr.tcs :Issc,- 
cialed with the target species (e.g. fouling organisms on uystersl. .Althull:lI sulnc 
of the subcategories are discussed further in this re\.tew. this hisher rcs\~luttvll 1. 

the focus of a separate analysis (GMRuiz. JT Carltun. P Fuitlnofi &'. :\H t l t ~ ~ c s ,  

submitted). 
Several simultaneous mechanisms of it~trclductiu~~\\ere ile:lll! ~>o<>~l r l~ .id1 

many species, creating some uncmainty about the vcctur rc>lw~~sihl~.. t u n 1  c.1iI1 
invasion. In these cases, we simply classihed the vector :us Xlulllplc .tn.l indh. 
cated the plausible mechanisms. For example. the ereen crab ~C'crn.rt~~lx I I I C I ~ . , ~ . I S I  

was recently to introduced westem North An~ericit. and i ~ ~ u l t ~ p l e  < ) II I I ~ ~ ~ I . I I I I ~ I I I >  

introduction exist for this invasion: Shipping and Fishertes. 
Sequential mechanisms of introduction also existed for su~ne spectes. \r here the 


first introduction can be ascribed to a particular vector but suhscque11t intn8d11a1\~tls 

may have occurred due to additional mechsnisms. To ILL,,

.. >.-oi,.e this. thcrc I I I ~ I ~ I  


exist a clear chronological sequence in the uperittiun uf thc rcspeL.tl\c \cL.t~srr. 
such that one predates any additional vectors. Fur example. the hitr~l:~ilc t8t11~:111d\ 

improvisus) was introduced to westem North A111erlc;l in the ntid Ik)"' ic~llury 

Shipping, but the latter movement of oysters (Fisheries) ieprc>ellts all ;~~l,l~tion.~l 

vector that was active afterwards. in such cases, we ideotihed both the ~ I I I I I . I ~vcitc~r 

and additional vectors. 

Native and Probab le  Source  Region 

Native Region identifies the range of each species before l1~1111:111Ir:i~ls~)~it.
:lllJ 

Source Region identifies the likely area from which an ln\.;lsl~~ll ' r l l ~uc~ l l l~ed .  

Source Region may differ from Native Region for \.ariOtus re;lsons. First, a >pcil~'> 

may have a wide native distribution, whereas an inrroduction rn;~!. h;l\.e heell 11lvs1 

likely to occur from a panicular region. based up<~o the pre\;~le~lt ir.trle p.ltterI1.i 
(and vectors) in operation. Second, there are IIXUI! '~>teppil l~ t lI~.t~l~~tl . .> t~l lc"  

where a species may invade secondarily fronl :I pre\.i<>tlsly 111.11
!!lv;ldi~J 11~$1<111 ir 

outside the native range. 


We assigned a probable Source Region. based upon Ihe extr.111 $11 ~I.LII..-
:I\ :~11;111lc 
fer mechanisms, known association with those rnech;~llis~ns. ; I I I ~piu\l~~ltl!11) i ~ t c  
of invasion. Identification of Source Region has some d e ~ r e e  uf ullcen;tbllty. l~I11s 
was particularly problematic for some widespre;~d specter. \vI1erc III;III! ~ ~ ~ t r . ~ l t ~ ; t l  

source regions (with operating transfer mech;~nisms) exlst. For tl~cse spcclc>. \kc 
have indicated "Unknown" for Source K ~ ~ I O I I .  

For the purposes of our analysis. we classilicd N i l t i \ <  i ~ t ~ i l  11.;11)11\ 111SULIIL.~ 
terms of broad oceanic and continental resions. Ocean re$imlr ucir, t~scrl f;lr 

p ies: Shipping; I-~sheries; B~ocontrol; Ornamental escape; Agricultural escape; species with strong marine affinities. whereas coorine~it;~l re$ion> acre used t'oi 
search escape: Cmals. created by humans, as a corridor for dispersal, or Multi- .! those with primarily fresh water (or continental) distribut~u~~s. 111-T l~c  c:htc:\~ric; 

Several i r l  the broil1 cateeories are composed of subcategories. For example, cluded: Western Atlantic, Eastern Atlantic, Arnphi- (both N'cstern :IIIJ E;1ster111 
Shipp~ng vect~~r  included organisms moved on the hull, in ballast water ordry 1 Atlantic, Indian Ocean. P;liltil..Indo-West Pacific. Weslent Poc~tic. E:IS~I.~II 



Arnphi-Pacihc. Nunh America, Eurasia, South America, Africa, and Ausualia As 
indicdtcd ab~jvr.Unknown was used when Source Region remained unresolved, 
and vas aIw u x d  as necessary for unresolved Native Region. 

S a r ~ t c  ~ I I J  Sl~urce Region categories were selected to accommodate most 
bpuc~c\ iind highl~glll general patterns. For each species, we identified dismibu- 
tiun accurd~ng to cu~nmonly used biogeographic regions (8,134). These were then 
curnblncd into our broad c;lregories to simplify analyses (e.g. Northwestern At- 
lanl~c and Suuthwesrern Atlantic became Western Atlantic) or to reflect species 
disuiburluns that traversed boundaries (e.g. Indian Ocean and Western Pacific be-
came Lndo-Wesr Pacific). Additional data on the known native and inaoduced 
rartgo of each species, providing much finer resolution than presented here, are 
available upun request; these can also be found in associated references listed in 
thc *uppl~.~ne~~ral Appendix I on the Annual Reviews online website. 

Population S ta tus  
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 
folluw~ng: 

I .  	Established species have been documented as present and reproducing 
within the last 30 y. Multiple records were required for a species to be 
considered established. Funhermore, for species detected in the past 10y, 
occurrence was necessary in at least two locations or in two consecutive 
vcIIr\ 

2 	 P~~pulati~rnstatus was considered Unknown for inuoductions with no 
record* withln the pas1 20-30 y or for recent inuoductions with too few 
rccc,r~lh( a s  i~bove). 

3. 	Mc rccugnii.cd two categories of species introductions that do not appear to 
be eslablished. W introductions are species that were reported hut for 
which there IS no evidence of establishment. In contrast, Extinct 
introductions survived and reproduced for many years before disappearing. 

We did nor include rhe extensive literature that exists on failed introductions. 

There are literally hundreds of species that have been released but apparently never 

rstahlishrd (see I I, 21, 69, 123, 146). Our goal was to document the history and 

latc 01 citablibhcd pc~pulations, accounting also for those that were extinct or of 


P unh~iuwn popul;trion slatus. Since population status can vary along a coastline, 

J U ' 5  \~:trus (above), some species were assigned to multiplecategories. 
~ i ~ tva \ iu~~N It 15 only 111 t h15context that we refer to failed introductions in our analyses. 

- lb 
p Salinity Kange 

I@ The salin~ty disrriburion of each species was classified by the Venice system of 
salinity zones. A species could occur in oneor moreof the following salinity zones: 
Freshwater, Limneric (tidal freshwater, 0-0.5 ppr), Oligohaline (0.5-5 ppt salin-
i t y ~ :Mesohaline 15-18 ppt); Polyhaline (18-30 ppt); and Euhaline (3C-35 ppt). 

All species present i n  nuntidal freshwater :LIW ~ c c r ~ r r c J1s i t11t11 t t J i t l  nitters. txillr- 
ring sometimes across a broad range of sllin~ty. Throughrlut. ~ : L I I I I I I ~r.iIlges \\.ere 
considered to be the sum of r ages  for a11 life-31;lges rep<lrlc~I r l> r  :l species. 

Geographic  Distribution 
For each species, we characterized the reported geographic distribur~un within 
North America. allowing a comparison of invasion pillterns :tmollg coasrs. \VC 
also compared patterns of invasion anioi~g relati\.r.ly i;rrgc estu:~ries. which ill-

cluded commercial pons. For comparisons ;mmug es1u;irlr.s. u e  iocused t1lUst 
of our attention on five locations: Prince William Soulld (i\l:lsk;l,. Pugel Sound 
(Washington). Coos Bay (Ore~._oo). ~lnd Chesl- San Fr;olcisco Bay (C~lit;lmi:~l. 

peake Bay (Maryland and Virginia). Most marine ii~\nsiuos ll:rvc been reported ili 

bay and estuarine environmenrs ( 1  16).and these selected esru;~ries h;ne been the 

foci ofintensiveanalyses on the patrerns andextent oiiov;t>iu~~ 
t I I. 29. .XI. b19. 1 17 

JT Carlton 2000, unpublished checklist: Carlrol~ X: \V~III~: I I I I 
?OOU. ~1npub1ishr.c 

manuscript). As a result, the five estuaries offer t h ~  I I I ~ S I~'ori~plete
d:tr;i UII sp;~ri:l 

variation in the extent of invasions and species overlap \\ill1111 S ~ r t hi\111eri~1. 


We also included in our comparison of NIS nnlollL._ e,luarles &.na frolll Poi 

Philip Bay, Australia (67). As with the focal esru;lries 111 Sonh .Atncrica (nbo\.eb 

patterns of NIS invasions at rhis sire ha\.e receorly rccr.~ved ~ntensive anal+ 

providing the opportunity for an iniri;~l cumpiirlsoll \\ 1111 lhe 3orth ,Atneric.l: 

sites. 


Analyses 

we  usedthe resultingdatabase (Appendix I ~ L I I ~ I . I I \  in\'asio
to L . X ~ U I I I I I ~  ,1i111;iriile 

in North America by taxonomic proup. d;lle of tirst re<$>r~l. 
\tilor. iuUICi rcgi~l 

native region, and suliniry distributioi~. \Ve included all iiltrorl~cI~~Its 
[hill \\'<I 

considered established (as above). We ecluded frulll thl, .ln.tly>~s cryplugen 
species as well as boundary residents. bur we discuss the i~tlpurl;incr. ~ ~ i e r ~ p t o g i n  
speciesfurther below. Due to the size of Appends I .  i t  docs IIOI ;~ppr.:lrill this ;mi< 
but is available at the Annual Rrviews website repusilclr?. in the Suppkll~ll t  
Materials section. 

Our primary goal is to examine patrems oi  Inr-;lsi<m iur th? tnr~re cunrille~ 
We have also included a cuinparisun of invasion partertl\ OII I\\,> .~dd~tiu~allspll 

scales. First, we examine c<trlc<trdance of p ;~r t e r~~ i  1 1 1 ~ 
; I ~ I C ~ I I ?rlircc scp:rrate C M .  


of North America. Secoild, we describe 111sI I U ~ I I ~ ~ I  of N1S ;IlllO
;~lhl~~\crl.tp 

estuaries, including five in North America (as abovcl ; L I I ~\~neI I I  .AusIr;lll:~(?a 


Philip Bay) for which invasiuos have been well st~nl!.zcJ 

Although we have characrerized the currellr kn~nvlcdge uo tn:lr!lle ~l l \ ' i lS l~I l lp 

[ems for North America, i t  is imponanr to recopnize the sources and lilnilatiou> 
the data from which these patterns emerge. We rlierei~~rc our ;Itx~lysir co~~sidcr 

outline the apparenr patrerns of in\,;lsion f n m  the 111cr:irkite. \Ye ~.;tJdreSs both 

limitations and underlying assumpti~~ns intcrt'
[hiit mrlst he tested 1,) ;~de~lrlatel~ 

these patterns. 




:nt of M a r i n e  I r ~ v a s i o n s  i n  North Amer ica  

We identified 298 NIS of invertebrates and algae that are established in coastal 
waters of Nonh America (Appendix 1). The 76 established species that have suc- 
cessfully colonized more than one coast we designate as "repeat invades" (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 invasiw 
evenrs i=298 iniri;tl mvasions +76 repeat invasions). 

