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Preface

While humans have facilitated the movement of marine and estuarine (brackish
water) crustaceans for millennia to regions where ocean currents would never have
taken them, it is perhaps only in the past 200 years, with the creation of interoceanic
canals and the advent of global shipping that a “sea change” has truly taken place
in the distribution of hundreds, some might argue thousands, of species of crusta-
ceans. We present here, in 25 chapters by contributors from around the world, the
first global, comprehensive review of alien marine crustaceans. Our concept of
“alien”, as used in this volume, includes species that are commonly also referred to
as exotic, introduced, invasive, non-indigenous, and non-native.

Much remains to be learned about the breadth and depth of how human activity
has altered the biogeography of crustaceans in the world’s oceans. The best-known
marine crustacea are the decapods; crabs, shrimps, crayfish (crawfish), lobsters,
and their relatives. The present work reflects that knowledge: 12 of the 25 chapters
here focus entirely or largely on decapods. Similarly, the historical biogeography of
crustaceans in European, North American, Atlantic South American, and
Australasian waters are far better known than many other regions of the world, and
the contributions geographically reflect that knowledge base.

In turn, the lacunae of the present work reflect the well-known gaps in our
knowledge of alien marine crustacea: the history, diversity, distribution, and
impacts of, for example, alien marine species of amphipods, isopods, tanaids,
cumaceans, ostracodes, mysids, and many other groups are simply not sufficiently
well known to present either comprehensive regional analyses for most areas of the
world or global perspectives. While our goal at the outset was not to create a world
encyclopedia of alien marine crustacean invasions (as useful as that would be), and
while we are acutely aware that we present here no reviews of invasions in the sea
by such important crustaceans as copepods, we are nevertheless pleased that a
number of chapters cover some species in these lesser-studied groups, serving to
plant the necessary seeds for future work.

We highlight here the pervasiveness, importance, and impacts of alien crustacea
on many of the world’s shores; even so, for most species — even many larger species
now occurring in great abundance where they did not evolve — we know little to
nothing about their impact. And for many of those species that have been studied,
we frequently still lack basic information about their reproduction, feeding, and
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interactions with native species that would provide the basis for both our
understanding of how communities and ecosystems have changed over time, and for
management and control decisions. We have little doubt that of critical and increas-
ing concern in coming decades will be those marine crustaceans that are commer-
cially important in fisheries and aquaculture; including not only their diseases and
parasites, but their propensity to establish populations in the wild. It is our hope
that this volume points the way toward productive research directions and arenas on
alien marine crustaceans.

We are indebted to our colleagues for their contributions to this volume. As
authors and editors we are aware of the unseen and unsung labours of many more
colleagues whose reviews and comments on the manuscripts enhanced and improved
them. We are grateful to them all, acknowledged here: Pere Abell6, Shane Ahyong,
Fernando Alvarez, Gail Ashton, Ashley Baldridge, Matt Bentley, John Bishop,
Karin Boos, Geoff Boxshall, Benny Chan, Earl Dawe, Carlo Froglia, Graham
Gillespie, Stephan Gollasch, Sammy De Grave, Mark Hanson, Richard Hartnoll,
Jens Hgeg, Johan Hollander, Paul Jivoff, Arbaciauskas Kestutis, Rafael Lemaitre,
Erkki Leppékoski, Donald Lovett, Enrique Macpherson, Colin McLay, Christopher
McQuaid, Dan Minchin, Alan Myers, Peter Ng, Pierre No€l, Ferran Palero, Vadim
Panov, Richard Piola, Phil Rainbow, Tzachi Samocha, David Smith, Marcos Tavares,
Sven Thatje, Martin Thiel, Cédric d’Udekem d’ Acoz, Keiji Wada, Sylvia Yamada
and Darren Yeo.

Bella S. Galil, Paul F. Clark, and James T. Carlton
Haifa, London, and Mystic
February 2010
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In the Beginning



The Global Dispersal of Marine
and Estuarine Crustaceans

James T. Carlton

... que ’homme a pris possession de la surface des mers.
(... when man took possession of the surface of the seas.)

Catta (1876) on the occasion of a fouled ship arriving in the
Port of Marseilles from India

It is almost impossible for a landsman to gain any idea of the
amount of stuff that collects upon the hull of a seagoing

ship — millions of tiny shell fish, barnacles, whelks, minute
clam-like molluscae ... against which nothing as yet known in the
art of ship-building is proof. All these clinging to the hull below
the water line will form in an incredibly short time a coating so
thick that it will make a difference of from four to six knots in the
vessel’s speed ... Indeed, it is chiefly for the sake of scraping the
hull of the ship that these immense dry docks have been built ...

