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Abstract Most studies characterizing successful biolog-
ical invaders emphasize those traits that help a species
establish a new population. Invasions are, however,
multi-phase processes with at least two phases, dispersal
and introduction, that occur before establishment.
Characteristics that enhance survival at any of these
three phases will contribute to invasion success. Here,
we synthesize information on the dispersal, introduction,
and establishment of fishes mediated by ship ballast-
water transport. We synthesize 54 reports of at least 31
fish species collected from ballast tanks (Phase 1), in-
cluding 28 new reports from our recent studies (1986 to
1996). Our literature survey revealed 40 reports of 32 fish
species whose introductions have been attributed to
ballast transport (Phase 2), of which at least 24 survived
to establish persistent populations (Phase 3). We de-
tected little overlap at the species level between these two
data sets (Phase 1 vs Phases 2 and 3), but patterns
emerged at the family level. The Gobiidae (6 species),
Clupeidae (4 species), and Gasterosteidae (1 species)
were the most commonly found fish families in ballast
tanks (Phase 1). The Gobiidae (13 species), Blenniidae
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(6 species) and Pleuronectidae (2 species) dominated the
list of ballast-mediated introductions (Phase 2); gobies
and blennies were the families most frequently estab-
lished (Phase 3). The invasive success of gobies and
blennies may be explained in part by their crevicolous
nature: both groups seek refuge and lay eggs in small
holes, and may take advantage of the ballast-intake
holes on ship hulls. This behavior, not typically associ-
ated with invasive ability, may contribute to successful
introduction and establishment by facilitating the dis-
persal phase of invasion. The failure of the pleuronectids
to invade may reflect poor salinity match between donor
and recipient regions. To develop a predictive frame-
work of invasion success, organisms must be sampled at
all three phases of the invasion process. Our comparison
of two ballast sampling methods suggests that fishes
have been undersampled in ballast-water studies, in-
cluding our own, and that the role of ballast transport in
promoting fish invasions has been underestimated.

Introduction

Human-mediated biological invasions in aquatic and
marine systems are increasing in frequency around the
world (Office of Technology Assessment 1993; Cohen
and Carlton 1995; Ruesink et al. 1995; Carlton 1996;
Ruiz et al. 1997, 1999). The success of an invader has
been linked in some cases with abiotic (Moyle and
Vondracek 1985; Golani 1993; Moyle and Light 1996)
and biotic (Vermeij 1991; Schoener and Spiller 1995;
Chapin et al. 1998) characters of the recipient commu-
nity. Characteristics specific to the invader, such as ge-
netic variability, body size, physiological tolerance, and
reproductive strategy also play a role in promoting in-
vasions (Elton 1958; Baker and Stebbins 1965; Ehrlich
1989; Lodge 1993; Rejmanek and Richardson 1996;
Reichard and Hamilton 1997). However, not all suc-
cessful invaders exhibit typically invasive traits. In some
cases, high abundance, broad distribution, and an as-
sociation with humans may increase the chances of
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successful dispersal and, therefore, invasion (Elton 1958;
Lodge 1993). Given the myriad variables involved, it
has, perhaps not surprisingly, been difficult to develop a
general predictive framework for invasion success across
taxonomic groups (Ehrlich 1986; Lodge 1993).

A clearer understanding of the invasion process may
be achieved if invasions are broken down into their
component phases, rather than being viewed as single
processes (Carlton 1996; Vermeij 1996). These phases
have been defined variously (e.g. Williamson 1996), but
essentially include: (1) transport (uptake from the donor
biota and transport along a dispersal pathway), (2) in-
troduction (release or inoculation and initial survival in
the new environment), and (3) establishment (survival to
form a reproducing population) (Carlton 1985). A suc-
cessful invader must pass through all three phases, but
not all phases necessarily favor the same species’ char-
acteristics (Carlton 1996; Vermeij 1996). Further, high
relative abundance, although not an invasive trait per se,
will increase an invader’s chance of passing through each
phase. To identify traits of successful invaders, it would
be best to compare the abundance and characteristics of
those species that survive each introduction phase with
those of species that do not survive. Where species-level
comparisons among phases are particularly difficult (e.g.
ballast-water transport), correspondence may be sought
at higher taxonomic levels (Carlton 1985). Here, we se-
lect a particular invasion pathway, ballast-water trans-
port in commercial vessels, and a particular taxon,
fishes, to compare the family-level diversity and char-
acteristics of species that have been dispersed, inoculated,
and established.

Ballast-water transport

The largest unintentional pathway for the transport of
marine organisms today is the ballast water of commer-
cial vessels (Baltz 1991; Carlton and Geller 1993; Ruiz
and Hines 1997). A typical commercial bulk vessel may
carry over 30 000 metric tons (MT) of ballast water to
provide stability and trim adjustment during a voyage
(Smith et al. 1999). Ballast water is usually taken from
the harbor in one port and subsequently may be dis-
charged in another port (e.g. Carlton 1985; Carlton and
Geller 1993; National Research Council 1996). Both
ballasting and deballasting occur through openings in the
ship’s hull, which are covered by protective grates that
only coarsely filter the incoming water. As a conse-
quence, dense and diverse collections of organisms such
as protists, diatoms, invertebrate larvae, and copepods
are entrained during ballasting and survive the voyage to
the next port (Medcof 1975; Carlton 1985; Hallegraeff
and Bolch 1991; Baldwin 1992; Carlton and Geller 1993;
Carlton 1998; Smith et al. 1999). Corrosion or occasional
loss of the protective grates, or ballasting of water by
gravitation (i.e. without pumps), may permit larger or-
ganisms such as postlarval fish to be ballasted (Springer
and Gomon 1975; National Research Council 1996).