An additional three species are classified as extinct invasions, and the s u c w s  
of another 33 species is unknown (Appendix 1). In all subsequent analyses, we 
have restricted our focus to species known to have successfully invaded, whichan 
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 that have gone unrecognized as such. Furthermore, many sites 
and taxa within Nonh 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 at least I00 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, PFofonoff, AH Hines & 
IT Carlton, unpubl~shed dard). 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 monitokngpre 
grams. However, a 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  D i s t r i b u t i o n  o f  Marine Invasions 

\Iorth A m e r i c a  


The NIS in our analys~s were distributed amokg 11 phyla, witha significant differ- 
ence in the contribution of each phylum to the 298 species (Figure 1A; Appendix 
1 ;  X' = 224.6, df = 10, P < 0.001). Half of all species were crustaceans or 

P molluscs, accounting respectively for 28% and 22% of the initial invasions. 

h) 	 * 
- IP Figure 1 Tuul number of established nonindigenous species of invertebrates and algae 

p 	 (C) Dat~. of First Recurd, (D)Rate of Invasion, ( E )Native Region, and (F)Salinity zone. 

ul 	 Filled bur. nurnber of unique or initial species invasions (n = 298); open bar, number of 
repeal invasions among coasts (n = 76; see text for description). Rate of invasion was 
esumatcd fur 30 y in~rrvals,with number of new invasions shown for the fintyear of each 

+' Vector,(B)Taxonomic.group,(A)by:America shown Nonhofmarine waaers inreponcd 



H.Q~= o 976 These two phyla together also accuunred tor 3S';i rlre i b  icl)<;lr irt\;i.ton\ 121':i 
,=a~ezprwx1 of crustaceans and 16% of molluscs), which wirs high rel:trrvs ru rhc urhsr pl~?l;r 
a=, 08 

(mean = 7%. range = &IS%). 
Perhaps most striking is the low number of rel;rrivrly small u r ~ ~ ~ ~ i s ~ ~ l r  recos-

nized as NIS. A few species o f  protists and diatoms ;ire recognized a:. NIS. hur 
many groups o f  microorganisms (including bacteria. viruscs. funzi. rr~r<n~spur~lli;~. 
coccidia, etc.) are absent from our diltabase (Appendix 11. For Chea;rpell;e Bay 
alone, the number o f  known NIS declines signiticanrly with size 01' rhe vrg:ultsm. 
using maximum size for all taxa other rhan plants and tish t 1171. .Although rhcre 

O L  , . , . * may be something fundamenral1y.diEerent about iovirsion uppururnir~cs or ,uz~.r.ss 
o 20 40 80 80 100 120 140 1% 180 203 ! for small taxa. we hypothesize that this putern results from bit), ill rhr. d:~r:t rwz 

nme (years) since 1790 below).. 
V)

K (El .iMechanisms of I n t r o d u c t i o n  for Marine Invasions 
.-0 i in North Americacn 

> .; Shipping and fisheries have been the dominant vecrors for III:I~!IIC IIIV;LIIIIII; III 

-'L North America. Shipping was the sole vector Tor 5 1% of rhe ZYS 1tut1;11!IIV:ISIUIIS. 

+ 
0 

70 ; 
though multiple vectors were plausible for 29%of all inilia1 ~IIV:ISIIIII\. iSC; of 

(U 'k..,, , and fisheries were responsible for another 15% (Figure 18: .-\ppeltd~x II. :\I-these 85 invasions were attributed ro shipping and tisheries as the CIIII! pI;ius~bI~z mechanisms. Shipping and tisherirs together accuunred l l ~ r  SOt; 01 :ill ?'lS i n -  a 35 : tial invasions ( ~ 5 1 %  shipping +IS% fisheries +22% shrpprn; l i ~ l l e~ -~es:IIIJ irsE 
3 
z 0 

."/,"r 8p6Jp*JJCdJ@
2 JP 8 

300 - (F) 

200 ! 

! 


I-' 100 ! 


td 

- cP 

I-' 0 

OI 


multiple vectors). 
Shipping and fisheries were also responsible for 111os1 (74';i 101 IIIC,i0 ;CCOII~:II!. 

or repeat invasions, occurring on coasts other than rhc initiirl CU~ISI ~ 1 ' i r l i  t PIS-:ISIOII 

ure lB, Appendix 1). Shipping alone accounted for 59% of  the rcpcirl i I l \ i r s r<~ i l s .  
and the remaining 15% were attributed to tisherie5 or rnulriple \eiturs tur which 
shipping and fisheries were [he only vectors. 

Despite the predominance o f  shippiny and tisherres a h  VL'C[VI\. IIIL.~~rctll.rilr) 
a great deal o f  uncertainty about the relative conrriburion or irl~yul-r:rn<e 01 e;rch 
mechanism individually. This is underscored by rhe frrqurnz\ o l  IIIV:ISII)IIS :,I-
tributed to multiple vectors, creating a wide range 01'impun:rtrce tor s11tpp11~: .hnd 
fisheries vectors. For example, 51% of  298 initial invasions u e  artrrbutcd to ship- 
ping as the sole vector. bur shipping may be involved in an ;dditiuo.rl ?it:;ot' 
the invasions (as a possible mechanism i n  94% o f  the 85 inv:tsiol~s :!rlrihurr,d I,, 
multiple vectors; Appendix I). I t  is possible to weigllt e;rr.l~ ve~rnr.l,asc~l U~OI I  

their spatial and temporal pattern o f  operation, sugyestirly ;I prob;ihlc vectur i r r  
many cases. However, this cannot reliably exclude the other pwsihlc waur, it; :I 

mechanism for introductioo. Furthernlore. the rr~rrltiplc vcct~rs ;IIC ,111 III ,~pcr.rt~orr 
and may each contribute propagules to the initigll ur sobsequerr~ IIII~OJIL~IIOIIof  :I 
species 

A further analysis divided each vector category into subcompuner~ts r C;hI Kuiz. 
JT Carlton, P Fofonoff & A H  Hines. submitted). indicaritr~ r1x11 111us1 in(.:rsi~r~s 



n shipping resulted [rum ballast water and hull fouling communities, and those 
n fisheries were dominated by translocations of organisms associated with 
rers (see 13h r  dcscription~.However, the relative importanceof theseshipping 
categories (hull fouling or ballast water) to the overall number of invasions 
rains poorly resulvcd. due to the existence of multiple vectors (as discussed 
#we),as well as multiple subcategories that were plausible within the shipping 
tor, in many cases. 

M a r i n e  Invas ions  i n  N o r t h  Amer ica  

:rare of reponcd i~l\~asic,nshas increased over the past 2 centuries, using the 
e of tirst record Fur all 371 initial and secondary invasions of North America 
gure I C; Appendix I ) .  The increase of initial invasions is best described by 
exponential functton (Figure ID; y = 7.08'0017x',? = 0.976; where y is the 
nber of new invasions and x is time in 30y intewals. indicated as the first year 
the 30y inlervalJ. In contrast, although the rate of known repeat invasions is 
u increasing in North America, this is best described by a linear fuuction (y = 
3%. I' = O 8741 
he relative con,riburion of shipping to reponed invasions has also increased 1 

:r time (CM Ruiz, JT Carltc~n.P Fofonoff & AH Hines, submitted). The rate of 
asions ariributed solcly to shipping has increased over the past 200 y, account-

\ 
:for 62% uf ~ n i l ~ a li~i\.asioitsin the past 30 y (Figure 2; see also Appendix I). ' i
is increase i h  best descrrbed by an exponential Function (y = 1.127(0-"4'', 
= 0.992). In contrast, the rate of reponed fisheries invasions is not increasing 
nsistently over time and may be declining in recent years. Only 8% of reported .? 
:asions were attributed solrly to fisheries in the past 30y, and the rate offisheries j
:asions since 1790 is best described by a slightly positive linear relationship 
igure 2; y =0 . 0 8 3 ~- 0.929, r'= 0.669). 
Finally, our temporal data indicate that 20% of initial invasions in the last 30y 

:er\,al are attributed to mulriple vectors, usually the combination of shipping and 
heries (Appendix I t .  Although lower than the prevalence of multiple vectors 
r all time perit~d\129'3J. uncenainty exists about particular vector responsible 
r even marl!. r,l the n11,\1 r~xenlinvasions. 

a n d  S o u r c e  Region o f  M a r i n e  Invas ions  
t h  Amer ica  

p pproximarely half of all initial invasions were classified as native to western 
:ean margins: the lndo-West Pacific and West Atlantic regions (30% and 20%. 
spectively; Figure I I;: Appendix I ) .  Indo-West Pacific species were either from 

-
le West P a c l l ~ ~I ~ U X Jur shared between the IndianOcean and West Pacific(31%; 
j shown in Appendix I J. In contrast, 12% of all initial invaders were considered ,

41 alive lo the eilsierll Ocean iiiargins of the Atlantic (10%) and the Pacific (1%). 
:onrincnts \i,cru ihc 11lrlrvrrrgron for 12% of initial invaders, including primarily 
p l l r r R~~ughly5% of the initial invaders were classified as 

loo I Fisheries 

0 ShiPPtn9 

0 30 60 90 120 150 180 

Time (years) since 1790 

*-.i.that ncrc :bitrihulc4Figure 2 Rate of reported marine invasions of invcnbmvs and dl,. r 

to hipping and fishe"es in Nonh Amsnca since 1790. Opcvtc,rn/<9itrdi~.:$icnlb~~llh<r01' 
new inva.arionr with shippin2 per 30 ? inter\.al: ~-lort~d'.ln.lriindi<;octnlnthtr ili 
new invasionsassociated w i ~ hfisheriesper 30 y interval. h t : !  :UL. pl~>ttcJ:,> III f.~$urci 

Amphi-Atlantic or Amphi-Pacific for native region. Suryrisiil$ly. rhr. ii i t l i i  c re;1011 
for 22%of all initial invaders was considered unknown. although the t;ixununtli 
identity was also uncertain for 33 (50%) of these 66 species. 

Addition of [he 76 repeat invasions has little efiecr on the (>\.era11pre\.nlence Of 

native regions (Figure IE). However, it was novable that few tepeirt rit*aders w r t  
classified as native to the West Atlantic (2% of totirl fur thlrt reyiool ;itid .Aillpllt-
Atlantic (0%). compared to the other regions with relarively I~r;e ~nuirrhcrsuI' 

initial invaders (Indo-West Pacitic-19'7~; Unknown-277~: List .?.tl;iiilic-?hCi: 
Eurasia-18%). This is mostly an aniiact of West r\tlantic specres ban: i~.rtl\-ctv 
eastem N o h  America, making it irnpozsible to invade rhis c.~v,rrt!III ollr ;~11:tl!zis1 
and reducing the opportunity for repeat inustons to occur. 

We estimate that source and native regrons were different tor :~ppruxi~r~:~lcl! 
22% of a11 initial and repeat invasions (combined), excludiiip spsc~i'sclassilicd 
as unknown for either region (Appendix I). The source :tnd n.iti\-r.rcgluns dii-
fered for all species with Amphi-Arl;ultic or Antphi-Pacific rt;rt!vc, rcgtulrs, indl-
cating that the invasion of Nonh American sites occurred uiteii iruiii a l i ~ r ~ ~ i t d  
portion of the native range. However, for all specie, from other ii:!ti\C r.lllSe5. 
this implies a "stepping-stone" mode of invasion. where i~rr;isr~)ir.;;or, o~.irrr-
ring from reconday popul;~tioiisourside the xilive r;inge. fvlosi $11' thcac i ;~scs  
involved secondary source populations in the East Atlaillic t I? ,pcaczl. \\'ezl 
Atlantic (8 species. excluding those that were i\nlphi-AtI;11111~.t..urJ !YL)~III:\lrir.r-
ica (9 species). Funhermore. we estimate thal the propurllull 01' >lcplun;->tvne 



invasions was relatlrely high fur NIS with native regions of lndo-West Pacsc 
(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 considrrcd a rough approximarion. Strong evidence often underlies the choia 
of source region fclr each Invasion (e.g. operation and relative strength of vec-
established populalions, date of first record, etc). For example, theEuropeaogreen 
crab, Curr-i~~urmuunus, may have invaded westem Nonh America from multiplc 
source regions, including: Europe, eastem Nonh America, Aushlllia, and Sou& 
Africa. Recent genetic analyses indicate rhat this newly established populadon 
derived from eastern Nonh America (3). However, in mostcases, alternate so- 
(in and outside of the narivr region) cannot easily be excluded. 

linity Dis t r ibu t ion  of M a r i n e  Invas ions  in N o r t h  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 IF; 
initial invasions: X' = 245, df = 5, p <0.001; all invasions: X' = 234, df = 
5, P <0.001). However, repeat invasions were evenly distributed across salinity 
zones. Imponantly, many species were reported to be euryhaline and to occur in 
several ralinity zones. Only 18 species were considered to be restricted to one 
saliniry category. 

o g r a p h i c  Var ia t ion  i n  t h e  Extent  

d P a t t e r n s  of M a r i n e  Invas ions  


Variat ion Among  Coasts of North  America  
The largest number of initial invaders are known from the West Coast (187 MS), 
compared to the East Coasr (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, repear invasions were proportionally greatest for the Gulf Coast 
(8290 of all invasions) compared to the West Coast and East Coast (18% and 0%. 
respectively), resulting also in a significant difference among coasts (X2 = 120, 
df = 2. P c O U O l  I .  The lack of known repeat invaders for the East Coast is 
striking and underscores the asymmetry in the sequence (or direction) of repeat 

P invasions among coasts. The high prevalence of repeat invaders for the Gulf Coast 

tJ resulrs primarily from high overlap in NIS composition with the East Coast. Of 
the 39 NIS on rhe Gulf Coast, 87% are also known invaders on the East Coast, 

- IP compared to 51 % un rlle West Coasr. 
P The intercoast overlap appears to be much greater for NIS present on the 
@ 	 East Coasr (38% overlap with West Coast; 32% overlap with Gulf Coast) 

than the West Cui~sr ( 18% o\,erlap with Easr Coasr; 9% overlap with Gulf Coast). 