— Fitting Cruisers for Service: A Day Spent at the Mare Island
Dry-Dock [San Francisco Bay, California, USA], December 5,
1896 (Norris 1896)

Abstract The scale of invasions by crustaceans in marine and estuarine waters globally
has been vastly underestimated. This underestimation derives from two primary sources:
First, most of the species distributed in the first 400-500 years of global shipping have
escaped recognition, potentially strongly skewing our perceptions of the evolution and
history of many nearshore communities. Second, invasions are rarely reported amongst
smaller-bodied and taxonomically more challenging taxa. The combination of the
two suggests that many fundamental but overlooked shifts have occurred in marine
ecosystems in only the past few centuries. While a still all-too-common statement in
the literature is that most invasions are benign and have no impact, no experimental or
quantitative data are available that support that conclusion.

J.T. Carlton (B)

Maritime Studies Program, Williams College — Mystic Seaport, 6000,
75 Greenmanville Avenue, Mystic, CT 06355, USA

e-mail: jcarlton @williams.edu

B.S. Galil et al. (eds.), In the Wrong Place - Alien Marine Crustaceans: Distribution, 3
Biology and Impacts, Invading Nature - Springer Series in Invasion Ecology 6,
DOI 10.1007/978-94-007-0591-3_1, © Springer Science+Business Media B.V. 2011
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1 Introduction

As long as humans have taken to the sea, they have taken marine life with them,
intentionally and unintentionally. For thousands of years, primitive and early
watercraft, with living organisms on and in them, moved along coastlines and
within ocean basins, and to a limited extent between adjacent oceans, such as the
many early voyages between the Indian and Pacific Oceans (Riley et al. 1971;
Finney 1977; Natkiel and Preston 1986; Hattendorf 2007). Significant global inter-
oceanic voyages did not commence, however, until the 1500s, when European
explorers with well-fouled and well-bored wooden ships, began sailing throughout
the Atlantic Ocean and into the Indian and Pacific Oceans as well (Wolff 2005;
Hattendorf 2007). In most areas of the world where these ships touched, marine
biologists were not to arrive for several centuries. How many thousands of ship-
borne species were to lead to enduring assumptions (that persist today) of natural
cosmopolitanism of many marine invertebrates and algae has hardly begun to be
explored (Carlton 2009).

The impacts of these and related assumptions on our modern-day
understanding of marine invertebrate biogeography are examined here, using,
in concert with the rhythm of the present volume, marine crustaceans as a
model group. Crustaceans are the second best known group of marine inverte-
brates, next to molluscs. Both molluscs and crustaceans have enjoyed millennia
of human subscription, the former exceeding the latter in global knowledge
largely because of shell collectors attracted to the diversity, beauty, and preserv-
ability of seashells. Crustaceans (also diverse and beautiful, but not as easily
preservable) nevertheless have long been prominent in the public arena: they
serve as food (decapods), are persistently annoying (fouling organisms, boring
organisms, and fish lice, among other nuisances), and in more modern times,
provide both pet food and entertainment (dried krill and live brine shrimp). All
of these have important economic benefits or consequences. Further, copepods,
euphausiaceans, mysids, amphipods, decapods, and other taxa often form the
foundation of many food webs. Many other crustaceans are “ecological
engineers,” regulating the structure and function of communities. The funda-
mental ecological, environmental, economic, and societal roles of crustaceans
have thus propelled long interest.

For hundreds and tens of millions of years the natural processes of plate
tectonics, isolation (interrupted gene flow), and limited dispersal, shaped the
biogeography, evolution, and structure of marine systems. In a profoundly short
time (ca. 500 years) global homogenization commenced as marine life from the
North Atlantic arrived after a few months journey in the South Pacific Ocean, or as
the biota of the North Pacific was mixed with that of the South Atlantic, and after
estuaries and bays everywhere became converted to ports and harbours, creating a
global corridor of animals and plants upon which uncounted species began to flow.
In due course, no shore remained untouched.
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2 Vectors

Numerous works explore the sobering diversity of the means by which humans
have altered the natural distribution of marine, freshwater, and terrestrial organisms
(Carlton 1985, 1992; Carlton and Geller 1993; Gollasch 2002; Coutts et al. 2003;
Ferreira et al. 2006; Carlton and Cohen 2007). Some vectors transcend all three of
these biomes; others are unique to one habitat. Few of these vectors do not apply to
crustaceans, whose breadth of life styles, physiological repertoires, and reproduc-
tive strategies encompass those of most marine invertebrates. Two great endeavours
have led this anthrophoretic charge: global shipping and the global movement of
oysters. Despite the predominance of these vectors, seemingly “minor” vectors
(such as seaweed packed with bait worms) can lead to “major” invasions (Cohen
et al. 1995), such that due attention must be paid to all of the means by which spe-
cies were, and are, transported, in order to understand historic, modern and future
invasions.