Ballast-mediated fish invasions

Most ballast-water surveys to date have collected few
fishes (e.g. Carlton and Geller 1993; Ruiz and Hines
1997; Smith et al. 1999). It would be a mistake, how-
ever, to conclude that ballast water is an unimportant
mechanism for the transfer and introduction of nonin-
digenous fishes. Anecdotal evidence from vessel crews
and captains in USA ports indicates that fish are not
uncommonly found in ballast tanks (Carlton and Geller
1993). Furthermore, for a number of known fish inva-
sions, ballast-water transport is the only known possible
vector (e.g. Carlton 1985; Miller et al. 1989; Hensley
1993).

As a taxonomic group, fishes provide a powerful tool
for relating transport success to invasion success, for
three reasons. First, at the transport phase, the majority
of animal taxa in ballast water are often planktonic
larvae of invertebrates, which are difficult or impossible
to identify to species. Fishes, in contrast, are frequently
collected as juveniles or adults which are more easily
identified. Second, fishes are relatively large and con-
spicuous members of marine communities, so unusual
specimens are more likely to be noted. Third, since many
fish species are well described around the world, they can
be classified readily as native or introduced (reviews by:
Moyle 1986; Randall 1987; Pollard and Hutchings 1990;
Golani 1996; Lever 1996; Fuller et al. 1999).

Herein, we synthesize information on the ballast-
mediated transfer, introduction, and establishment of
fishes, combining data from our own studies with pub-
lished records. We determine which fish taxa occur most
commonly in ballast water, and whether these occur-
rences correlate with suspected ballast-mediated fish in-
vasions. While the available data do not lend themselves
to rigorous hypothesis testing, we address the predic-
tions and suggestions that ballast-water transport and
invasion may be more common in crevicolous species
such as gobies and blennies (Hoese 1973; Springer and
Gomon 1975; Carlton 1985), in fishes with extensive
lateral-line systems (Janssen 1995; Jude 1997), and in
the ubiquitous three-spined stickleback Gasterosteus
aculeatus (Carlton 1985). In addition, we compare the
success of two methods for sampling fishes in
ballast tanks.

Materials and methods

We present new reports of fishes collected in an ongoing ballast
survey, and previously reported but unidentified fishes from two
studies (Carlton and Geller 1993; Smith et al. 1999). In general,
fishes were collected from two kinds of ballast tanks aboard com-
mercial vessels, cargo holds and dedicated ballast tanks. Cargo
holds are large unpartitioned tanks with a mean ballast-water ca-
pacity of 15 000 to 19 000 MT (Smith et al. 1996); there are typi-
cally 1 to 2 floodable cargo holds per vessel. In contrast, dedicated
ballast tanks are an order of magnitude smaller and are partitioned
by vertical walls and horizontal platforms; a typical bulk cargo
vessel may have 20 or more dedicated ballast tanks.



Table 1 Ballast-water sampling port, number of vessels (n), dura-
tion of study, and sampling methods for the three ballast-water
sampling studies reported here (Plankton net samples collected in
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ballasted tanks; Empty hold samples collected from residual water
and sediments in de-ballasted holds; Y yes; N no)

Sampling port (n) Years Sampling method Source

Plankton net Empty hold
Coos Bay, Oregon (159)  1986-1991 Y N Carlton and Geller (1993)
Baltimore, Maryland, and Norfolk, Virginia (70) 1993-1994 Y Y Smith et al. (1999)
Baltimore, Maryland, and Norfolk, Virginia (63) 1994-1996 Y Y Present study

In all three studies, two primary sampling techniques were used
(Table 1). On all vessels (n = 292), we collected organisms with a
plankton net hauled vertically through the tank at 0.5 ms™' (3
replicate tows). On a subset of vessels (n = 23), we sampled for
macrofauna by visually inspecting the residual water and sediments
in the bottom of de-ballasted cargo holds. Vessel safety regulations
generally prevented us from sampling dedicated ballast tanks in
this way. On rare occasions, when fishes were seen at the water
surface of full holds or tanks, we collected them by dip net (n = 2
vessels).

In the first of our studies, Carlton and Geller (1993) sampled
cargo holds in 159 vessels arriving in Coos Bay, Oregon, USA,
from Japan over a 5 yr period (Table 1). They sampled all tanks by
plankton net only (80 pm mesh, 0.9 m long, 0.5 m diam). In the
second study, Smith et al. (1999) surveyed vessels in the ports of
Baltimore, Maryland, and Norfolk, Virginia, in Chesapeake Bay,
USA. They sampled dedicated ballast tanks and cargo holds in 70
vessels arriving primarily from Europe and the Eastern Mediter-
ranean. The present study reports 62 additional vessels sampled in
Baltimore and Norfolk. In both Chesapeake Bay studies, we used
plankton nets (80 um mesh, 0.9 m long, 0.25 m diam), and we
sampled some de-ballasted cargo holds. In all three studies,
plankton samples were examined live under a dissecting microscope
and preserved; macrofauna were preserved and photographed.
Fishes were identified to the lowest taxonomic level possible. These
identifications are referred to as taxa. In addition, we reviewed
literature reports of fishes collected in ballast water.