-
Earl Gulf We61 

Figure 3 Toial number of established nonindigenous specter of in\cn*br.lIr.r :a8~1;ll;:lc 
repofied among three coasu of Nonh America. Filled b4tr. number u i  enyu~.ur inilia1 
% p i s  invasions (n = 298); open bar. number of repeat in\.os!uns. o r  the outnhcr ui 
additional invasion events among coasts rhat involved 3 subsct oi i l l l l l ~ litlv;~dr.rs(11 = 70: 
see text for funher explanation). 

However, the of species among cwasts 1s lnuch ~rc.ltcr lh;in :Ip~~c:lrs 
above, We have indicated overlap in a narrow sense, includins uol!. species kllu\\ I1 

tobe invaders to each coast. Many additional species that are native or (1) ptugeluc 
to one coastal region (especially the East Coasr) have invaded ;lnurhsr c<r.at t . lp-
pendix 1; see also Variation Among Estuaries and Data Bias Hypotheses sectiulls 
for funher discussion). Although these cases are excluded from 0111 ~11111p:lri~~lll~. 
they increase the overall overlap of bioras among regions. 

Many similarities and diffeiences exist in invasion patterns iIIllo!l, ~9 the three 

coasts (GM Ruiz, IT Carlton. P Fofonoff & AH Hines. subrnirt<J: see illso :\p- 
pendix 1). The rate of reported invasions has increased exponenti;rlly oll csch c~~:lst 
overthe past200 y (Figure 4; West Coast, y =4 . 9 5 1 ~ - ~ ' ~ " .  OYbS: E.at C11:lst.I'= 

y =1,41)~.0195*, 8=0.916; Gulf Coast, y =0.940UU'w'x",' =0.8551. The NIS 1111 

each coast are dominated by crustaceans and molluscs, ;~'cout~tin~ ic>rto:etlrer 
41-50% of the total. Shipping is the sole vector for approxim.1tely h.~lf of rI1e 
known invasions on each coast: East Coast (609cl. Wesr Co;rst t-ISc'>I .  Gulf Ctxlsl 
(64%). However, the relative in~ponilnce of fisheries as [he sol< vcit,>r \\:IS ;re;iter 
on the West Coast (19% of the total) compared ro the E.1~1C<v.lst: U I ~CiuIi C1v.1~1 
(7%and 5%. respectively). 

The native and source regions of NIS differs nnloos cu;~sts (GhI R u i ~ .IT 
Carlton, P FofonoFf & AH Hines, submitted: see also Appeodis I I .  i\l<lSt \\><I 

Coast NIS (53%) were milive to [he lodo-West P;~cilic ;lnJ the \\'czterll .-\ll;lllli~'. 
and a smaller (7%) were ~lative to the E:~rrerr~ Atl; t l~t i i  I I I  <LIIIII.:ISI. 

the first two of these native regions lrccounretl for only i.;? 01' tllc 31s kllo\vll 
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Figure 4 Rate of reponed marine invasions of invenebrates and algae for each coast of 
qonh America since 1790. Filled rriangles indicate the number of new invasions for the 
West Coast; those for the East Coast and Gulf Coast are indicated byjiNedcirclesandopcn 
:ircles, respectively. Data are plotted for 30y intervals as in Figure 1. 

from the East Coast, where 19% were native to the Eastern Atlantic. Compared 
ro the West Coast. a larger number of NIS on the East Coast were "withio-coast" 
invasions, being introduced from one portion of the coast to another (10% of East 
Coasr 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 h t  
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 reponed 
invasions among salinity zones (West: x2=254, df =5, P c 0.001; East: X2=32, 
df =5, P < 0.001; Gulf: X' = 1.9, df =5, P = 0.05; see Appendix 1). A much 
greater proportion of NIS occurred in thepolyhaline andeuhalinezonesof the West 
Coast (63'70) compared to the East and Gulf Coasts(47% and 23%. respectively; 
number of NIS per salinity zone, with increasing salinity as follows: West Coast-

h) 24, 37. 54, 97, 187, 169, East Coast-33.35, 38,55,75,68; Gulf Coast-18.18, 
- 22. 19, 25, 22). 

P 
Q Variation Among  Estuar ies  

Considerable va~iationexists in the number and overlap of known NIS among es-
tuaries ( I  I, 29,30,67,69, 1 17; JTCarlton 2000, unpublishedchecklist; Carlton & 
Wonham 2000, unpublished manuscript; Table 1 and 2). The number of known 

TABLE of nonindigcnoun spears rrponrd 35 ol.thltjh='d in c x h  .I\ 

differentbays and estuaIies Site' 

Phylum 

Species 
SFB CB PS PWS ChU PPu-

DiioflageUata I 
A l d r i w n  carenella 

Badlariophyta 
Arrheyn a m r a  
~ ~ s ~ i n o d i r c u swnilesii 
OdonreNn sinensis 
Thnlmsiosim puncrigem 

Phaeophyta 
~~pemcoccuscompressus 
FUCUcorroni 
Micmspongium globostcnt 
Sagmsum muricum 
Somcarpus micmmor~fi 
Sricryosiphonsorifer~rs 
Striaria anenuara 
Undoria pinnar8da 

Chlorophyta 
Bryopsis sp. 
Cladophorapmlifera 
CodiumjragileSSP. romenrosoides 
Ulva fasciara 

. . ~ ~  
Bonnemisonia hamifera 
Callirhamnionbyssoides 
Cernmium sinicola 
Chondrio arcuara 
Chmodaclylon rarnosunl 
Deucalion levringii 
Gelidium vagum 
Gymnogongruscrenuhllis 
Lomenraria hakodarensis 
Medeiorhnmnion lyalli 
Polysiphonia bmdiaei 
Polysiphonin denudara~ 
Polysiphonia harveYi 
polysiphonia senriculosa (PungenS) 
Schonera nicaeensis 
Solieriajlifomis 



~ -. 

TABLE I ICotlrrna~dI 	 TABLE I (Conrinucd)I -

Phylum 	 Sitea Phylum Site* 

Species 	 SFB CB PS PWS ChB PPB Species SFB C B  PS PWS ChB PPB 

Foraminifera Dindumcne leucolena X X 

Trochamn~inrr hadur X X X Diadmene lineam X X
 X 

Ciliophura Ecropleura cmcea X X 

Anclrrrocomu prLrenrprr X F i l e I h  serpcns 

Ancirrrum cyclidroidrr X Garveiofincircnna X 

Bovenu r~rediniy X Halecium delicalulum 

Corhcrrnia litnnorrrre X Maeoricu inexspecmro X 

Lobochonrr pmroier X Moerisia lyonsi 

Mirofollicalino Iimnoriae x X Moerisia sp. X 

Sphenophyra doriniae X Monorheca obliq~ca 


Maplosporidia 	 Obelio dichorom (oi~srrolis) 

Hoplosporidiam nclwnr 	 Phialella quadram 

Plumularia seracea 


Porifera 
Sarsia eximia 


Aplyrillu rosea -. 
lhrrilopsis nurricida 


Clionrr s p .  	 x X X X 
Corricium condelclbrum PLatyhelminthes 

Dysidea akum Pseudorrylochur osrreophoges X 

Dysideu frugilir Kamptozoa 
Hulichondr~u bowrbunkr, brenrsia benedeni X X X 
Hdiclonu hcrrroJ,b/rbm,rr h s o m a r o i d e r  laevis 
Huliclono loo.srm~~]~ Urnarella gracilis X 
Hulirrrrcrr dt'jurdini Nematoda 
Microciono prnlferrr 	 Anguillicola crasslcs 
pro sub err re^ sp. 


Bryozoa

Cnidaria Aetea anguina 

Amphixbenu op,perctrlora Alcyonidium sp. X X 
Anrennellu ~ecundurro Amrhia dislans 
BluckJord;~ ~viryinica Anguinella palmara X 
Bougoim~illeo muscul ( r r r n ~ u ~ ~ )  Bowerbankia gracilis X X X 
Cladonema rodioium Bowerbankia spp. 
Cludonemo ~uchidor 	 Bugulo "nerifiM" X X 
C h v u  malrecornt, Bugula cnlathur 

Cboa  hemixphuerica Bugula/7abellaro

Clyria poalenni Buguh simplex 
P Cordylophom m p ~ i o  . - L .  I Bugula sp. I X 

h) Coqmorphrr sp. Bugulo sp. 2 S 
Bugula rtolongera X X 
Celleporelln hyalina 
Conopeum rcliculufn 
Conopeum renuirsimunl X S 



:4BLE1 (Co,rrinaed) 

hylum Sitea 

:pecies SFB CB PS PWS ChB PPB 

c ~ p l o s ! ~ l op~l /u~to, ,<,  
Elecrro ptlosu 
Fenerrrrclinonzoturtr 
Membrrrnipom nzembmnrrceo 
Microporcllrr ct l iu~o 
Schi~oporelluuntcornrr 
Scrupurrn a,,,big~u~ 
Scn~pocelluriu berrholerri 
Scrupocellorio ~ c n t p r o  
~crupocellaria scrirposa 
Tricelhrio occidenruli~ 
Kcrorello pn~.ida 
Warersiporrr "subrorqltoru " 
Wo~ersi~orrrowaura 
Zuoborqon ventollunr,,~ 

rlollusca 
Aphnopnr fomzosu 
Borillrrrio nrrmmsnrurtu 
Birhyn~o renrocularu 
Boonea birtrrurnlis 
Basycoqpus cono1;calorur 
Carriona rickerrrt 
Cecinn moncharrco 
Ciponyapaledino ch,nrnsis 
Corbiculo flloninru 
Corblrlo gibbu 
Crurrosrrea vrrymrcrr 
Creprd~dlrrconvexrr 
Crrpidula/ornrraro 
Crepidulo plann 
Curhono prrco 
Cyrenoido Jlorrduno 

Eubranchus mtlukicn.str 
Gemtna gemmu 

P GeukPnrra de,nixsa 

-
h,
b 

Ilyunosra obrolerrr 
10nolus hyol~n,cr 
Lirrorinrr lrrroreo 

h) Lirrornio r u u ~ i l i r  
Lyrodul prdicelloiur 
Macornn perrrle,,t 
Melnnoirlr~ rubrrct~laiu 

TABLE 1 (Conrinued) 

Phylum 

Spedes 
-

Mercenario mercenario 

Mvrculisla senhousia 

Mya arenaria 

Myororelfa myosolis 

Mytilus gallopmvinicialis 

Nassariusfralerculus 

NurroNia obscumro 

Ocinebrellvr hornorus 

Okenia p l a ~  

penicolaria pholadiformir 

Philine aurifomrir 

potomocorbula amurensis 

Raera pulchclfa 

Rangio cuneala 

Rapana venosa 

Sukuraeolis enosimesis 

Stmmonila hnemosloma 

Tenellia adspcrsa 

Teredo navalis 

Theoro lubrica (fragilis) 
Umrolpinr cinerea 
yenempis (Rudiraper) philippinnrrcnl 

Wvipams georgianlrs 

Anndida 
Boccardia pmboscidea 

Boccardiella ligerica 

Bmnchiura rowerbyi 

Demonnx leucaspir 


Eteone sp. 
Euchone limnicola 
Ficopomntus engimariclcs 
HeremmasnrsjliformiS 
Hydroides elcgans 
timnodrilus monorheclcs 
Manoywtkia speciosa 
Marenzellaria viridis 
Mnrphyro "manguinea" 
Myxicola infundibulum 
Nereis succinea 
P a r a ~ i s f r i c i  
Potamilla sp. 
potamolhrir bovaricnr 

'.:.̂ a 
JllE 

SFB CB PS PWS ChB PPB 

X 
x 
X 

X 
X 

X 
X 
X 
X 

X 
S 

X 

X X X 
X 
X 
x 

X 
X 
X 
X 

X 

X 
X 

X 

x 
I 

X 
X 
X 
X 

X 
X 

X 

X 
x 

X X 
X 

X 

X 
x ,y - XS 

X 
I 

S 
x X X 

\ s 

S 

X 
X 
X 
X 

X X X 

I 
X 

X 
X 
X 



TABLE 1 (Conrinaed) 

Phylum Site' Phylum 

Species SFB CB PS PWS ChB PPB Species- SFB CB PS PWS ChB PPB 

Pseudopol?ddoru pur,cibmacbioro L e m e a  cyprimcea 
Snbrrco el on gun^^ Leucothoe sp. 
Subella ~pullanjnnil t ig in  m i c a  
Srreblorpio benedicri Limnoirhom sinemis 
T2bificoides upecrtnnrw L i m i r h o m  terrmpina 
Titbificoides brownae ~ , . hqdr ipuncmrn  
Tubificoider diazi firnoria rripunctara 
Tubificoider wnsselli Loxorhylacus panopaei 
Vnriachuerodrilus ongirsnipenlr Melira nitida 

Cruzlacea Melira sp. 