Table 1 summarizes many (but not all) of the vectors that have or could trans-
port, or are transporting, marine and estuarine crustaceans along coastal corridors,

Table 1 Human-mediated vectors or corridors that have or could transport, or are transporting,
marine and estuarine crustaceans along coastlines, across oceans, and between oceans

Solid ballast (sand, rocks, intertidal or beach debris); water ballast
and sediments, and fouling organisms in ballast tanks; wet
wells and wet boxes (including fouling and entrained nekton);
fouling, boring, trapped, and entrained organisms on hulls,
anchors, anchor chains, sea chests, seawater pipe systems, deck
basins and scuppers; bathroom water; saltwater swimming pools
on cruise ships

Vessels and other
watercraft (including
drilling platforms)

Other maritime activities:
equipment, sea planes,
and commerce

Movement, holding
and release of living
organisms including
associated biota
in containers and
packing material
(dunnage)

Contaminated gear and
footwear

Marsh restoration
Floating plastic debris

Canals

Movement and transportation of floats (pontoons), sea buoys,
dry docks, sea planes, amphibious planes, log booms: all with
associated organisms, as above

Aquaculture, mariculture, live sea food (including temporary
outplanting and open-sea storage of animals and plants);
aquarium industry (public and private); intentional stocking
(legal or illegal) for enhancement, introduction, or forage
food; release of transgenics; biological supply; biomonitoring;
education and teaching; bait industry; movement of kelp to
attract deposition of fish eggs for harvesting

Gear and footwear associated with commercial fisheries, sport
fishing, aquaculture, diving, swimming, other water sports,
research, exploration, tourism, nature-watching, and other
activities

Movement of salt marsh plants and saline soils, with associated
organisms

Fouling or entrained organisms on semi-permanent substrates
floating in neritic and oceanic waters

Active transport on water moving through canal, in addition to
passive transport on vessels or other conveyances as above
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transoceanically, and interoceanically. These are summarized in seven major
categories: (1) vessels and other watercraft (including drilling platforms), (2) a host
of miscellaneous maritime activities (including the movement of equipment, sea
planes, and commercial products), (3) the movement of living organisms, and
holding or releasing these in the open sea, or holding them in such a way that they
could be inadvertently released to the open sea, (4) gear and footwear with associ-
ated living organisms, (5) salt marsh restoration projects, (6) floating plastic debris
(which provides a novel nearly permanent oceanic substrate), and (7) sea level or
lock canals. The specific means or mechanisms by which these vectors operate are
detailed in Table 1. Canals are included here, but noted as a corridor, not a vector,
following the terminological framework erected by Carlton and Ruiz (2005).

Excluded from Table 1 is a vector that may come into play in the twenty-first
century: the intentional translocation of threatened and endangered species to novel
locations in order to establish new populations. This activity is variously referred
to as “assisted migration” or “managed relocation” (Ricciardi and Simberloff 2009;
Richardson et al. 2009). As yet, no marine or estuarine crustaceans are on this
relocation radar.

As a further example of the challenges faced by understanding the depth and
breadth of the abilities of humans to move marine organisms long distances,
Table 2 presents data from what might be called the “bioweb”: the availability of
living organisms for purchase on the internet. For this vector (for which it would
take a small monograph to do justice to the number of species available) a few
examples of edible seafood have been selected, and one example of the range of
species available from a biological supply company. An important “between the
lines” aspect, noted in the table title, is that a large number of other organisms
typically come along with the target species. A particularly rich source of living
marine crustaceans, for example, might be to simply order the water or “communities”
shown on Table 2-B. The management challenge from the unregulated shipment of
living organisms is that a very large number of species are now able to be placed in
private hands, for such use (or for dissemination and release) as seems fit to
whoever has purchased these animals and plants.

The global expansion of the live seafood industry, facilitating the movement of
living crabs, lobsters, shellfish, and other species anywhere in the world within
24 h, is a related vector that remains poorly explored. Of particular interest, for
example (other than the obvious movement of living edible crustaceans) are fouled
shellfish also in global flow. Thus living oysters (such as Crassostrea ariakensis)
are flown daily from Puget Sound, Washington (via Seattle International Airport)
to Washington, D.C., to be served in seafood restaurants and bars (a measurable
reflection on the state of the Chesapeake Bay oyster industry itself). The oysters are
transported in such a way as to maximize their survival such that they can be served
alive. Thus, any species on the oyster shells may survive as well: the Pacific coast
barnacle Balanus glandula has been intercepted alive on such oyster shipments,
remaining viable for as long as 13 days out of water (Carlton, unpubl. obs.).

Presumably such episodes are repeated daily worldwide, but the extent to which
such shellfish (and their epibiota; molluscan, crustacean, or both) ends up in the sea
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Table 2 Live crustacea directly or unintentionally available via the internet (examples only,
as of March 2010)

Website

Species available for live shipment (with associated
water and packing materials)

A.