For summary purposes, we grouped all collection data by fish
family. For each family, both the number of species, and the
number of reports, are discussed. The total number of reports in
some families includes multiple collections of the same taxon from
different vessels. Similarly, in summarizing literature on fish in-
troductions attributed to ballast-water transport, we discuss both
the number of species and the number of reports in each family.
In some families, the total number of reports includes multiple
introductions of the same species to different locations.

Results
Fishes collected in ballast water

Table 2 presents 28 new reports of fishes collected from
cargo holds and ballast tanks. These reports comprise 17
taxa from 15 families, including the first ballast-water
records for 13 fish taxa. Combining these data with re-
ports from the literature yields a total of 54 reports of
fishes in ballast water, based on all taxa aboard all
vessels, including unidentified specimens. These reports
include at least 31 identified taxa in 22 families (Table 2).

Of the new fish reports, all but two of the specimens
survived ballast transport and were collected alive. Al-
though most of the cargo holds and ballast tanks were

filled in coastal waters at or near the port of departure, a
few contained additional water (< 10% of tank capacity)
added after departure (Table 2). Assuming, however,
that the fishes were probably ballasted at or near the
port of departure, they survived an average voyage
length of 14.7 = 5.1 d (mean = 1 SD; range = 1 to
21 d; n = 16 vessels for which data were available). Of
the 28 new fish collections, 8 were larval specimens. The
remaining 20 reports were juveniles or adults: these were
uniformly small (<90 mm standard length), with the
notable exception of the mullets (Liza ramada), which
averaged 34.3 cm in total length (n = 16; range 29.4 to
39.2 cm).

Across all reports, most families (15 of 22) were col-
lected only once, whereas seven were collected repeat-
edly (Fig. 1). Of these seven, three were represented by
more than one species (Table 2): Gobiidae (nine reports
of at least 6 species, including Pomatoschistus lozanoi
sailing twice from Belgium to Baltimore); Clupeidae
(five reports of at least 4 species, including two collec-
tions of the sprat Sprattus sprattus); and Osmeridae (2
species). The remaining four families reflected multiple
collections of the same taxon, or of unidentified speci-
mens (Table 2). The three-spined stickleback Gasteros-
teus aculeatus (Gasterosteidae), was collected five times
in ballast water, from both the eastern and western
North Atlantic. The jack, Alepes djedaba (Carangidae),
arrived twice in Baltimore from the eastern Mediterra-
nean, and a third, unidentified jack was collected along
the same route. The anchovies Engraulis spp. (Engrau-
lidae) sailed twice on the same North Atlantic shipping
route. Two scorpionfishes (Scorpaenidae) were collected
from ships arriving in Chesapeake Bay: Centropogon
australis arrived from Australia, and an unidentified
specimen from Israel (Table 2).

Nearly half the ballast-water fish reports (25 of 54)
were for Northwest Atlantic ports, on ships sailing from
Europe and the Mediterranean. The rest were for ships
sailing to Europe (11), the Pacific Northwest (9), Aus-
tralia (8), and along the Gulf of Mexico (1) (Table 2).

Fish introductions attributable to ballast water
At least 40 accidental introductions of 32 fish species in

11 families were attributable to ballast-water transport
(Table 3). In addition to ballast transport, alternative