P 
td 

Acanlhomyrir osperu 
Acanrhomyxis bo~,rnnnr 
Acunirlla ri,lensir 
Ampeli~ca obdira 
Ampirhoe volidrr 
A r g u l u s ~ ~ p o n ~ r ~ ~ x  
Bolanus onlphtrnre 
Bolrrntcs r,nppm,;tn<> 
Cuprello muricn 
Carcinas muenor 
Chelum rrrebmns 
Cirolrrnu horjordi 
Corophium ucheraricatn 
Corophru,,) ulienetor 
Corophium herrrocemrum 
Corophium in~idiustmz 
Corophium xexrvnur 
Delramyrk holnzyeirnae 
Dynoides denririnar 
Eobrolzux xpinosur 
Eochelidium sp. 
Epinebulda sp. 
Eriochrir .sinensis 
Esrylrma vrcuora 
Eusrrrsrellu msrrr,colo 
Gammarzcx daiberr 
Girunopsi~sp. 

/ 

I 

Myn'licola orienralis 
Nippoleucon hinumensir 
Oirhona davisae 
Orconectes virilis 
Pacifasrcus leniurcahls 
Palaemon macmdacr?.liis 
Parocerceis sclllpra 
Paradernmine W. 
Paranlhura sp. 
parapleustes derzhavini 
Procambarus clarkii 
pseudodinpromus forberi 
pseudodiapromus inopinar 
pseudodiapromus marinllS 
Pymmaia ruberculara 
Rhithmpanopeus harrisii 
Sinelobm sp. 
Sinocalanus doerri 
Splureroma quoyanlrm 
Srenothoe vulida 
Srephos pacilicus 
Stephos sp. 
Synidoren laevidorsalis 
Tonanus derrriloburz~r 
Tmnrorchesria enginlarlra 

Hexspoda (Insects) 
Anisolubis maririma 

- IP 
td 
td 

Grandierello jupontcu 
Hemrzrups~cs sunguineas 
lois cul~Jornrco 
Ilyocrypra~ ugilir 

Conchopus borealis 
Golerucella calmariensir 
Galerucella pasifla 
Hylobius rmnsversovirrares 

Jusso ,,mr,,jaruro Neocherino bruchi 
Neocherino eichornia 



'hylum Site' 

Species SFB CB PS PWS ChB PPB 

Pr"co,,'ocr Ilmnnrrt. k Y 
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X X X X 


AObrm ,.?2,',!,5 A,,,,,,,,,'d,L l,<c,a"?<. ~ ' r " r c < >  I'!, tach %,<<*re a, ,"I~"WS. 
I I : I\(. 111, 

.'cJc,, 1 3 q  1l 'B.  1'1' <'hrlhrm IIXKI,uilpvbltrhed uhccklin) 
' u y r ~Sound 8 1 5  1'1 Cdrilvrl \( W ~ n h n n ,unpublished mmuscnp~) 
>,,,,cc !v,ll,a,#, ><,,.,,d ,I,\\, ,I~,, 

Ih=,npcake 110! C<' I IY 1171 

'hn Ph#l#pI h :  0,PIl 6 7 ,  

S per chtuiiry r;lrtguh Iruit~ 10 to 157, and the percent overlap of NIS between 
Irs of estuaries varies between O'h and 90%. The percent overlap was often 
imme~rical brtweel! rsluary pairs, especially where a disparity existed in total 
mber of NIS. E*tuaries w~th relatively few NIS had the greatest overlap with 
uaries with a largcr ilumbtr uf invaders. As discussed above, the total number 
species shared among estuaries is much greater than it appears, when native and 

h, 
iptogenic hpecles are included. 
Although i t  " lay n<,t bc surprising to find relatively high NIS overlap among 

- I& :st Coast cstuarirs from California to Washington, the degree of overlap among 
h) :more dihlanc estuaries (e.g. across oceans or continents) is notable. The pair- 

@ 
he overlap rdnpcs li-um 6% to 1 1% among San Francisco Bay, Chesapeake Bay, 
d Pun Phlllp B:ty iAuhlrillia), as shown in Table 2. Five species are known 
invader5 in all ~hrce estuaries, and twenty NIS are established in.both San 

anciscil E;,! .(lid ('hc\dlli.ake Bay (Appendix I ) .  An additional 43 established 

shown as number and percent (parcnthcscslb 

c c m  r n  PS PWS ChB PPB 

SFB 

CB 

PS 

PWS 

ChB 

PPB ...=.- -

.%Table I for abbrruiuionr. 

species introduced to Sari Francisco Bay uccur ns 111I I L I ~ I ~ ~ >~Ilc~>.~[~c:lhe 
Bay, and at least 6 other species (Bo~.~.orrlirlln $ , l l ' l i l ~ .lixr.rit.cr. Ilo~vt~rl,<i~~h~rr 

Molgul~r enn~lrorrrtu~x. c~ll.c/,c~,:r~tHalichondrin bowerbankiu. and 7>,,t,llr~~ 1 :lrc 
~~yptogenic  hull1 01'in Chesapeake Bay and introduced to Sari Fr;locisr.u BA!: 
these groups are not included in our estimates for Table Z (\vhlch requires the 
species be inuoduced in both sysrernsl. However. there :Ire Gnl! tuu  i:lsc> oi 
species cryptogenic or native on the west co;ist. includiog Sail F ~ : L I I ~ I Z ~ < IBA!. ~ I I J  

inuoduced inlo Chesapeake Bay (the didturns Cosri~l~~iirctr.S xlld 77l'lc"l~- ~ ~ ~ ~ l i l r ~ s f f  
siosira puncligera). . . 

The data for West Coast estuaries shuw ;lo iotr~$uno$ l~titoJtn;~l 0.~1tcrt1.\\ 1111 
number of NIS increasing signiticanrly fro111 nonh ru south ciur I'rlllic . . \Villl.~111..--
Sound, Pugel Sound, Coos Bay, and Sen Francisco Bay: y = - > . > I \  - ::-i. 

? = 0.762, P c 0.01. where degrees litritude is the i~ldependetlt \ar~.~hlc.  ><c 
~ ~ b l e sI and 2). Fewer invilsions :Ire. Ilu\\,evcr. knuwl~ iru111 ~ O L I I I I ~ I I I( ' . t l i l l~r~l~;~ 
(n=35) than San Francisco Bay (n = I I I I ~ I I ~ I V L .157) ( 3 5 )(T.lblc 21. I I I~~uI .~ . I I I I~ ! .  
analysis of NLS invasions is not yet avail;ible for an! b;~y lo S U L I I ~ ~ ~ I I  C..~li i~r~~~ic.  
similar to that for other esru;lrirs in Table I 

Recentanalysisof Pearl Hiirbur, H;bw;~ii. indiciltcs 111~11;I rcl;~t~\cI!11b;h 11t11111vr 
of that NIS are established i n  this low 1;ltitudt emboy111c.111. 1101 !~.t. A I I I I ~ I L I ~ I I  i t l l l l -

! plete for direct comparison in our an;llysrs. Carltull ;111d €Idrid+' (201 i~.purt 150 
N1S of invenebrates and alt._;te ;ire est;~blished ;\I this site. incre;ts~o: :I!] c ;~rl~cri l l i -I 

tial estimate (32). This result appeslrs c<rnsistei1t with rhr. I ; l t i luJ l~~;r lJ Y . I ~ I C ~ I I. I~o( .c .  

However, island sires may differ frurll cu~ttinenlill ones 111 111:111! rc>pcilh IS.:. Y I 1  

http:lixr.rit.cr


that could cur~luund ililciprctau~lll c r i  latitudinal etYects. Analysis of additional is- 
land sites, both troplcal and temperate. is necessary to partition the relativeeffects 
of latitude versus land area (i.e. mainland versus island sites) on invasion numbn 

The five focal estuaries (Table I) display both similarities anddifferences with 
respect to invasion pattems, as described in recent analyses (30, 31, 67. 117; 
Carlton & Wonhm 2000, unpublished manuscript). Mostdisplay amongincrease 
in the reponed rate of invasions. The NIS among sites aredominated by crustaceams 
and molluscs, and most invasions are athibuted to shipping or the combination of 
shipping and fisheries. Native and source regions of the NIS are highly variable. 
panicularly across continents or oceans. Although some sites do not exhibit a large 
range in salinity (e.g. Pon Philip Bay, Puget Sound), the other estuaries exhibit 
contrasting salinity patterns of invasion. For example, the total number of NIS 
increases three- to 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 to twofold) and peaks in the mesohaline zone. Inconmt ,  the 
number of NIS in the fouling community increases with salinity in C h e s a p d e  
Bay but decreases with salinity in Coos Bay (46, 117; GM Ruiz, AH Hinu, 
LD McCann & JA Crooks, unpublished data). 

Most data about the extent and pattems of marine invasion in Noah America 1 
and elsewhere come from protected bays and estuaries, and we bave presented 
data from a small number of sites. Although data on marine invasion panems exist 
forother global regions, (e.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. differing subsrantially 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 pattems across these additional scales. 

IERSTANDING PATTERNS OF INVASION 

Hypotheses that could explain the observed pattems of invasion may be grouped 
into three general categories related to: (a) variation in propagule supply char- 
acteristics; (b) variation among recipient regions in susceptibility or resistance to 
invasion; or 1c1bias in the quantity or quality of existing data. These hypotheses 
are not mutually exclusive and have been advanced in various forms and combi- 
nations to account lilt invasion pattems by space, time, taxonomic group, habitat 
type, and donor region 134,50.81,82,84, 101, 116, 121, 129,143). Below, were- 
view these hypotheses in more detail and evaluate existing suppon for them in 

I 
I 

-

h)
& 
h) 
bb 

- -  

marine communities, discussing ways in which these hypotheses may operate to 
generate observed patterns. 

Another theme in lnvrsion ecology has been the invasion potential or capacity 
of a 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 

;/ 
i 
j 
I 

which species invade, what makes ;i guud IIIV:L~CI.  .111111~1113-;LIIJ\ \ l l ! i l i  I,: 

species contribute to differential invasion success'? A general \,ie\r IS tlliit !lie 1115-


tory amibutes such as the intrinsic rate of population increase, r. play a s~go~ticanl 

role in determining which species succeed, although empirical dara in suppon 

of this hypothesis are often confounded by other variables (52. 120). Gec>gr;~phic 

range, which integrates environmental tolerance and a variety of populatio~~ 
cku-

acteristics, has also emerged as a predictor of invasion success and Irdb sonle 

empirical support (143). In this review, variation in invasion potential k ~ s  been 

considered as a component of the above three hypotheses, because our iwus  IS 


on of NIS richness, not individual species ch;lracteristics. T ~ I I I ~ .  
ibr our 

purposes, we consider invasion potential as a component of propapule supply (;IS 


described below under Different Donor Regions's. and Condition of Pr~>pa&!ulcsl. 

which may modify the relationship between supply and in? d,IoI~sLIcceSs


-. 

Progagule Supply Hypotheses 

Supply hypotheses propose that variation in propagule deliver) ;~ccouots ior vorl- 

ation in invasion patterns. In its basic form, proprgule supply is portr;~yeJ ;IS lhe 

quantity of arriving propagules (propagule pressure), with the number uiinr;~siuos 

increasing as afunctionof total propagulequantity (84. 119. 120. 143). Suppl? hy-

potheses by themselve~ predict that the same propagule pressure in space or time 

would result in approximately the same number of invasions. Thus. the rr.1~1- 

tionship between propagule supply and invasions would be described by a sit~yle 

function across spatial and temporal scales (82. 143). 


Propagule supply can be broken down into component pitns tI l :~t  eilcll 11l:ly 


affect the invasion outcome, including the following: 


Total Quant i ty  (Propagule Pressure) 

The quantity of propagules released may be correlated signilica~~tly tu inr;~siun 

success. Studies of propagule pressure have (a) correlated estimateb ui the rate of 

propagule arrival and invasion or (b) measured the success of intention;tl introduc- 

tions as a function of propagule number (10.84. lI-I.Il9.120. I43 1.  


. ,
Inoculation Density, Frequency, a n d  Durat ion 

The spatial dispersion and tempo of supply may have imponant consequsllces. 