Edible seafood

www.mainelobsterdirect.comwww.

thefreshlobstercompany.com/

(and many others)
www.aqualife.nu/lobster-canada-

europe.html
www.crawfishcoofcentralflainc.

com/Live-Blue-Crab-Delivered.

html
www.ordercrabs.com/
www.berwickshellfish.com/

ordering.html

Biological supply companies

Ward’s natural science 2010
biology & chemistry catalogue
(http://wardsci.com/)

American lobster, Homarus americanus

American lobsters (Homarus americanus) ==>
shipped to Europe
(Louisiana) blue crab (Callinectes sapidus)

(Maryland) blue crab (Callinectes sapidus)
European lobster (Homarus gammarus)

Brown crab (Cancer pagurus)

Velvet crab (Necora puber)

Green crab (Carcinus aestuarii)

Spider crab (Maja squinado)

Squat lobster (Pleuroncodes monodon)

Norway lobster (langoustine) (Nephrops norvegicus)

“Pond water” (1 gal): “Nonsterile; may contain
organisms”

“Sea water” (1 gal): “Nonsterile, from our marine
tanks”

Flame scallops, Lima scabra, and associated biota

“Feather duster” polychaete worms, and associated
biota

“Marine hermit crab” Pagurus sp. and fiddler crabs,
Uca sp

Sea urchin, Strongylocentrotus sp., and associated
biota

“Sea peach” tunicate, Halocynthia pyriformis, and
associated biota

“Marine animal aquarium Set”(invertebrates and
fish)

“Living rock community”: “amphipods, other
crustaceans, sponges, bryozoans, and even
algae”

“Marine invertebrate symbiosis set” (includes crabs)

“Invertebrate set 1” (includes scallops, and
presumably associated biota)

“Invertebrate set 2” (includes hermit crabs)

Red algae (Callithamnion, Corallina, Gigartina,
Polysiphonia, Porphyra, Porphyridium, Bangia)

Green algae (Ulva, Cladophora)

Brown algae (Fucus, Dictyota, Ectocarpus,
Laminaria) and associated biota with all algae



http://wardsci.com
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and not in rubbish dumps is unknown. The fact that living, foreign shellfish are
found alive in the wild suggests that landfills are not always the final repository.
Thus Atlantic blue crabs (Callinectes sapidus) are occasionally found living in San
Francisco Bay (California) and in Kaneohe Bay (Oahu, Hawaii), and Pacific
Dungeness crabs (Cancer magister) can on occasion be found in the open ocean off
Gloucester, Massachusetts. Eastern Callinectes and Western Cancer are both
actively shipped, west and east respectively, as part of the live seafood industry, and
are thus available for live purchase in San Francisco and Boston. Some of these
crabs are evidently then released into adjacent waters, perhaps with the intention of
establishing reproducing populations (the Cancer are, however, a male-only
fishery).

Of interest is to compare the vectors (Table 1) to major groups of crustaceans,
and ask the extent to which different taxa are susceptible to anthropogenic dispersal.
Table 3 contrasts 16 groups of crustaceans to the seven categories of vectors/
corridors from Table 1. Column and row totals are presented. Shipping and canals
are clearly significant relative to their dispersal potential across all taxa, although
other mechanisms are also potentially of virtually equal weight (other maritime
activities, the movement of living organisms, contaminated maritime equipment
and footwear, and marsh restoration). Fortunately floating plastic debris, for crus-
taceans, has the potential to transport fewer groups of crustaceans, which however
does not imply that this vector is any less important for the species that are trans-
portable or successfully transported.

Of further interest, and awaiting continental-scale, ocean-scale, or global
analysis, is that the row totals suggest that there are groups of crustaceans (and by
extension other marine invertebrates) whose distributions should be less susceptible
than other groups to widespread alteration and modification. At one extreme, many
vectors are capable of transporting, for example, barnacles, copepods, ostracodes,
decapods, isopods, tanaids, and amphipods. It is thus amongst these groups that
many undetected invasions may have occurred or are occurring. At the other
extreme, it appears that cephalocarids, branchiurans, mystacocarids, euphausi-
aceans, stomatopods, and leptostracans have the least interface with synanthropic
dispersal vectors, and we would expect relatively fewer invasions amongst these
groups.

Tempering these predictions, however, are three realities: one, that intensive vec-
tor activity involving any of these latter groups could lead to successful invasions.
Thus while Branchiura (fish lice) do not interface with many vectors, the increasing
movement of fish for aquaculture or stocking purposes, and the presence of fish in
ballast water, may more than compensate for the lack of vector diversity. Two,
while we might expect fewer (for example) stomatopod (mantis shrimp) invasions
based upon this vector matrix, little is known of the role of those vectors that do
operate, and how they may have modified mantis shrimp biogeography. Thus stom-
atopod larvae occur in ballast water (Carlton and Geller 1993), opening up a poten-
tially complex window into how stomatopod ranges (virtually all of which are
assumed to be natural) may have been cryptically altered by over 100 years of the
movement of ballast water. Three, we work at the mercy of taxonomists, who are
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the sine qua non of understanding and measuring changes in biodiversity. The
availability of taxonomists and the impact of such availability, or the lack thereof,
is discussed below.