1114

(8861) ‘T& 19 SWERI[IA ! (MSN ‘uapd) erensny (ewreyoyox) ueder vngol (uodv.aay | = ) uodp.iaf
(sayosad 19uni3) oepruodera],
€1 (4O “Aeg s00D) VSN (oargsnyy) ueder P1I0D [BAIR] PAYIIULPIUN
. (surdnos) aepnio)
Apnis 1udsald ‘(€661) 199D pue uoIL)
€1 (MO ‘Aeg s00D) VSN (oargsny]) ueder pruweIsexay [BAIR] PAYHudpIu)
(s3urpuoaid) sepruweIIexoy
Apnjs juasald - (N ‘erouwmeq) VSN (eI9peH) [oRIS] (peap) pruoediods afuaan( paynusprun
(2861) UOIAPPIN ol (MSN ‘pue[paH 110d) eiensny  (AASN ‘9[ISBOMIN]) BI[RISNY sypapsnp uo3odojua’)
* (soysyuordioos) seprusedioog
- AurULIdD) - snIDj1a1so.d snywusuUls
(ML 01 uonedIuNUIWOd [euosiad) Yose[joD (seysyodid) sepryyeusulg
“(8661) 'Te 32 YosBI[0D “(S661) Jowmwe pue yose|jon
- Aururan - SMIDaNIY *H
£ 1z (AN oroumeq) VS (uopnuufy) SPUBHIAYIIN SnIDIINID ")
pnis Juasaig . .
A L1 (@ “rownyeqg) VSN , (888n1qes7) wnigjeg SnIaINID "o
Apnis 1u9sa1d ‘(6661) ‘T8 10 Yyuws L (@ ‘erowmnyeqg) VSN (¥ Qoudime] 1S) eprUR) snIpamoy *H
(Z861) ‘T8 19 uojIR) 4! (A ‘uoisurupip) vSn (" 19sop)) Auewron SNIDIINID SNIISO42]SVL)
(S)[oBQO[O1IS) 9BPISISOIA)SED)
Apnjs judsaid L1 (N ‘erowmeq) vSN , (933n1qeez) wnigjog 11adoq (vnasdapy = ) vuriayly
(SOPISIQAIS) JBPIULIYIY
(M LN 01 uoTEIIUNUWIWOD
[euosiad) yose[on (8661) ‘18 12 YISe[jon ﬁ - Auewron - snupj1ada Sn1ouis()
(S661) Jowweq pue yose[jon — Auewion — SMID3UOJD SNAIULSO]] Y
(syjows) aepLIWS(
Apnis Juasald 1 (@ ‘erownyeqg) VSN . (popysy) [aeisy (eare)) “ds synv.susg
Apnjs 1usaid ‘(6661) & 12 YIS L1 (N ‘eroumeq) vSN L (popysy) [oeisy SNJOIISDAIUD SYNDASUT
(saraoyoue) aeprnerduyg
Apnis Juasaig 1 (@ “eroumreq) VSN (g 1ddississiiA) VSN pruLIoyie 10 prodn[d [BAIE] PaynuapIu)
(M [N 01 uonesunwwod [euosiad) yose[jon
“(8661) ‘T& 12 Yose[joD) (S66) JoWwR( Pue Yose[[on) — Auewian - snppads -§
Apnys yuasa1d “(6661) ‘T8 10 s 01 (@ ‘eTowmyeq) VSN (puear) onueny gN snivads snipadg
(T861) U0IRIPPIN (1 (MSN ‘PUB[pPOH 1od) erensny  (MSN 9[ISEOMIN]) el[ensny snpiia sniydo]od g
Apnjs judsaid L1 (N ‘eroumeq) vSN . (983n1g007) wnideg » "ds pjjauoadni)
- AuruLIdD - sndua.uvy vadny)
(syeads ‘sSuriiay) sepradny)
(M LN 01 uonesrunwwod Jeuosiad) yose[on
‘(8661) ‘T€ 12 yase[[on ‘(S661) Iowwe pue yose[jon — Auewron — vjndup vjnsuy
(S]92 Io7eM 1JSa1)) QepIINSuy
- AuruwIon - snuppwl uozAuoajag
(sAaxdwrey) sepnuozAwonad
Inos  a%e Mg 110d uoneunsag 90IN0S 191BM ISB[[eg uoxe],

VSN ‘U0ISUNSEA, P M VS “SEXAL X.I “TATY ¥ VS ‘WOSAIQ YO ‘BIRISNY ‘S[BA\ YINOS MIN MSN VSN ‘PUBAIEIN IV VS dlemeeq
Fd VSN ‘BIUIOJED FD VSN ‘BYSelY YV ‘eiep ou - Fuiduwes 01 Sunse[jeq wolj sAep Jo roqunu ‘9’1 ‘0Fe 19)em-ise[[eq 23v g ‘(oA Juel (8101 JO 9% (0] >) ABMIOPUN SBM [3SSIA
J[IyM papeo] Jajem [euonippe yim . dn paddol,, syue) ise[eq + 1od uoneUNSIP I8 PIALLIER [3SSOA 210Joq sAep dwos pajdures sem Ioyem ISe[[eq ‘(y) SISBO WOos ul ‘pajduwes sem I9jem
jse[eq 219ym 110d sased jsowr Ul ziod uonpuisaq pIIy Sem uel ISe[[eq 2IYM UOISAI 10 110d 224108 U2IDM-ISDIIPG S[ISSIA [RIOIQUIWIOD JO I9}BM ISB[[Bq WO} PAjOd[[0d SAYSL] T dqeL



1115

I9L1IED 93PAIP © JO P[OY WO ISEI[O JAYE (JOJBM ISB[[BQ WOLY A[JO21IP JOU "3']) SYO0P I dAle parnided arom ysiq

(uoneorunwwod [euostod 13uLIdS *A) souLlofiinn.igus ) 10 SLIUIALIIND ) S8 PIYNUIPL A[PANRIUI], ,

(L661) soury pue ziny

Apnis yuasa1d “(6661) T8 10 yuws
(8S61) Toraau M

(z861) 'Te 10 uoyIE)

(€661) A3
Apnis 1u9sald

Apnys Judsald
Apnis Juasa1d (6661) Te 10 yuws
Apnis 1uasald ‘(€661) I9[[9D pue uojIe)

(T861) UOIIPPIA

Apns juasard
(G861) 9S90H puk uoIXBJ
(8661) T8 10 sWeIIA
Apnjs Judsaig
(M [N 031 uonedsrunwwod [euosiad)
YOSB[[0D “(8661) T 12 YOSB[[0D
‘(S661) Jowwe pue yose[jon
Apnis 1u9sald
Apns yuasaid “(6661) ‘Te 10 yyws
Apnis 1U9saIg
(T861) U0IRIPPIA

Apnys Juasald ‘(€661) 19[[9D pue uoljIe)

(s861) uoiIRD “(LLOT) SWEIIA

Apnys Juasald

Apms Juasa1d (6661) Te 10 YIS

4!

Sl
4!