The same quantity of propagules can be distributed differently il l  q,:~ic :tnJ tllnc. 

affectinginvasionsuccess(112. 121. 142). In p;micul;~r. i n o c u l ; ~ t i ~ ~ ~ ~ c l i ; ~ r . ~ ~ ~ c r i s t ~ i s  

that result in consistently low propapule densities nxly producr. tl~iicrc~il 
S L I C L - C S ~  

rates compared to those resulting in high local propagule drt~sit~es c I .  IWI. 

M e r e n t  Donor Regions 
The source of propagules may influence invasion success. due to a number v i  
differences in the donor region. These include different species pools. difierins 
genotypes of the same species, as well as differences in density :ind io~idiriun 



i ~ e .I I and .condrtion" as dtscussed elsewhere). Propagules 
from rwi~ donor regions may therefore differ in their physiological, life-history, and 
ecolog~cill charactcrisuci that can modify capacity to invade the same recipient 
en\,ironmrnt (37. 43,lOl. 1351. Discussions of such variation among donor n-
gions are often accompa~~ied by consideration of "environmental matching" or 
"biotic resi>vancr" in the rrcipient region (see below). 

Conditiorl of Propagules  
The physiological condition of propagules upon arrival to various recipient regions 
may vary, depending upon the individual organisms (e.g. life starre or age) and the . . - - ,history ot rransfer (e.g. vector, food, temperature. season, length of journey, etc). --- 

In turn. this may affect performance of propagules and their invasion success 
(69,96.97. 123. 147). 

For marine and estuarine habitats, these aspects of propagule supply exhibit 
considerable spaual and temporal variation that may contribute to observed io-
vasion patterns. The strongest evidence for supply hypotheses derives from in- 
creased propagulr pressure and a corresponding increase in the rate of reponed 
invasions. In general, the transfer rate of marine organisms is thought to have 
increased, especially during the twentieth century, due to changes in the size, 
speed, and operation of global shipping traffic (17,116). Ship size is correlated 
posiri4ely 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, unpubl~shed d m ) .  The increase in shipsizes could result in increasing 
propagule prrburc. The increased speed of vessels over time may have further 
increasrd thc number and condition of arriving propagules, especially in ballast 
water where survivorsllip of organisms during transit is often time-dependent (58. 
77. 123. 147: LD Smith, GM Ruiz, AH Hines, BSS Galil & JT Carlton, unpub- 
lished data]. With expanding global trade, both the number of aniving vessels 
and the number of source regions (i.e. last pons of call) have increased at many 
recipient pons. This combination of factors may increase the overall number of 
propagules arriving to pons over time as well as the diversity of species and geno- 
types involvrd. Furthermore, as invasions continue to accrue at the source pons, 
the diversity u i  expuned propagules may funher expand and promote a positive 
feedback of "stepping-stone" invasions (17.69.77). 

Working against [his presumptive increase in transfer rate, however, is the 
probable decline in ship fouling communities that characterized wooden vessels 
for many ccnturio, as well as steel and iron vessels up to the mid-twentiethcentury 
(12,221. Several lactors are thought to be involved in a decline, including the 
development of anti-fouling paints, lower pon residencies (leading to reduced 
seulement ol ' louli~~g organisms), and greater speeds at sea(leading to morespecies 

- I@ being washed away by shear forces. while also facilitating potential survivonlup 

h) for those organisms that remain, as noted above). The balance amongthesevarious 

~1 processes, operating io both enhance and depress transfer rates by ships over time, 
remains lu be quantified. 

* p o i o n , , f , s r d  p . r . t , I  I t . i..:.:.. . - ... -. . . Z L . '  

regions)andvecrorsof NIS clearly reHcctsqu:il~r:~t~ic III~)rui~.k~LtIcJ l l i e r c ~ ~ i c ~  >LIP-
ply. This is most evident in comparison of West Cu;wt illld E;1s1 c~:l>tP:ltl~I'112. 
( ~ ~1). Most marine invasioils to the West Ckxtsr ortgt!l;rtc lrum tllc Indcl- ~ ~ ~ d i ~ 
west pacific (including Western Pacific) and Wcsrem Atl;tntlc. h:i\loS the s.line 
native and source regions. In contrast, most invasions to the E.~st Cu;tsl r~rig~tLlle 
horn Eastem Atlantic, although many of these species are n;!ttve to the Pi~cl t i~ .  
Thesepatternscorresponddirectlytorhe dominant tradecorridors for the respecri\.e . 
coasts in historical time (12. 24, 30. 117: US Mwiriins ;\dmioistratioi~. uilpub- 
lisheddata). Funhennore, although shipping W;ls identitied ;I.: the prub.lblc \ r ' i t c ~ r  

for most invasions along each coast of North America. m;toy more ~i~vcrtcbr.~tc 
species arrived via fisheries ru the Wesr Coast compared to the East C'o:ist rill. 

117; Appendix I). This difference in ii~rroductioi~s fisheries correspuilds tu :I~ i a  
marked difference in supply of oysters between coasts: the \Vest C'<~:lsr received 
extensive shipments of oysters from the western Atlantic and the \\-tsttnI P ; I ~ I ~ ~ c .  
whereas oyster transfers to East Coasr fisheries have b ie i~  i l ~ ~ n c ~ r  c~~t l lp :u is~~ot)! 

and primarily intracoastal(14.117~. 
quantitative relationships betweetl propagulc suppl! .titd >p:!ll:ll III\;LSIOII 

panems are much lessevident. For exanlple. despite the disptrli? 111 ituillhervi NIS 
between the East and West coasts, or between S:ln Frnocisco B;i! and C'llesapt:kc 
B~~ (Figure 3, Table 2). there is no evidence that pr~p:igtiIe s~lppl! his heen 
.greater for the West Coast compared to the East Co;lst. or for S:tn F ~ i i ~ < ~ s c v  Bn! 

to Chesapeake Bay. Estimates of thc present ilutnber td ship :~rn\-:il~ 
and the total of ships' hall;ist water arriving froill u\-er>r.:!s :lrc ~le~i l ive ly  

with apparent invasion p:itterns. Fur 1097-14')'). illtlrc \r,s.;cl$ olrivcd 
from overseas to the East Coast, as well as the Gult Cuosr. 111;111 1 1 1 ~\\<st C.<v:l~t 

(U.S. Maritine Administration, unpublished dava: GM Ruir. .A\\' 51illc.r.8 SteveS. 
RA Everett & AH Hines, unpublished data). C.ullon r.1 ;I! (2 -1 )es1illl:iteil tllal the 

arriwls
largest volumes of ballast water discharged at selected ports from iorei, 
in 1991 occurred on the Gulf Coast (New Orleans) and E;tst Cu;ist (Cbc.. p &,ke 

Bay), whereas discharge volumes to West Coast pons rincludii~g Skin Fri~ilciscu 

. Bay) were relatively low; however. toi;ll volume estim:~tes are not yr.1 ;~v;til;ihlr.for 

I the entire coasts. Funhermore, the cun~ul;iti\.e supply o i  cxo t~ i  ~ l r ~ ~ p ; ~ ~ ~ t I c s  
~ v e r  

j historic time(which is unknown) may also be greatest for the E:tst C'~l:tsl. rctlcr~lin; 


temporal differences in the development of exrensi\>e European iul~~il iz.~tiu~t 
;illd 

j oceanic wadeamong Nonh American coasts (GhI Kuiz. JTC:~rltun. k' Fot'uiluff k 
' ! AH Hines, submitted). 

1 Although it appears that total propagule supply in  these ~ ; L I I \ \  I><  ~ O I ~ I ~ . L ~ I ~ U I I S
' may run counter to the number of known invasions. ships nu\\. :11TiY111~.11 Lllc \ ~ s I  

Coast (relative to the East Co;ist) m;ty include fewer JCNI<I~ K U I L  t t  :II.p,rt> 1'4. 
I 

unpublisheddara). A relatively lirnired number ut dullor site.: uxruld ~ ~ r ~ ~ l ~ t ~ ~ s  result 


j in repeated inoculations of the same species nlorc irequci~tl! 10 rhc \\<>I V,ust lhiiil 


i to the East Coast. and [his could increase inr,;isiori soLx"'r (22. I I  . I l j l  Further-

more, thedonor pons for ships arriving to the West C~xist :ire irunt rl!rt;.rcilt rc$iuns 



than tlltn\i- itrr~\lrlg1t8 t h ~  CWSI(US M a r i t i ~ ~ ~ eAdministration, unpublished
data), and may also diiter In the diversity and densities of arriving propagules. 
We do not know the extent ru which the spatial and temporal pattems of thae 
progagule supply characteristics differ among coasts. 

The relationbhip between supply and taxonomic distribution of known ma-
rine invasions has received little consideration (however see 146). In general, we 
expect that the number and diversity of propagules released into marine environ-' 
menrs by humans is inversely correlated with organism size, reflecting the general 
availability of organisms in their natural environment as well as the abundance of 
organisms mcasured in ballast water of ships (9.56.60). For example, it is not 
unusual to detect bacteria in the range of 10'-10~ cells per liter in ballast water. 
compared to dens~ries of 10'-103crustaceans per liter (47.69, 123; GM Ruiz, FC 
Dobbs, TK Rawlings, LA Drake, TH Mullady, A Huq & RR Colwell, unpublished 
data). However. the relative number of reposed invasions for small organisms, 
and taxonurnlc groups dominated by small organisms, is perhaps not surprisingly 
counter to this expectation (as discussed in Data Bias Hypotheses section, below). 

The relationship between supply and salinity distribution of invaders is also 
poorly resolved. I t  is clear that propagules have arrived frequently from high 
salintty zones of donor regions (14, 21, 30, 69, 123; GM Ruiz, LD Smith, AH 
Hines & JT Carlton, unpublished data). We speculate that most ballast water (and 
entrained prupagules) arriving in Nonh America from overseas is of relatively 
high salinity, as described lor Chesapeake Bay (123) and Coos Bay (21), but this 
is not at all clear. S~nce species richness often increases with salinity in estuaries 
(7.42). rh15 may increase the species pool arriving in ballast of higher salinity. 
For marine invrrtebrates and algae, we hypothesize that both species richness and 
absolute number o l  human-transferred propagules have generally been greatest 
from high salinity zones of donor regions, corresponding to the pattern of invasion 
for Nonh America. I f  true, however, this would not explain theobserved difference 
in salinity distribution of NIS between the East Coast and West Coast, or between 
Chesapeake Bay and San Francisco Bay. 

So tar, 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 to believe that invasion potential differs among 
donor regions and taxonomic groups. corresponding to size, life history character- 
istics, and environmental 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 invaston resistance among recipient regions (17). Although an 

h) intriguing poss~bility, we presently lack the data to critically evaluate variation in 
- invasiun potential or 11s importance to patterns of marine invasion. 

h, 
0 

We have identitied some possible associations betweenpropagule supply and in- 

vasion patterns. bawd primarily upon qualilative data. Somequantitative dataexist 
on propagule bupply in particular marine systems (21,28,56,58,61,63,64,69,76, 

86,99, 123, 127, 141, 146, I4Y) Huu.eucr. lh~.>c llvl 1Pcr.11 11;dit1.1h;h\u ..'lic.li..t 
a standard fashion or compared directly to invasion patterns tu test iur speclric 
associations. Comparative dara on propagule supply amollg sites largely remslll 
to be collected and should include measures of diversity. frequency. deosity. :lnd 
condition of propagules (as above). Until such quantitative me;lsures of prclp.lsulc 
supply are available, we cannot adequately and formally test the v;trious rcl:!l~o~I- 
ships between supply and invasion in marine systems ( 8 2 , 1431. 

Invasion Resistance Hypotheses 
Resistance hypotheses hold that invasion patterns result fronl variiilioll ill <h:tr;~i-
t&sticsof recipient environments that prevent (or facilirate! survival :111d cstilhlish- 
ment of NIS. Lonsdale (82) has effectively illustrated thii concept \ \ ~ t ha rl~tlplc 
equation: E= 1s. Here, [he number of successful invasions ill ;I site (El Is rlrc p n d  
uct of number of exotic species that are introduced ( I )  and the surv~v:~l 1:11coi 111~.x'  

species at this site (S); we assume that [he term I cutltrOls for deos~r!. trequeni!. 
and tempo of inuoductions (as discussed above). Supply hypotheses :lssunle th.11 

S is approximately consrant, whereas resistance hypotheses do nut. Instc;lJ. the 
latter predict that given the same supply characteristics (11. the resulti~l: ~ tu~ohcr  01' 
invasions (E) differ among sites or times due to uari;~riun in survi\.orsl~tp (SI. 
whenconrr0lling for supply, such differences in the inutnbcr uisucccssl'ul I I I V ; I S I \ I I ~ ~  

are considered to result from differences i n  tnv;~s~oomsist;~nce( i . t .  . > L I ~ ~ ~ P ~ I I ~ I I I I !  
or invasibility). Invasion resisrance is therefore a relative term. \\.hiill ;irthc> troll1 
variationins andcan only be defined by measuring residuals fro111 111;. rul:n~uoslll~~ 
between I and S (82, 143). As a practical matter, sur\,ivorship is ofeo eqtl:ited \v~th 
invasibility (the inverse of resistance), since survivorship is the response v.ui:~ble 
to resistance that is difficult to quantify. Unfonunately, eqtiating survivorship \\.it11 

invasibility may obscure rigorous analysisof resistance as an independent ;~ttrihurs 
of the recipient system, which regulates the survivorship respollse. 