3 History of Recognition of Human-Altered Biogeography
of Marine Crustaceans

Early workers were aware of the potential for non-indigenous crustaceans to arrive
on their shores from across the seas. For the review here, literature for a 100 year
period, from the 1820s to the 1910s, has been selected to capture a sense of the
extent to which largely nineteenth century scientists were aware of the human-
mediated dispersal of marine crustaceans.

Roux (1828) wrote for example, in describing the littoral isopod Ligia exotica
from the Mediterranean,

Quoique j’aie trouve’ a Marseille cette nouvelle espece, j’ai lieu de penser cue la Provence
n’est point sa patrie, et que c’est par un navire venant de Cayenne, ou elle doit étre origi-
naire, qu’elle a e’te apportée. Il paraitrait qu’elle a pu vivre durant la traversée, a fond de
cale, dans le voisinage de quelque petite voie d’eau propre a entretenir I’humidité que ces
Crustacés recherchent. '

Although (Catta 1876: 6, footnote) implied that Roux had actually found this
isopod in the hold of a ship, Roux was clearly speculating. Nevertheless, Roux’s
insight that Ligia could have been carried across the sea from South America
(French Guiana), and his apparent awareness of the damp recesses of a vessel that
could maintain the proper viable conditions, are compelling for the time.

Gould (1841), based in Boston, Massachusetts, and writing of the New England
marine fauna, commented that as barnacles can affix themselves to floating and
“locomotive” objects, they,

... are, therefore, extensive voyagers, and hail from no particular sea. During the last sum-
mer, two vessels lay side by side at one of our wharves, one from India, the other from
Sweden, and their bottoms were occupied by similar species of barnacles. In long voyages,
especially in warm climates, and still more certainly where vessels are not sheathed with
copper, the barnacles adhere in incredible numbers, and grow to such a size, as materially
to impede the course of the vessel. Conveyed in this way, they are brought in contact with
their food, and are seen in every port.

Gould thus implies that ships have aided and abetted in the creation of what was to
be recognized by the twentieth century as a “port biota.” He further noted that

“Although I found this new species at Marseille, I have reason to think that its provenance is not
this country, and that it is from a ship which brought it here from Cayenne, where it must be origi-
nally from. It would appear that it was able to live during the crossing, at the bottom of the hold,
in the vicinity of some small amount of water which properly maintained the humidity that these
crustaceans require.”
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“Balanus tintinnabulum” [= Megabalanus tintinnabulum)] was one of the common
species “found on vessels arriving from warmer regions”, that he had collected
Balanus eburneus [= Amphibalanus eburneus] “from the bottom of a ship of war
from the West India station”, and that lepadid barnacles were regularly found on
ship bottoms.

Bell (1844-1853), while not directly referring to human-mediated accidental
dispersal, noted the long-distance movement of live crabs (Cancer pagurus) from
Norway to the London markets by means of “well boxes”, which were attached to
vessels, and which had “holes in all the sides to admit of continued change of
water”. This is one of the earliest references to the existence of wet boxes and wet
wells associated with coastal vessels, structures that we now know to be capable of
transporting living organisms, both fouling and nektonic (Carlton, unpubl. obs.).
Coincidentally, De Kay (1844), in the same year, noted that a “car full” of American
lobsters (Homarus americanus) had been introduced about 1814 into Charleston
harbour, South Carolina (a few individuals were still found 10 years later). Although
rarely noted as vectors for the first half of the nineteenth century, it is likely that
such moderately long-distance movements of large edible crustaceans were
common, in a pre-ballast water era when we generally assume that water-borne
organisms were rarely (or never) transported by human-mediated mechanisms.

Catta (1876), reported on the fouling community on the iron ship Karikal that
had arrived in Marseille, via the Cape of Good Hope, from Puducherry (Pondicherry),
India. Crabs, isopods, and amphipods were found amongst a rich covering of the
barnacle Lepas and the green alga Bryopsis; the peracarids had apparently been
acquired locally in France, but the four crabs had been entrained along the voyage
(Schmitt [1965], in a well-known popular work on crustaceans, misreported the
amphipod Ampithoe as having been carried on the Karikal from India to France).
The crabs on the Karikal were Pachygrapsus transversus (as Pachygrapsus
advena), Planes minutus (as Nautilograpsus minutus), Plagusia depressa (as
P. squamosa) and Plagusia chabrus (as P. tomentosa). Catta commented that the
crabs had survived great variations in temperature and water chemistry, and felt that
such observations “sont certainement destines a modifier nos idees sur la resistance
vitale de certaines especies animales”.> More intriguing, however, are Catta’s
thoughts on the potential for the “hand of man” in altering the global distributions
of marine life; his comment is a rare one for the nineteenth century:

L’observation actuelle, tout isolée qu’elle est, nous montre combien il est nécessaire, dans
les études zoologiques, telles qu’on les entend aujourd’hui, de tenir compte de pareilles
causes de modifications des faunes, surtout si I’on songe que ces causes agissent d’une
fagon constante depuis que 1’homme a pris possession de la surface des mers.?

*are certainly destined to change our notions on the fundamental resistance of certain animal
species.”