(IV ‘zopleA Mod) VSN (VO ‘Aeg odswouer] ues) VSN

(AN “eroumyeq) VSN
(Aqswiny) puesuyg
puela]

(asar1) Areay
(Jo uersiog) a1odesurg
PUB[109S

(XL ‘nsuy) sndio)) ySN (03X Jo JInH/epLol]) VSN

(VM ‘sepsuy 1d
pue BWOOSR]) VSN
LN erowneq) VSN

(AN ‘eroumpeq) VSN
(AW “sroumieq) VSN
(4O “Aeg s00D) VSN

L(MSN ‘pue[paH 110d) erjensny

(AN ‘er0oumyeq) VSN
(MSN ‘uopg) erensny
(AW “eroumieq) vSN

Auewion

(AW “aroumeq) VSN

(A ‘eroumyeq) VSN

(AW ‘eroumeq) VSN

L(MSN ‘puE[paH 110d) erjensny

(MO ‘Aeg s00D) VSN

elensny
(AN “erownyeq) VSN
(AW ‘eroumreq) VSN

(AW “esoumeq) VSN
(AW ‘asoumeq) VSN
(AW ‘eroumeq) VSN

ueder
(e10pBH) [9RIS]

(e19peH) [9®IS]

(988n1qoaz) wnideg

(eog puequy ‘runyemy) ueder
(AASN “9[ISBOMIN]) ®BI[RIISNY

(dromjuy) wniSjeg

BI[RIISNY
(ewreyoyo ) ueder
(dromjuy) wniSeg

, (e33n1q907) wnidjeg
(988n1qoa7) wnidjog

(popysy) [owIs]
(opIseomaN)) erensny

(syreng oping e3ung) ueder
ueder

(popysy) [ovIs]

(popysy) [ovIs]

(e10pBH) [9BIS]
(e19pBH) [9BIS]
L (popysy) [oris]

S[OSSOA 7 WOIJ SAYSY Paynuapru)

[9SSOA | WOIJ BATR] pue s330 YSY paynIuapru)

qI9SSOA | WO S3YSY Pay1udpIU]
[9SSOA | WOIJ SAYSY Paynuaprun)

[9SSOA T WOIJ oBAIER] puk s3To YSY paynuaprun)

S[OSS9A ¢ WOIJ SAYSY PAyUIPIUN)

[9SS9A | UO SYUB) 7 WOIJ dBAIR] POYNUIPIUN)

soadspip sidajounydag
(SaUSYa[Y) 9BPIYIUBIBRUOA

pIo[os diuaAn( poynuspiun
(s910s) 2epIajos

(peap) pnoduoanald; [eATR] POynUIPIUN
(s1opunop 949-1y3ur) 9epnoduoINdq

STISAD SNQUIOY.IOPNIS
(s1opunoy 949-1J9) aepiylog
plqos paynusprun
snypydas>ouosiay 42311UdpP1L ]
“ds swipoajaaa1d
“ds snpsiyosoipuog

smpnut g
1ouvzoj *d
10UDZ0] SNISNYISOIDUIOF
(ozol "p =) 4231 sN1qoLH
“ds smqosuoan,y
(se1qog) aeprqon
(eaxey) snppuos.tad sajdpounuly
(seoue pues) sepnApowuny

§dad142.4q $21.41250.412J
(seruud[q y1003quIod) Jepruudlyg

ppouwin.L vZIy

(s1eq[nur) oepIISNA
snypjnars Snuvsig

(seysyiiqqer) sepruesig
pISueled paynudpIun)

paupalp Y
vgvpalp sadajy
(syoel) sepidueie)



1116

No. fish families
[0 o]

il

4 25

n ]
2 3
No. reports

Fig. 1 Frequency of ballast-mediated transport (black bars; n = 48
records), and introduction (open bars; n = 43 records) of fish families.
Bars represent number of fish reports, including multiple reports of
same species collected from different vessels or introduced to different
locations

dispersal mechanisms such as ship-hull fouling, canals,
and intentional release were suggested in some cases.
For example, the invasion of the Laurentian Great Lakes
by Petromyzon marinus (sea lamprey) has been attributed
to several possible pathways, including ballast-water
transport (Lamsa et al. 1980), and ship-fouling trans-
port, bait-stocking or simply swimming through canals
(e.g. Lamsa et al. 1980; Morman et al. 1980; Mills et al.
1993). Similarly, anguillid eel introductions to California
were initially attributed to ballast transport (Skinner
1971), and later, following subsequent reports, to sea-
food imports and fish-farm escapes (McCosker 1989;
Williamson and Tabeta 1991). Fish introductions at-
tributed in the literature to possible ship-hull transport,
but not to ballast transport, are not dealt with here.
Among the 11 families introduced via ballast water, 4
were introduced only once, and 7 were introduced on
multiple occasions (Fig. 1). The three most commonly
introduced families were the Gobiidae, Blenniidae and
Pleuronectidae (Table 3). Goby introductions occurred
over a global scale, with introductions to the Pacific, the
Atlantic, the Arabian Gulf, and the Laurentian Great
Lakes. Two Asian species, Acanthogobius flavimanus and
Tridentiger trigonocephalus, each established nonindige-
nous populations in San Francisco Bay and Los Angeles
Harbor, California, and in Sydney Harbour, Australia.
Two additional gobies, T. bifasciatus and T. barbatus
have arrived more recently in San Francisco Bay
(Table 3). Blennies were introduced on eight occasions (6
species), including three introductions of the Indo-
Pacific Omobranchus punctatus to Mozambique, the
Caribbean, and the Panama Canal (Table 3). The seven
pleuronectid introductions consist of six separate reports
of the European flatfish Platichthys flesus in the Lau-
rentian Great Lakes, and one introduction of the plaice
Pleuronectes platessa to the Red Sea (Table 3). Of the 40
introductions attributed to ballast transport, 24 (60%)
were reported to have established persistent populations
(Table 3). Together, gobies and blennies accounted for

more than half of these established introductions (11
and 6, respectively).