As with propagule supply, resistance hypotheses can be di\.ided L I I I I I I I I ~  

gories based upon factors causing variation in survivorship. Loi~sd;~lc (S?I ;us- 
gested survivorship (S) is a product of multiple sur\,ivorship funcuuor: S = 
SIS2S 3...Sa, where St_ ,  represents survivorship due to different ;~rtrlbute; t 1.111 
of the recipient environment (e.g. environmental condiri<lns. pred;ltorh, p;~tllugcos. 
etc.). Thus, resistance can result from any one or a cornbin:~tion o i  attributes t h ~ l  

affect survivorship of propagules differently among recipie~lt ~ I I Y I ~ O I I I I I ~ ~ I ~ >  

For our discussion resisliltlce hyputhcscr il l  !lt;iriilc lh;~hn:ht.. >\I. J I \!LI< !L'-

sistance into two general components: abiotic and biutlc. T11c abt~lt~c L . ~ I I I I I N I I ~ C I I I  

includes environmenial conditions. such as hilbitat distribution :uld .1\:11lilh111t!. 
that affect monality; this is roughly equivillenr to mortality res i l~ t in~ frvlll 111.11-

adaptation (82). For example, tropical species arrivillg ill polor L.L.O~!stCltli III.I! 
experience very poor survival compared to those arri\*ins i n  teloper;lte or tropi~;ll 
ecosystems, We consider this difference in survivorship :111d ~ I I Y ~ I L I I I I Is11Cces; to re- 
s~ltf~omdifferencesin abiotic rusisli!~~cc. The h i~ l i c  ~llclutlc.\cot~lpollc~ll \ : I ~ I . I I I ~ I I I  

http:..'lic.li.


I I l l 1 I I l r c t l l s  r e .  competition, predation, disease, 
parajlt~s~ii,c tc~.  i~ltd d~fiercr~ces in  the strength of interactions among sites may 
result in diRcrcnceh 111 biotic resistance. The roles of biotic and abiotic resistaoce 
to invasion success have been explored using a variety of quantitative and theoret- 
ical approaches, providing strong suppon for both (4.25, 101, 106, 11 1, 128-130, 
133; see also 79. 110). In addition, an extensive literature since Elton (50) also 
indicates that disturbance can significantly affect invasion resistance (54, 70, 71, 
100; but see also 126). We consider disturbance to either facilitate or inhibit inva- 
sion through changes in biological and environmental conditions, affecting biotic 
and abiotic resistance respectively. 

Cons~dering known differences in the biological and environmental atuibutes 
among marme systems ~hroughuut the world (8.48.134). variation in resistance 
:o invasion 1s v~rru;tlly uertalo. Funhermore, temporal variation in invasion resis- 
ance is an expected outconic of the broadscale changes and diswbance in re-
:ipient coastal ecosystems resulting from habitat alteration, freshwater diversion, 
:utrophicarion. fisheries exploitation, sedimentation, anoxia, chemical pollution, 
md invasion (25.45.54.70. 101, 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 rime (6,62,89,90,95). 

Despite these predictions, tests of biotic or abiotic resistance to invasion are 
xtremely rare in marlnc systems compared to terrestrial systems. Smith et al 
123) showed rhat must propagules released in Chesapeake Bay with the ballast 
rater of ships derive from high salinity environments and are faced with low 
al~nlty condil~ons upon release, suggesting that abiotic resistance may be reC 
lively high and limit many potenrial invasions. In addition, an experimental 
:udy has shown rhat species richness had a significant effect on establishment 
~d survivorship of' exotic marine species, using pre-assembled fouling c o m u -  
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 limiting with increasing species richness. A similar outcomemay re-
,It from disturbance events that reduce diversity and space occupation, allowing 
re species to become established and persist (98, 124; but see also 79). De-
lire some suppon for effects of species richness on invasibility in freshwater and 
meslrial systems. the tnreraction between species richness and invasibility has 
:en variable among c<rmrnunities, suggesting that the interactions are often com- 
ex and any grncralizau~~ns are premature (78, 79, 82, 110, 145; see also 80 for 
view I 
Climatic ditkrences between the respective coasts may also contribute to dif- 

rences in abiotic resislance (8, 134). Although there isagrowing literatureabout 
h) e of envirunmental matching to predict invasibility,.or abiotic resistance to inva- 

- In (59,68, 1431, we urge caution. To date, there are no clear demonstrations of 

h) s approach as a predictive tool in marine systems. For example, it is tempting 
suggest that the paucity 01' NIS known from Prince William Sound, Alaska, is 
large part a rcsult o i  environmental resistance, which may be intrinsic to high 

latitude ecosystems. We sur~tirse that rcl:il!v< p~op;~guIC [ ~ ~ C , Z L I I C  1 ~ 1Ilia. Ic.sltlll 

historically has been low. Propagule supply to Prince \ ~ ~ l l t i u t l  iltcre;lSed~0111td 
markedly in the latter half of the twentieth century, as oil tankers h:lw Jeltvered 
m u a l l y  since 1977 an estimated 20 million metric tons of ballast \v:lrer 10 the ire;! 
(69). Most of this ballast water and associated plankton 0rigin:ites f l ~ ~ l l t\vcslCrII 
U.S. ports, including Sari Francisco Bay, rhat are inv;ded by NIS. Kccent ticlll 
surveys in Prince William Sound have failed to detect many ne\v ~nvasions (65)). 
Although the low number of NIS is consistent with an cnviru~l~nent;lI witstance 
hypothesis, there may be significant rime lags in detecri~ln u i  rr.cellt !n\:lslulls 
More fundamentally, we lack comparisons of i~l\ .asiu~~ s~lessuccess :~111~111~  ill:lI 

connol forpropagule supply, providing the necessary reference pwnttsl lo estittl;~te 
resistance. 

Despite the current lack of data to evaluate io\.;~siJ~I restst:!ltcc. \ r ~ ,s u ~ ~ e s t  
that variation in invasion success anloog sires is prub;tbly tltc rule r:~tllcr t11:111 111c 
exception. Inourview, thequeslion isnot whether biotic ur ahiutii resisr.ll\;c exists 
but how much variation exists in space and time. Funhcrnlorr. $iven the plethuru 
of missing data and potential confounding factors in un;tlysis of curre1;tiive rielJ -

I
data (82; see also above), we advocate an experinlenral and theoretical approach 1,) 
explore both the variation in invasion resis!ance ;~od its rulc i n  ohserved inr:1stc~11 
patterns. 

Data Bias Hypotheses 
Many potential biases exist in the observed parrenls ullll;lri~~c ~ttvasiun, 
Potential biases may result from three fundanlenlal aspecls of ~ h c  present k.iv.1: 

1, The search effon for NIS is unevenly distributed spati;tll?. te~llpur;~ll>. :IIIJ 
taxonomically. ,411 of the data used in our analyses, and 1llc1,e u i  e;lsttll~ 

compilations for the well-studied estuaries. ;ire clcrived pl.iltt;~ril! 1'1~)111 


literature-based syntheses ( I  1.  20, 30. 117: JT Carltun 2000. o~~pt~hlishcll 

checklist; Carlton & Wonham 2000, unpublished manuscript: but see bi I .  


These data represent "by-catch" from a wide spectrunl of reje:trch. 

surveys, and observations. The focus (habilats. s;llin~ty roncs. t;~xo~io~llic 

groups), resolution (taxonomic expertise and le\.el u i  ~dent i t ic .~r~u~~l .  
:IIIJ 

uf all .I 1:.\>e> ~ r c  tl~creiorcextent (sampling effort, areal co\,erage, ou~ober~  :~ 

uneven in space and time. Thus. d;ll;l for :111:~Iyscs ;~rk'1101 lllr<'\tI! 
comparable (especially among silts. rimes. or i:l.ion,>~~t~c . i>  IIIC!; I C I I I ~ I .  
result primarily from thc accurnulntiuo 01' Ihis1oric;ll ;tn;ll! sc. 111.11 \\Clr. 

conducted for a diverse variety of reasulls. 

2. The quality of systematic and biugeograph~c informot~o~t 1s ultc\.c111! 
distributed raxonomjcally. There is an inherent bins 1x1 ~hr .qu;tItt! $1' 

information available among taxonumic pruups. Soltlc or~lliislllr ;Ire 
relatively large andonspicuous. with hard parts rh;~r ;we prescrv<d ill lhr. 

fossil record (e.g., molluscs, crust;~cea~ts). .IIIJlit  ge~ler:ll. 1I1c \!stctlr.ttli> 
biogeography of rhese groups arc well known iel:!li\.c I,) s~t~itllcrI > I ~ ; L I I L S ~ I I ~  



I C  g I . I 1 1 t l g 1 a t s  and m~croorganisms) tbr which 
the hibtur~cal burveyh and paleontological records are much more limited 
and the systematics are often poorly resolved. 

3. 	The quality of biogeographic information is unevenly distributed among 
sites and regions. The extent and timing of search efforts differ relative to 
the onset of intensive pmpagule pressure. For example, intensive shipping 
began in Chesapeake Bay approximately four centuries ago, predating 
surveys c~tmilny tax~rnomic groups by decades to centuries. In contrast. 
intens~vc prupagule 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 uur ability to differentiate early invaders from native species 
(18.53. 117). 

Although we are confident about the information presented for the 298 M S  
Appendix 1J, providing a minimum level of invasions on the coasts, the uneven 
uality of dala may cause invasions to go undetected and thereby influence ob- 
erved invasion patterns. Iris for this reason that we have characterizedouranalysis 
f existing dara as "appwent" patterns. Here, we evaluate further some biases that 
lay 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- 
ision in our analyses. As suggested above, this may result primarily from two 
)urces. First, the search effort among sites is uneven (#I above). Forexample, the 
search effon for San Francisco Bay is undoubtedly greater than that for Rince 
'illiam Sound, and effon for individual taxonomic groups also varies amongsites. 
:cond, and possibly more significant, the quality of historical baseline informa- 
In on biotic cummunities is highly variable among sites (#3 above). We expect 
)th the search ef f i~n and quality of baseline to affect the number of NIS detected 
ithin each sitc ~-

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 difficult to compare or normalize prior search effort among sites, because 
:historical information results from a variety of studies and methods. We 
zsently know of noapproach tocontrol for these missingdata,shortofconducung 
rvevs. 
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 effon: (a) there has 
h) en no ..case study" of. invasions for a Gulf Coast estuary, similar to those 

-	 bb San Frmclsco Bay or Chesapeake Bay, and (b )  the extent of historical re- 
h) xch on marine invertebrate communities is lowest for the Gulf coast. On the 

00 'el of estuaries, similar potential for strong bias clearly exists, especially for 

sites like Prince William Sound culnpar~.d lu L ) I I I C I  c\lu;xrtc\. :\ .tir\c) ,%ILLYL,I , I  

Prince William Sound resulted in 20 new species records lor the re;iull. ~l~iludillg 
3 NIS and many additional species that were native or cryptogenic t 6 9 1This sus- 
gests that the biota remains poorly described. Although the poor record5 u i  10<~1 
biota may result in bias, this survey also did not detect nlaay of the NIS tll ; t t  h;~ve 
heen evident at other West Coast estuaries. In cunlrast. a simi1;lr set of >IIr\cys 
in Chesapeake Bay detected five new N1S for that region ( 1  17 I. We therefute 
hypothesize that the observed numerical differences in NIS il111on; '.itu;brles 111 

Table 2 does not result from differences in search effort. 
While it is possible to test for bias due to search effort by i r n p l e n ~ e n t ! ~ ~ ~  stilll-

dadized surveys, the issue of uneven historical baseline inforn~atioll ;ut~uog .ire, 
is more &ifficult to resolve. For each estuary and codst. there ;Ire ir!ptu;enic 
species that may be either native or non-native (30. 69..1 17: C.ulto~~ A 	\VLIII~.IIII 
2000, unpublished manuscript). Some cryptogenic muine specles are coosplc- 

uous, smcturally and functionally, but the historical record is ;t~nhi:uuus : I ~ O L I ~  


their d i s~bu t ion  prior to ocean trade (Table 3) .  There is stroll; rt...li,lll tu be- 


lieve that the extent of cryptogenic species is unevenly dis~ribuled itmunp cllcs 

and coasts, corresponding to the extent of biotic sur\-rys prior to the onset ut  

intense propagule supply (18. 117). We therefore predict that the nulllher u i  in-

vasions that are cryptogenic is greater for the East and Gulf Cui1st3 c~u~lpilrr.d 

to the West Coast, and for Prince William Sound compared 161 uther \Vest Cu:lst 

estuaries. 