*The present observation, although isolated, shows us how necessary it is in zoological studies,
as we understand them today, to take account of similar causes of faunal changes, especially if we
think that these causes operate in a manner consistent with when man took possession of the
surface of the seas.”
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Not surprisingly, one of the first clear and extensive expositions on the role of
international shipping in influencing the distribution of marine crustaceans are
Charles Darwin’s monographs on barnacles. Darwin (1851), reported at least seven
species of lepadomorph barnacles on ships, while Darwin (1854), noted the occur-
rence of at least 16 species of balanomorph barnacles in ship fouling. Some of
Darwin’s observations are apropos today, although they appear to have been rarely
cited, buried in what most workers assume to be purely taxonomic treatments. For
example, (Darwin 1854: 163), wrote,

... those species ... which seem to range over nearly the whole world ... are species which
are habitually attached to ships, and which could hardly fail to be widely transported.
Indeed, it appears to be surprising, that such species as Balanus psittacus and eburneus,
which often become attached to vessels, should still be confined, the one to Southern, and
the other to Northern America.

Darwin (1854: 192) appears to have specifically had in mind species such as
Balanus tintinnabulum [= Megabalanus tintinnabulum] and Balanus amphitrite
[= Amphibalanus amphitrite]. Since Darwin, Austromegabalanus psittacus has
been introduced to New Zealand (Hosie and Ahyong 2008) where it was first found
in 2006; thus it remains a poor global colonizer for reasons that remain unknown.
Amphibalanus eburneus, however, has dispersed globally since the nineteenth
century.

Darwin (1854: 197), further speculated on whether transport “to new and distant
localities” might explain the morphological variation seen in ship-borne popula-
tions of Megabalanus tintinnabulum, and specifically wondered if interbreeding
among populations could produce intermediate forms. Henry and McLaughlin
(1986) have since sorted out which of these intermediate forms and variations are
in fact distinct species.

Of no small interest is Darwin’s observation on how ships accumulated different
species over the course of a voyage; his remarks (1854: 200, 209), in this regard
appear not to have been mentioned since. Darwin reported upon a guano ship that
had left England for Ichaboe (Namibia, Africa), then sailed to Patagonia, and
returned through the South Atlantic to England: ... it was interesting to see the
manner in which numbers of Bfalanus] psittacus, a Patagonian species, had
become attached on the African Bfalanus] tintinnabulum ... and subsequently
during the voyage home, some of the latter had adhered on B. psittacus” (apparently
this second Megabalanus tintinnabulum cohort had been acquired on the voyage
home).

Henry Pilsbry (1916: 64), a half century later, painted an even more complex
bioaccumulation picture, based upon a collection made in the 1870s:

A large series from a whaler, Cape Cod, September 3, 1879, collected by Prof. A. E. Verrill,
is interesting for its associates and coloration. In all probability the vessel was a Provincetown
schooner whaling in the West Indies, and the barnacles were gathered in course of the usual
short (six months) voyage. The wooden bottom was first rather copiously covered with
Balanus trigonus up to about 8 mm. diameter. These were then mostly covered by flat, thin
oysters (Ostrea folium Linnaeus), mainly under 25 mm. in length, and by the Balanus
tintinnabulum antillensis, which seem to have settled down at the same time. Upon these
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oysters and barnacles Tetraclita radiata sits, the specimens reaching a diameter of about
8 mm. There are also a few extremely young Balanus eburneus, 1 to 2 mm. diameter, which
were clearly the last settlers, after the vessel returned to Massachusetts.

In the Caribbean the vessel was thus colonized by Balanus trigonus (a recent
invasion at the time from the Atlantic Ocean), upon which Megabalanus tintin-
nabulum (which now includes antillensis) and an oyster (probably Dendostrea
frons, which in Pilsbry’s time was being referred to by the Indo-Pacific name
Ostrea folium), and upon which Newmanella radiata (= Tetraclita radiata) then
settled. Pilsbry was then able to detect that the New England barnacle Amphibalanus
eburneus was the last to settle. The building of fouling communities over a cruise
track, resulting in a vessel arriving in a port with multiple species from multiple
locations has rarely been discussed, and was not to be experimentally addressed
until the 1980s (Carlton and Hodder 1995).

Pilsbry (1896), further noted that, after studying a collection of barnacles from
a vessel that had travelled from San Francisco, California, to Hong Kong, and then
to Java and India, before arriving at Philadelphia, Pennsylvania, ... the Balanidae
themselves have been so widely diffused by commerce that alone they afford but
little evidence of their original patria”. But it appears to have remained for Fulton
and Grant (1900) to have expanded the concept (based upon a suggestion from a
government official) of what could be transported by ships. They suggested that the
arrival of the European shore crab Carcinus maenas in Australia may have been
mediated by carriage in spaces inside a vessel’s hull, specifically in wooden ships
that had been bored by shipworms (teredinid bivalve mollusks), and then fitted with
“false bottoms” that could provided sanctuaries large enough, and sufficiently sta-
ble, to transport errant crustaceans, otherwise not associated with external ship
fouling, around the world.