Inoculation vs invasion

Only two species, the stickleback Gasterosteus aculeatus
and the goby Tridentiger trigonocephalus, have been
both collected in ballast water (Table 2) and introduced
via ballast transport (Table 3). At the family level,
however, there is more striking correspondence between
the frequency of inoculation (Phase 1) and the frequency
of introduction (Phase 2). We restricted our comparison
to those five families that were transported or introduced
on more than four occasions: Gobiidae, Clupeidae,
Gasterosteidae, Blenniidae, and Pleuronectidae (Fig. 1,
Tables 2 and 3). Gobies were the family most frequently
collected from ballast water, and the most frequently
introduced and established (Fig. 2). Blennies were also
introduced and established on multiple occasions, but
were collected only once from ballast water (Fig. 2).
Sticklebacks (Gasterosteidae) were collected frequently
from ballast water (five collections of Gasterosteus
aculeatus), but introduced and established only twice
(Fig. 2). Clupeids, too, were commonly collected, but
there are no reported ballast-mediated introductions for
this family (Fig. 2). In contrast, pleuronectids were fre-
quently introduced (although never established), but
were collected only once from ballast water.

Collection methods

We collected fishes from 18 of the 292 vessels. In some
de-ballasted holds, fishes of several species together
numbered hundreds. On most vessels (13 of 18) we
collected only one taxon, on three vessels we collected 2
taxa, and on two vessels 4 taxa. Of the 292 ships, 23
were sampled both by plankton net and by visual in-
spection of de-ballasted holds (Table 4). The frequency
of fish collection in empty holds (8 of 23) was signifi-
cantly greater than that in plankton net samples in the
same holds (1 of 23) (Fisher’s exact test p = 0.022,
table-wide o = 0.05; sequential Bonferroni corrected
o = 0.016). The remaining 269 vessels were sampled by
plankton net alone. Here too, the frequency of fish
collection (8 of 269) was significantly lower than from
the holds sampled by visual inspection (8 of 23) (Fisher’s
exact test p = 0.000, table-wide o = 0.05; sequential
Bonferroni corrected o = 0.016) (Table 4). Of the fishes
collected from empty tanks significantly more were
postlarval (12 of 15 in 23 holds) than from plankton
tows (2 of 9 from 269 ships) (Fisher’s exact test
p = 0.008). In addition to these two sampling methods,
serendipitous collections of single species were made
from the water surface of an open tank on three vessels
(Alepes djedaba, Sprattus sprattus, and Gasterosteus
aculeatus; this last species was collected also by plank-
ton net from the same tank).



Table 3 Fish introductions attributed to ballast-water transport
(including attributions to transport in bilge water or other seawater
systems) [Y, N, established presence of persistent population (Y yes;

where possible
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N no; ? unknown)] (CA California; SFB San Francisco Bay; WA
Western Australia; NSW New South Wales) Review papers cited

Taxon

Introduced

from

to

Established Source

Petromyzontidae (sea lampreys)

Petromyzon marinus

Anguillidae (freshwater eels)®
Anguilla anguilla
A. rostrata
Cyprinodontidae (killifishes)
Cyprinodon variegatus
Lucania parva
L. parva
Gasterosteidae (sticklebacks)
Apeltes quadracus
Gasterosteus aculeatus
Percidae (perch)
Gymnocephalus cernuus
Sparidae (porgies)
Sparidentex hasta

Blenniidae (combtooth blennies)

Hypleurochilus aequippinis
Hypsoblennius ionthas
Lupinoblennius dispar
Omobranchus ferox

O. punctatus

O. punctatus

O. punctatus

Parablennius thysanius

Gobiidae (gobies)
Acanthogobius flavimanus
A. flavimanus
A. flavimanus
Barbulifer ceuthoecus
Gobiomorphus coxii
Gobionellus hastatus
Gobiosoma nudum
Lophogobius cyprinoides
Neogobius melanostomus
Proterorhinus marmoratus
Rhinogobius brunneus
Tridentiger trigonocephalus
T. trigonocephalus

T. trigonocephalus
T. bifasciatus

T. barbatus

Mugiligobius parvus

Eleotridae (sleeper gobies)
Butis koilomatodon

B. koilomatodon

Atlantic drainage?