To explore the potential magnitude of cryptogenic species. Ft~fi~ouit'et al (53) 

found that approximately 34% of 780 species from the Chcsape:Llie B:I. ;~Isu 

occur in Europe. Although a few (5%) of these species are I ;II~\VII 
111\.:1ders to 

the Chesapeake or Europe, the invasion status of most have never bee11 e\aluaced. 

suggesting that 30% of 739 species should be considered cryptO$enic a1 present. 

The first records formany of these taxa follow by decades to centulies the ~ ~ l l l ~ i l t l ~ l l l  

of extensive commerce with Europe. Fofonoff et al surmise t h ~ ~n1:ln)' XIS I I X I ~  


have arrived with early trade and are now included in this ~~ne\-;~lu;~terl of
;ruup 
species. We suggest that the extent of overlap betu-eel1 West Cc,:isl e;111:1r1es :111d 

the western Pacific may be lower, due in pan to the timing ui trade ;find sur\.sys. 

The extent of cryptogenic species may also be lower alone the \\;..it tha~E:~st 

Coast. It would be insuuctive to quantify and test for such asy~~~r~ir.rr! ; I I I I L I I I ~  

coasts with comparable data sets. 
To further explore this possible bias in the obser\sed patrsrtl u i  i ~ ~ v a s ~ u ~ ~ .  

examined spatial patterns of invasion fur ~i~ollusc*. which nrc rcl:~ti~r,L! ..,,nipl~.-


uous and well sfudied, have a fossil record. and are presu~~i;~hI) 
1c.s. ),rot!< to 
be missed as invaders. Despite our predictio~~s bout hiiis due to a! l l tuge~~~c 
species, the distribution of invasions for molluscs shows the si1111c geller:~l sp;lli:ll 
patterns that we reported across all raxonomic groups (15). Specitic:llly. the dilta 
indicate that the largest number of mollusc invasions :Ire I;1111\\.11 fr~~r11 t11c \i'tst 
Coast (47 NIS) compared to the East and Gulf Coasts (?Y and S NIS. ~ c s p e i t ~ ~ c l y :  
Appendix 1). 



Prcscnt World Date of I" North 
~pccics" 	 I'hglum Distribulion American Record I)istributio~~' 

-..--. 
Puthogc~~s&Pnrasitcs-
Vibrio c h ~ l e n ~ ~  Omnihic~erin Cos~sopolrl:~n Unknow~r E:~at. Wcs~. Gull 

Labvrinrb~tln zosreroe Labyri~~~hulmycotnN Atlanlic. 1930s Eas~  


NW Pacific 

Perkinsrcs ,tzari,trs Apicomplexa NW Atlantic 1920s East1 

Miuchinia reredinis Haplosporida NW Atlanlic 1976 East 


Phytoplankton 

Pserrdo-nirzsclzia Bacillariophyra SW Pacific, 1930s West 

aasrralis NE Pacific 

Gyrodiniurn "asreolum " Dinophyla Cosmopolitan 1957 East 
Pfiesreria piscicida .. ,. NW Atlantic 1991 East, Gulf 
Heremsigma aknrhiwo Raphidophyla Pacific. Atlantic 1950s East, West 
Fibmcapsa japonica Raphidophyla W Pacific, N Atlantic 1980s East 
Aureococcur anopha~efferem Chrysophyta NW Atlantic 1985 East 

Macroalgae 
Entemmorpha "inresrinalis" ChIorophyra Cosmopolitan 1858 East, Gulf, Wesl 
Ulva "lacmca" .< 4' Cosmopolitan 1858 East. Gulf, West 

.<Cladophora spp. .. Cosmopolitan 1858 East, Gulf, West 
MyriocMia lweni Phacophyta N Atlantic Unknown East 

Zooplankton GUN. Wen' 
Xnrinnopsis "corniger" C~liophore NW Pacific, 1968 

Gulf of 
Mexico 

Circumboreal 1906 Easl. Gull; WeSl 
E~rqre~noro 	 Crustaces"uflfti~" .. .. Gulr of Mexico, 1977 Gull. Easl' 
Americomyrir ahnvro 

NW 
Atlantic 

Benthic inverlebrates 
Eoopl~arudanzonieri Cnidwi;, NE Atlantic. 1862 East 

NW Alknlic 
.. .. Cosmopoli1;ln 1x57 East, Wcst 

Ohelio spp. 
l~vtrk,zrl> 

.. ,. Cosrnop<~lilaa 1930 East. Wesl 
~~,,,r~Itydru .. .. N Atlantic. I930 ' E:~si. Gulf. West 
N~,~I,II,,,SIP//"t~e<l~!l.Ti.I 

NE I'scilic 

/.ttt>,todriitd3 Anntlid:~ <.:osmc~polil:~~i lJnkz18,wo East. Wcsl 

hofltr!<,;xft,rt 
(.,,/,,l,!/I,, "<~, i ,> ; /<~ I~~"  	

., .. <:os!11opoli1:111 Unkno~wll liasl, (iull', Wcsl 

., .. 18x1( ' ~ I c u ~ ~ I I ~ ~ ~ ~ ~ : ~ ~  liarl. West 
/Iur,,,,I 11,,,,,",t,,I,ri, ,<I<, '' 	

( ~ ~ ~ s ~ ~ ~ ~ ~ ~ ~ ~ l ~ l : ! ! ~.. ,, 	 I'J42 I~.;!SI, Wcsl 
~,,, , ,~,n~rr,. t  "" l , , r r , ~ ~ ~ l r r  

., .. ~.:,,sllto~~~,l,l~ill I X20 ILrl, (;dl. Wen1
/,,,/v,/,,,d '-,.,,r,#,,I,,'' 	 l~ , , , , l l l l t~~~l l  



Temporal  Patterns of Invasion 
The number of established marine NIS is increasing over tilllc. but the i~ct~liil 
rate of invasions warrants funher scrutiny and discossic~n. Based IP<III current 
data, the rate of invasion appears to have increased over the past 200 y fur Nonh 
America as well as for multiple estuaries (31.67. 1171. .A sill1ii:lr p~lllerll'has illso 
been observed for freshwater and terrestrial ecosystem.;. eiruss t1r.%n? Ixxonornic 
groups (55, 87, 88; GM Ruiz & JT Carlton, submittedl. .4lthuugh the signal is 
consistent and appears robust. two sources of bias may iu~ltribure to this tem- 
poral pattern. First. many early invasions may simply he ~~odeteitcd and ilrr 
considered ctyptogenic species. Secotld. the se:~rch effi,rt h:~s i~lirr.;~serl over tiole. 
due to (o) to increased level of resexch actiriry ;~od p i i h l i c ; ~ ~ ~ ~ ~ ~ ~ s .  b,~th generally 
and specifically on invasions. ( b ) increilsed public interest ;IIICI sc;irzl~ ion. :ltld 
( c ) improved rools for sysremaric ;malyses \e .<  nloleculnr teclln~qt~esl~ 

These three sources of bias would wrve to inireair. thr. apll.lrr.llt rate of in-
vasions, but their relarive imponance has not been ekplured t I l i t .  I t  ivould be 
useful to standardize rate of past detection against search efiitr!. rln;e oumbsr of 
species detected clearly increases with borh tempofill and sp;~tial iotIIponents of 
effon (1 13). However, this is no1 possible because [he eifort is ;,I ut~even :w~ung 
the various information sources and is poorly documented t I 13: hut see -3 1).  Fur-
thermore, with the advent of new n1olecul;u :~ppn~;~ches. detectinswe are n~>u 

invasions rhar previously could not be discerned (-3.57. 115). For es~l~l~ple .  
the 
recent discovery of two hival\,es. Mocott~a prrrtlit,~! :lnd ~Ll\!il!rr . v ~ r l l ~ ~ ~ r , i ~ ~ i ~ ~ ~ ~ k t l i s .  
along the West Coasr reflects use of molecular tools to identit! NIS that cletuly 
arrived many decades esl ier  (Appendix I &IS in Nonh ). Although feu I I I Z I ~ I I I ~  

America have been identified wiih such nlolecular rechoi~\uzs. (Iris underscores 
the general issue of increasing search eifofl. 

If weexamine the temporal pattern for molluscs. fi~lluui~lg the r:~tiun:lle above. 

the rate of reported marine NIS known for Nonh Anteriia i~~ire ;~sed 
sigoitic:ultl) 

over time (Figure 5; y = 0 .1417~  1.6. r2=0.95h: \vllerc ! I >  of oew 
- ~tu~liber 

invasions and x is time in 30 y e a  intervals. indica~eil as the first )e;u of each 

interval). However, the increase is linear in  contr:tst to the e x p ~ ~ o e ~ ~ t i ; ~ l  
ii~nction 

observed for all taxonomic groups combined (Fisllre 51. .AI~I I~~LI~I I 
\vc ; I I ~ ? S I  


that molluscs provide a good proxy me:isure rellluve I ~ I I I ~ O I . ~ ~ 
hl.ls. the e ' i tc~~t 

to which they represent other taxonomic groups with respect tu ~ I I Y ; I ~ I L ~ I I 
1:ltes h.1~ 

not been tested. 


We hypothesize that the r;lte uf in;~rine in\.asiul~s is i l ~ i r c : ~ i ~ ~ t g  ,I\~.II I I I I ~ . 
clr1vc11 

by the combination of iocrrasing pr<~p;~yole suppl) :&II,I \ IL ,L . I~ .L I I I I ;  III \ :L;~OII resis-

tance. However, we also predict that the apparent r;rro ui i~l\;!s~un:ire iotliated. 

due to the prevalence of undetected e;lrly invasions kind irla-c:~stng ic.~rsh eifon 

over time. Lag times in population increase of in\.;alcrs III;I! ; 1 1 \ 0  s c r \ ~to inll;~tc 

the apparent rate of invasion. as detection prob;~bly depends I I ~ I > I Ib~~ t l t  iltld
de~tsity 

search effon (36. 65. 1 1  3). This could be especi;~lly i~oporr;~nt 
t i  the popt~l;ltiot~ 

dynamics of invaders has changed over tinle, perhaps i n  respuns~.161 : ~~~ t l l r c~po~eo i i  




160 

At1 Spestes
I C , ,Molluscs 

Time (years) s ince  1790 

Figure 5 Ratc of repaned marlne invasions of Nonh America since 1790for (a) molluscs 
and (b) all species u i  invcnebrales and algae. Open circler indicate the number of new 
invaslonr h r  ~nullusc~./tllrd circles indicate those for all taxa. Data are plotted for 30 y 
intervals ar in  Figure i 

changes to ehruartne hab~tats.These hypotheses remain to be tested and are best 
examined wlth temporally replicated, standardized measures that we now lack. 

Taxonomic Pat terns  of Invasion 
We hypothes~zethat strung bias also exists for the taxonomic distribution of 
invaslons, and that the prevalence of small invading organisms is grossly under-
represented by current measures. In general, the quality of systematic and bio-
geographic tnlorma~iondiminishes with organism size, and the available base-
line informanon for small organisms and microorganisms is poor relative to large 
invenebrares (491. With the exception of a few dinoflagellates (61), there is a 
:onspicuous lack IJI'  burveys or baseline studies to evaluate the extent of marine 
n~croorgan~sn~invaslons I f  invasions were occurring, even at a high rate, how 
~voulduw knuu,'! Furthermore, invasion biology in these groups is even morecom-
dicated than i r ~ rother taxa, due to the occurrence of gene transfer that is reponed 
n the field (74). At  presmt, invasion by microorganisms, including parasites and 
~dthogensthat cause disease (62), is a fundamental gap in our understanding of 
nnerns and consequences of marine invasions. 

k 
-

jalinity a n d  t i ah i l i t -Pa t t e rns  of Invasion 
Sites vary signiticmuy in the relative size of salinity zones and habitao that may 
;trongly influence \otoc of the spatial, temporai, taxonomic, and salinity panems 

observed. Perhaps most striking is theextent olv;~ri;tbleircsll\\.ttc~. x 1 1 J ~ ~ 1 ~ ~ ~ ~ l 1 . i l t 1 l C  

zones in estuaries. As noted previously, several bays have onl! ;IIY.III ;Ireas of . 
~ t e >o i  iresh\xtterlow salinity, restricting the opponunity for colonization by spe.. 

origin. This is especially so for Puget Sound and Pun Philip Buy III  our :malyses. 
Consequently, the search effon for low salinity rtia;, 1.- une\.r.ll ;Ilnculy hays. If 
we remove the freshwater and oligohaline species irum our :LII;I~! .-IS t.Appendix 
I and Table 1). many of the same patterns are evident: 10)more NIS :ire known 
for the West Coast (217) compared to the East Cuast tL)51;lad Glllf C'u:lrt 130). 
and (b) more NIS are known for San Francisco Bay comkx~red10 other bays. 
However, attempting to standardize for salinity ge~ler;lll! reduce. the vbser~ed 
spatial variation in the extent of in\,asions. 