In a particularly interesting discourse on the decapods of Bermuda, Verrill (1908)
took some interest in ships and the potential for the invasion of non-native crabs.
Verrill reported that while no decapods from Europe, including the Mediterranean,
were found in Bermuda,” such are known to occur in other orders, especially in
those groups that habitually cling to the foul bottoms of vessels”. Verrill noted
that, (1) the opportunities for introduction have been “unusually good” for many
species, because of the “great dry dock (that) has existed at the naval station for
many years”, and further emphasized that “even from the first settlement” Bermuda
was a “favorite place” for ships to be beached and their hulls cleaned, and, (2) “prob-
ably hundreds of species have been” carried to the islands by ships, but either
“became too separate to find their mates at breeding season” or were eaten by the
“voracious fishes”.

Thus, Verrill considered the potential for massive and multiple inoculation of
invasions, the challenges of establishing a reproductive population, and that preda-
tion exerted in tropical climates may have lead to the lack of non-native decapods;
all considerations that are regularly visited and discussed in modern-day invasion
ecology literature. The “massive/multiple” inoculations hypothesis would resurface
again for ship-mediated invasions about a half-century later, when Bishop (1951)
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introduced the “convoy proposition”, suggesting that the invasion of the Australasian
barnacle Elminius modestus in the European theatre ca. World War II was facili-
tated by the “accumulation of vessels into convoys (which) would tend to increase
the population density of larvae of fouling organisms in a given locality at a given
time”.

Rarely mentioned in modern literature are Verrill’s remarkable extolments on
the virtues of intentionally introducing edible crabs to Bermuda. Verrill wrote:

It would be of great scientific interest, as well as evident, economical benefit, to experiment
with the introduction of edible East American and West Indian crustacea that do not now
exist at the Bermudas. Among those that might succeed are the large Southern Rock Crab
(Menippe mercenaria); the West Indian Rock Crab Carpilius corallinus); the southern
variety of the Edible Blue Crab (Callinectes sapidus), and many others. Probably their
fertilized eggs could be transported far more easily than the adults, and in vastly greater
numbers. With suitable arrangements at the new Bermuda Biological Station, such eggs
could easily be hatched and the young liberated in great numbers, in suitable places ... there
seems to be no reason why any species from the Carolina coasts or the Florida Keys should
not flourish in Bermuda if once introduced there in considerable numbers and protected
from their enemies at first ... Aside from edible species, the introduction of the smaller
kinds would afford a large additional supply of food for useful fishes, and thus benefit the
fisheries. Probably there is no locality in the world so well adapted by nature for experi-
ments in the naturalization of marine animals as Bermuda. There are here numerous deep
basins and ponds, of pure sea water, due to fallen caverns, which have subterranean con-
nections with the sea through pores and crevices in the porous limestone, by which the sea
water is constantly renewed. In such places large numbers of marine creatures could be
protected and allowed to breed till well naturalized, and numerous enough to be safely
liberated. The equable temperature of the climate is also particularly favorable for such
experiments. That any given species of the West Indian marine fauna is not now found in
Bermuda does not prove that it is not able to live there, but rather that it has lacked the
opportunity or means of arriving there. There is a large field open here for enterprising
naturalists and biologists.

Again of no small interest here is Verrill’s observations that limited larval dis-
persal capabilities of some taxa have played a role in the construction of the
Bermudan biota. Of equal interest (for words written in 1907!) are Verrill’s proposi-
tions that edible crabs should be introduced via fertilized eggs and grown in mari-
culture operations, and that forage crabs should also be considered for introduction
to enhance fisheries.

Chilton (1910), in a widely-cited paper, again commented on the potential of
ships to introduce foreign species, repeating earlier observations and suggestions,
particularly those of (Catta 1876) and Fulton and Grant (1900). The motivation for
Chilton’s paper was the arrival of the British Antarctic vessel Terra Nova in
Lyttelton, New Zealand, in October 1910, “with a plentiful growth of seaweed,
barnacles, etc.” Chilton read about the arrival of the fouled ship in the newspapers,
and went down to the dry dock but found the vessel already scraped. He recovered
balanids and lepadids from the dock floor, and found Australian isopods in a plank
that had been removed from the ship.

It is thus clear that a number of both general marine zoologists and systematists,
and carcinologists in particular, throughout the 1800s were aware of shipping (at least)
as a mediator of long-distance accidental dispersal across otherwise insurmountable
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barriers. Darwin in particular was convinced that ship-mediated dispersal of
barnacles had long been in play.