Western Europe
Northwest Atlantic

Northwest Atlantic
Northwest Atlantic
Northwest Atlantic

Eastern Canada
North Atlantic

Europe

Arabian Sea

East and West Atlantic
Southern USA

West Central Atlantic
Indo-West Pacific
Indo-West Pacific
Indo-West Pacific (India)
Venezuela or Trinidad
Philippines, Indian Ocean

Asia

Asia

Asia or USA (SFB)
West Central Atlantic
Australia (NSW)
Southern USA

West Central Pacific
West Central Atlantic
Black/Caspian Seas
Black/Caspian Seas
Asia

Asia

Asia

Asia
Asia

Asia

Taiwan, Philippines
Indo-West Pacific

Indo-West Pacific

Pleuronectidae (right-eye flounders)

Platichthys flesus®
Pleuronectes platessa

Percoidei (genus incertae sedis)®

Lateolabrax japonicus

Western Europe
Western Europe

Japan

Laurentian Great Lakes

USA (SFB, CA)
USA (SFB, CA)

USA (WA)
USA (OR)
USA (SFB, CA)

Laurentian Great Lakes
Laurentian Great Lakes

Laurentian Great Lakes

Australia (Perth, WA)

Panama Canal

USA (Hudson R.)

Panama Canal (Pacific side)
Mozambique

Mozambique

Venezuela and Trinidad
Atlantic Panama and Canal
USA (Hawaii)

USA (SFB, CA)
Australia (Sydney, NSW)
USA (Los Angeles, CA)
Pacific Panama

Australia (Sydney, NSW)
USA (Hudson R.)
Atlantic Panama
Panama Canal (Pacific side)
Laurentian Great Lakes
Laurentian Great Lakes
Arabian Gulf

USA (SFB, CA)
Australia (Sydney, NSW)

USA (Los Angeles, CA)
USA (SFB, CA)

USA (SFB, CA)

Hawaii
Panama Canal
Nigeria, Cameroon

Laurentian Great Lakes
Red Sea (Gulf of Elat)

Australia

<< <7 27 =

= MK KT R T R Y Y L "~

-~

N

R,—/A/_/R/—’—’_/

Lamsa et al. (1980)

Carlton (1985)

Holm and Hamilton (1988)
Carlton (1985)

Carlton and Geller (1993)

Jomes (1992), Carlton
and Geller (1993)

Carlton (1985)

Carlton (1985), Carlton
and Geller (1993)

Carlton (1985)

Jones (1992)

Carlton (1985)

Carlton and Geller (1993)

Carlton (1985)

Carlton (1985), Paxton and
Hoese (1985), Jones (1992)

Carlton (1985)

Matern and Fleming
(1995) Matern (personal
communication to MJW)

Fleming (1998), Fleming
(personal communication
to MIW)

Carlton and Geller (1993)

Carlton (1985), Carlton
and Geller (1993)
Carlton and Geller (1993)

Carlton (1985)
Hensley (1983)

Paxton and Hoese (1985)

“McCosker (1989) considers other pathways more likely than ballast transport for Atlantic eels introduced to the northeast Pacific

® Platichthys flesus was introduced to the Great Lakes on six independent occasions (Carlton et al. 1995)

¢ Considered a separate family for summary purposes
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Fig. 2 The five fish families most commonly transported (A) and
introduced (B) via ballast water. Reported introductions (B) are
divided into those established (black bars) and those whose
establishment is uncertain or has not occurred (open bars)

Discussion

Forty introductions of 32 fish species have been attrib-
uted to ballast-water transport world-wide, yet we found
little overlap between these reported species and the
species collected from ballast tanks and cargo holds. The
disparity between the two data sets probably reflects
both systematic under-reporting and undersampling.
Under-reporting results from the relatively recent rec-
ognition that decades of ballast transport have provided
a major pathway for marine and aquatic introductions
(Carlton 1985). Undersampling of ballast water occurs
both during the sampling of tanks and during the sam-
pling on global shipping routes. Most ballast-water
studies, including our own, relied primarily on plankton-
tow samples. These samples typically filter only a small
fraction of the water in a tank (e.g. <1% of most tanks,

Table 4 Comparison of ballast-water sampling methods in three
studies reported (Table 1). Of 292 vessels sampled, 269 were sam-
pled by plankton net only. On 23 additional vessels, ballast tank
was sampled with plankton net when full, and by visual inspection
of de-ballasted hold when empty. Two reports of fish collected by
dip net have been omitted. [*Significant differences among methods
(see “‘Results — Collection methods’’]

Two methods One method:

Plankton Empty Plankton

net hold net only
No. ships sampled 23 23 269
No. ships that collected fish 1 8 8
Percent ships with fish* 4.3 34.8 3.0
Total fish records 2 15 9
Percent postlarval fish records* 100 80 22

Smith et al. 1999); worse yet, fishes may actively avoid
the net openings (Carlton and Geller 1993). In contrast,
the organisms left in the bottom of a de-ballasted cargo
hold represent the crudely filtered contents of most of
the tank volume. We found that visual inspection of this
residue yielded a significantly greater frequency and di-
versity of fishes, especially of identifiable postlarval
specimens. On a global scale, >7000 species may be
transported per day by ballast water; thus, the proba-
bility of finding the same range of fish species in the
relatively few ships sampled is low (Carlton 1999). In
short, vastly more fishes must be transported — in terms
of both abundance and diversity — than have been
sampled. These reporting and sampling limitations make
it difficult to evaluate relationships between transfer and
invasion at the species level. At the family level,
however, certain patterns emerge.

Why are certain families successful invaders?