It would be instructive to standardize all datil fur s;~llnily.JI.LI~II:L~.:IIIII ;trC:I. 
Each of these attributes should have ii srrorlg infl'ucnce uo h~rtllthe t ; ~ x ~ l l l ~ l l t l ' ~ ~  

distribution and number, and perhaps rate. of successfi~litlv;~slons Effects of 

habitat type and area on species richness have been \r-ell ducurt~ct~tzd($4. I I.:). 
We surmise that such species-area relationships cannot expI:~iltt11cL)\ ~ r : l l Ip;~ttr.flls 
observed (e.g.,East Coast and West Coast are roughly similar in size. Chesnpcte 
Bay and Rince William Sound are larger than San Franctscu Bay). but i t  \vc>ttldbe 
informative to examine invasion patterns with a mulri\-;tri;~te;tppr~~.~chto c~~ntrol  
for size, habitat, and salinity characteristics. This approach should be espcci;\lly 
valuable as data become available from a broader m u y  o i  sites. it~crc:tst~~su\-erall 
sample size and statistical power. 

Although it is possible to control for the size ;tnd h;~bit;~t/s;tl~t~~r:.ct~nlp~~sition 
sites, the uneven nature of existing data remains a problem due tv the diiticulty in 
assessing variation in search effon. As a lirst step rowurd sr;~ndardt/ .~~~$the present 
data, it is possible to document the distribution and types of ex1st111c~ f i ~ i ~ ~ r ~ ~ ~ : ~ l i o l l  
sources (by habitat, salinity zone, area, and taxunomtc group). ivhlcl~L,;III sen- to 
identify studies with the most similar methods 21sa.cll :IS to ~dentii!c~~np icuous  
gaps. It may even be possible to find similar studieh I L I ~culllpartx,ll. ;1111011gh.tys. 
Although such approaches can provide u,efitl insishrs. i n t c t p r c l ~ ~ ~ ~1 1 1 ~,1:11;1 ~ l t h -
ered from non-standardized methods is often an insurm~~~tn~:thleprul~le~ll.ahich 
is inherent to studies that were not designed for direct curnp;tri.;oll 

CONCLUSIONS AND FUTURE DIRECTIONS 

In the past decade, the ecology o i  lllaritlu itl\.osiotls11;~sc111111. 11110 io,tis. .ASkllmrl-
edge of extent and histoly of NIS inuasiuns has espnndcd r;lpldI! lur it~;lsl;iI 
ecosystems of Nonh America and elsewhere. The rxtsling litcraturc for North 
American coasts shows that scores lo hundreds of exotic species ~ ; I \ L .  I I I ~ : I J ~ J  
each coast. We have summm~zedfor the tirst time loilny ui 1 1 ~ ~ ~ l r c l l lp:llterII.i 

that...-..emerge-- from a c o m p r e h e n ~ a n l y s i sof these North .AIIIC~IC;IIILILI~:I. SLIIIIZ 
patterns are clear, parricularly that shipping has-been the n ~ I ! ! p ~ ! ! C C t o r  
of introduction historically and at present, a l t h o u g G y  oi,,thr,r veclors K;EC 



; l i> ir  <ilxi:ttcJI ( ,  IIIIIIIJUCUnlany marine andestuarinespecies intoNorth American 
watrr,. l .~n~it:t~~un\of the present data confound interpretation of other patterns, 
especially hpatlal vuriation in both the extent of invasion and taxonomic disoi- 
but~urii r f  XIS Geographic variation in the number of invasions is particularly 
dtttrcult tcr  >onout. Whereas San Francisco Bay clearly is more invaded than 
Prince Will~ulli Swnd and many other West Coast sites, the greater number of 
NIS reponed iri Sun Francisco Bay than Chesapeake Bay may be an artifact of the 
Che\;~pcahc'\ Ivnger histury of active vectors (and relative paucity of early biotic 
survey5 coincident with the onset of European trade and colonization), resulting 
in a grearer number of unrecognized invasions. The observed exponential rate of 
increase li,r rnv;~sions may also be an anifact of data biases. Although we remain 
uncertain abuut the actual rate. we are more confident that a suiking hcrease is 
not artilhcr, because i t  holds tar subsets of better quality data, including (a) mol- 
luscs. a large iu~d well-~tudied taxon and (b) San Francisco Bay, a site at which 
early biulo@ical s~udie* were nearly contemporaneous with the operation of major 
vectors. 

Despite ihr value u i  the existing data for marine invasions of North America, as 
elsewhere, iris i~nporraot to recognizetheirlimitations. Most data arederivedfrom 
lirerarure-based analyses, rather than direct field surveys designed to detect MS. 
In tlct, contemporary field surveys are lacking for many taxonomic groups and 
habitats at each sire, where the most recent assessments may.be decades old, and 
the quanrity and quality of data on marine invasions is highly variable amongsites. 
As a rcsult. this 'by-catch" approach to data collection has resulted in inherent 
biasci that cuotound the interpretation of invasion patterns and processes. 

Thus, inod~iy~ngLonsdale 182), we consider that the observed patterns of ma- 
rine inva>is,lih rtRect the ~nreractive effects of propagule supply (PS), invasion 
rchlhtaucc t I <  I <,I  the recipient system, and bias (0)  of the data, such that 

I = C ( P S ~ )(Ri) (0,)  
;=I i 

where I i \  the number of established NIS summed across species from i =1ton  i 
at a looation and rirne. Each component may vary spatially and temporally within 
a binglc bay. l<iguruui intelpretation of invasion patterns is confounded in most 
ecosystems. because Hucruations of the independent variables of PS and R are not 
controlled. and bccausr B creares so many interaction terms(PS'B, R'B, PS'R'B) 

1 
\ 
: 

that thc ntiliri ~.llccl\ i~re obscured. Clexly, priorities for invasion research include 
the co l l cc t~~~n  <~fquanrilativrand experimental data that allow controlled analysis 

p of the independent variables and elimination of data bias. 

-
h) 
bP 
W 

Testing milily ulthe invasion hypotheses about propagule supply and invasion 
re5israncc rcquirch \ta~~d;lrdi%ed, quantitative measuresofcomm~nity composition 
in spece and ~ i n ~ e  (75. 1 15). Af present, no program or framework exists to imple- 
ment such quantitaii\'e measures of NIS invasions in North America. We therefore 
underscore the need to establish standardized ecological surveys of MS across 

-!I 
i 

! 

major regions ofrhe North Arllerican shorehne and else\vherc, I 15: sc'c :~lso 61 for 
discussion of such a program). Furthermore. ws ad\.u<dtlt repcilted qtlanIitaIivc 
measures at multiple sites, as well as across KIXI and lxthitas. to ;~v~ricl ~u~iclusions 
based upon a single site ( r a a  or habitat) that may nut be bro:ldl? representative. 
Indeed, it is measures of variation in space and titlle that are tlecessdry to test 
hypotheses about supply and resistance. Although a prupositinn for long-term 
remporal data, only this approxh i ; ~ o  provide dat;~ ircc u t  III.LII! biasesp\ttc~~ti:~l 
that presently conthund our interpreuation of invasion p;ttter~~s :,lid prozesses. 

Spatial and temporal measures of propagule suppl! :ue ;11s,> iut~claolenral to 
understanding of invasion mechanisms. To :I large eslclll. we presently I:ick srdn- 
dadized measures of propayule supply. Despite ex is ti^!: ~ ~ ~ c : ~ s u r c so i  propd~ulc 
supply, the data derive from a diverse variety o'f methods ;tad uircn r ~ ~ i l y  i<h'us on 
a single vector for a short (1-1 ?) time period. .As with ecoluci~':~l sun'eys. \re 
must establish quantilativs mrasures of propagule supply tor vcaor sucnsth) thtt 
are collected in a standard lashion in space and time. ii \ \e :tic I,, 1cs1IIKUI! kt! 
hypotheses about supply and in\. 1.1riun resist;tnce. . 

Multiple approaches are clearly required to t~nderstai~d tile p.ltrcll,s :111d under- 

lying processes of marine invasions. Sr;~nd;trdizcd 1nc;isures ,>I' \ :kri;itiult i n  vccrilr 

strength and invasioll success (;IS ;tbo\.e) tvill ; I I I L I \ ~  us desiril,~. r.\t;litt p:ltlenls 

and test invasion mechanisms, pauticulerly ;I[ l;~rge sp;~tl:tl ; I I I ~  I S I I I ~ I I I ; ~ ~scales. 

Although this approach is necessary to ut~derst;~nd 1nv;tslolls. 11 1s nut suiticient. 

For example, it will be diiticult to contrul for ;dl 11ithe d ~ i f ~ ~ r c ~ ~ < r ~ s  
i l l  (~ropa$ule 
supply characteristics tu diffc'reltt silts ( e . ~ . .  sutlrcc re;ic,ri. ~LIIIIPUS~-I : ~ \ L ~ I I O I I I ~ ~  

rion, density and tempo of delivery. a11d cap;aity ofdifiereill C I ~ $ I I I ~ , I I I ~to invade: 
for furrher discussion see Propi~gule Supply Hypurhcscst. Htntr,\cr. ri1:1111~111ali\~e 
laboratory and field experiments can pru\:idr an effcr.ti\-e i l t ~ ~ l  itp-L I I I ; I I I I ~ ~ : L ~ I I I I S  

proach to address such a complex suite of variables ;it sn~;~llers<:~les. iutd show 

a great deal of promise for itlvasiotl ecology (70.79. 125. 1291. 1~11~1s.50111-
:I 

bined strategy of me~lsurarive ~ I I I ~  ;tppru:$illes to ttnssiott ciulogy e~peritnenli~l 

is both complementary and nlost desirable. given thru rc.spc.itl\c htreogths :ttld 

weaknesses, particularly in addressins issues of sc;ile a td  colllplchny 144. 1441. 


Using these appro;shes, me:tsurcs of iovi~siou resisl;tace ;Ire urgently ~tcedcd. 

Resistance, the independent variable that derines propxgule sur\.i\:\~rst~~p 
\the de- 

pendent variable), remains vague and poorly measured. especi;%lly i r r  n~.trinr som- 

munities. When propagule supply is known. resist;o~ce c ; ~ l  he e - . l ~ ~ ~ v , i l e ~ ~3 re\-
:I$ 

ative twit by comparing survivorship (or mttnbcr \ti t;~~;tsh,ost Ioi;~tiuns..m,,,n$ 
habitats, or time periods (82. I44 I .  Cornpains esrito.~tes O i  pr\lp.igule supply 2nd 
the resulting invasions can he used both tuestirnatc resisu.itr<; ;>iiJI,, 1c.t hvr ionelit- 

tion to p~icularenvirutlnteotal or biological artributcs ul the tcopern iolntuuoity. 

Thus, we advoca[e use of tllcsc cstim;~tes w od\illlcc :in\l tc>t prcrllilinns ;lbutll 

specific attributes that underlie resisr;it~ce kind mediate rhc p;nterl~s oi i~rrirsiu~l. 


Finally, weemphasize thedual \.alueuf the5e appronches. prov~11111: ~tllurnlillion 
that is key to both basic and applied itreas uf in\.3sion c~vl<r;y Our r.ittph;lsi$ 
throughout has been on the iund;~menwl scieltcc. i~nd u e 11.11 c :~r$tlc,I Tor r~~orot ls .  



y ~ i l ~ ~ ~ ~ l i t t i \ c  data to test relationships between propagule supply i t i u  C X I ) C I I I I I C I ~ ~ ~ C ~  

and invasion parterns. However, there are many management and policy initiatives 
now underway at regional, national and international levels of government to 
reduce the risk and impacts of coastal invasions (23,92,131,139). The  success 
of fundamental science to guide and evaluate invasion management actions also 
depends on accurate measures of the basic relationship between propagule supply 
and invasions. 
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