Taxon-specific traits not typically associated with inva-
sive ability may increase dispersal frequency and, there-
fore, invasion success. In addition, high abundance and a
broad range (which may include previous successful in-
vasions) may contribute to the statistical likelihood of
dispersal and invasion. Multiple transports or introduc-
tions were documented for five families: Gobiidae, Clu-
peidae, Gasterosteidae, Blenniidae, and Pleuronectidae.
To test for traits contributing to invasion success, we
should ideally compare characteristics and abundances
of taxa that survive each phase to the entire pool of taxa
present at that phase (Carlton 1996; Vermeij 1996).
Unfortunately, such data are rarely available. Nonethe-
less, certain traits do correlate with dispersal success.

Taxon-specific traits
Gobies and blennies were the most often-reported

ballast-water dispersers and invaders. The crevicolous
nature of gobies when seeking refuge and laying eggs



may predispose them to ballast-water transport, partic-
ularly if the ballast-intake grates on ship hulls present
appealing crevices (Hoese 1973; Springer and Gomon
1975; Carlton 1985). Rainer’s (1995) observation of
gobies darting in and out of hull gratings in an Aus-
tralian port further supports this hypothesis. Although
the same behavior has been implicated in blenny intro-
ductions (Hoese 1973; Springer and Gomon 1975;
Carlton 1985), this family has been collected only once
from ballast water. Their infrequent occurrence may
reflect a geographic sampling bias: none of the sampled
ships arrived from ports in the Indo-West Pacific, the
global region of highest blenny diversity and abundance
(Zander 1984).

Once on board a vessel, a fish must survive transport
in a dark ballast tank. Gobies are well represented
among cave fishes, in part because of their specialized
lateral-line system (e.g. Parzefall 1986), which may be a
pre-adaptation to surviving ballast transport (Janssen
1995; Jude 1997). The same has been suggested for the
nocturnal ruffe Gymnocephalus cernuus, another invader
of the Laurentian Great Lakes (Janssen 1995, 1997).
However, the repeated ballast-transport survival of the
stickleback Gasterosteus aculeatus indicates that even
visual predators can survive transoceanic voyages.

Upon release, the crevicolous nature of gobies and
blennies may again predispose them to survive well in
habitats in and around ports (e.g. dock pilings, bottom
debris). In these two families, traits not typically asso-
ciated with successful invaders may nonetheless con-
tribute to invasion success by increasing the frequency of
dispersal. For gobies, the relatively high frequency of
transport alone may explain the frequency of their in-
vasions. The same may hold for blennies, but further
sampling over a broader geographic range is needed to
establish their transport frequency.

Abundance and ubiquity

Carlton (1985) predicted that Gasterosteus aculeatus
would prove to be a regular member of the ballast-water
biota. Our data show that this fish is the most commonly
found species in ballast surveys to date, and has been
collected from vessels arriving on both sides of the north
Atlantic. A common species, globally distributed in
freshwater, estuarine, coastal, and open-marine tem-
perate habitats (Bell and Foster 1994), its ubiquity pre-
sumably increases its likelihood of ballast transport.
Despite a high potential for extensive and repeated
transport, only two records exist of successful stickle-
back introductions. Interestingly, however, this species
possesses many of the characters typically associated
with invaders, such as broad physiological tolerance and
diet, flexible reproductive strategies, and rapid evolution
(Bell and Foster 1994). A high frequency of ballast
transport in this century may have contributed both to
under-reporting of past introductions and to some of the
difficulties of phylogenetic placement described for
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populations of this species (Haglund et al. 1992; Bell and
Foster 1994).

Why have certain families not invaded?

Pleuronectids have been collected only once in ballast
water, although they have been introduced on multiple
occasions. These benthic fish may have been missed both
by plankton net samples and during visual inspection of
de-ballasted tanks because of their close association with
the tank bottom and their cryptic coloration. Despite
their multiple introductions, this group is not known to
have established any nonindigenous populations. Six of
the seven pleuronectid reports were independent intro-
ductions of Platichthys flesus to the Great Lakes, where
this estuarine species may be unable to reproduce. The
chances of a successful invasion might be improved with
a better habitat match between donor and recipient
regions.

The high-density schooling behavior of clupeids may
contribute to their entrainment and survival in ballast
tanks. In addition, their multiple collections may reflect
in part their prevalence in the northeast Atlantic, where
much of the sampled ballast water originated. It is un-
clear why there are no reported introductions for this
family; possibly, the abiotic conditions of port waters
(e.g. low salinities in Baltimore, Maryland) or insuffi-
cient population sizes (e.g. see Allee 1931) have inhibited
invasions.

Ballast water is an important and underestimated
vector for the transfer and introduction of fishes. Only
by sampling de-ballasted tanks can we obtain a more
complete picture of fish (and other macrofaunal) trans-
port. Fish families differ in their frequency of ballast-
mediated transport, introduction, and establishment.
The occurrence of fishes in ballast water does not cor-
relate with invasion success at the species level, but does
do so to some degree at the family level. The frequency
of ballast transport in some families may be increased by
unexpected, taxon-specific traits not typically associated
with invasion success. In other cases, high abundance
and a broad global range may contribute to higher
transport frequency. Simply by increasing the frequency
of dispersal (Phase 1), these traits may increase the
chances of subsequent introduction and establishment
(Phases 2 and 3). Determining both the relative abun-
dance of species and the characteristics contributing to
their success at each invasion phase will allow the de-
velopment of a better predictive framework of invasions
in general, and of ballast water invasions in particular.
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