How, then, did this awareness translate into the more general carcinological
literature? If we examine nineteenth century monographs on crustaceans, to what
extent was the role of the previous 400-500 years of global shipping invoked
in explaining interesting, anomalous, or unusual distributions? Table 4 reviews the
extent of mention or discussion of human-mediated dispersal of marine crustaceans
in 12 well-known nineteenth century monographs from 1834 to 1895. Other than
the barnacle distributions discussed (and already reviewed above) in Gould (1841)
and Darwin (1851, 1854) there are, remarkably, no statements on the dispersal of
crustaceans by human activities, by any means, in such classic works as those of
Milne-Edwards, Bate and Westwood, Stebbing, and Sars.

It is thus tempting to suggest that because a fundamental sense of the potential
role of shipping (and other vectors) in altering species distributions was lacking in
many of the major works of nineteenth century carcinology, this cast an influence
upon the thinking, and writings, of many if not most twentieth century workers.
Thus, in much of the systematic and biogeographic literature of many common
marine crustaceans, such as copepods, ostracodes, isopods, tanaids, and amphipods
(the latter with the exception of the papers of J. Laurens Barnard), humans are
absent in the formula of seeking to explain why species were where they are.

Table 4 Mention of human-mediated dispersal of crustaceans in selected nineteenth century
monographs, 1834-1895*

Mention or discussion
Reference (title abbreviated; full citation in literature cited) of synanthropic dispersal

Milne-Edwards (1834, 1837, 1840) Histoire naturelle No remarks

des Crustacés
Gould (1841) Invertebrata of Massachusetts....Crustacea Role of ships in barnacle dispersal
De Kay (1844) Zoology of New-York (Crustacea) No remarks (but see discussion in

this chapter)
Bell (1844-1853) History of British Stalk-Eyed Crustacea No remarks (but see discussion in
this chapter)
Darwin (1851) Monograph on the Cirripedia: Lepadidae Role of ships in barnacle dispersal
Darwin (1854) Monograph on the Cirripedia: Balanidae Role of ships in barnacle dispersal

Bate and Westwood (1863, 1868) History of British No remarks
Sessile-Eyed Crustacea

Boeck (1871) Crustacea amphipoda borealia et arctica No remarks

Haswell (1882) Australian Stalk- and Sessile-Eyed No remarks
Crustacea

Stebbing (1893) History of Crustacea: Recent No remarks
Malacostraca

Sars (1895) Crustacea of Norway: Amphipoda No remarks

Faxon (1895) Albatross: The Stalk-Eyed Crustacea No remarks

*Searchable pdfs of these books and monographs were downloaded from http://www.biodiversitylibrary.
org/, http://www.archive.org/index.php, and http://books.google.com/. Search terms used were:
ship, vessel, boat, carried/carry, transport, hull, foul(ing), and harbor, their French equivalents for
Milne-Edwards (1834—-1840), and their Latin equivalents for Boeck (1871).
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While individual zoologists of the 1800s were aware of ship-mediation, that
awareness failed to transcend to the “big picture”, and thus did not became part of
any explanatory paradigm of crustacean biogeography, let alone a cause célébre
to explain unusual, disjunct, or other distributions.

4 The Scale of Modern-Day Recognition of Crustacean
Invasions

To what extent, then, is the legacy of these perspectives reflected in modern-day
treatments of marine and estuarine crustaceans invasions around the globe? Table 5
provides insight: catalogued here are the introduced and cryptogenic crustaceans
recognized in selected regions of the world: Europe (Belgium, Netherlands, Ireland,
England, and the Azores), Atlantic South America (Uruguay/Argentina), Pacific
South America (Chile), Japan, and the Hawaiian Islands.

Despite the numerous different approaches of these studies, the variable back-
ground of authors, and variable data quality, the patterns are clear. Only three
groups of crustaceans are even modestly recognized globally as including intro-
duced species: decapods, barnacles, and amphipods. Copepods appear in most lists,
but rarely are more than three introduced species listed for any given location.
Mysids are vastly underreported, with only one introduced species being reported
from each of three separate regions. If we eliminate the Hawaiian Islands (the sub-
ject of intensive study for nearly 15 years), and South Africa (the subject of a recent
but short-term intensive examination), isopods rank with copepods in the level of
recognition of non-indigenous species.

The situation then becomes even more grim: absent from all lists are introduced
marine and brackish water cladocerans (water fleas), branchiurans (fish lice),
euphausiaceans (krill), cephalocarids, mystacocarids, and leptostracans, and, with
one or two rare exceptions, ostracodes, stomatopods, and cumaceans.

Several of these lacunae are explicable by the simple lack of taxonomists: there
are few workers who study cephalocarids and mystacocarids, so that despite the
high probability that they were transported for centuries in sand ballast (Carlton
2007), a lack of knowledge renders them inaccessible for resolution. Another
explanation for the lack of reported invasions, or the reporting of few invasions,
among many crustacean groups is the absence of a sufficient number of interested,
dedicated investigators who pose questions about the historical biogeography of
specific taxa. Thus, there seems little question that ostracodes are severely under-
reported as invasions, given that they are highly transportable (Table 3), including
arriving alive at the end of voyages in ship fouling and in ship ballast water (Carlton
and Geller 1993; Carlton and Hodder 1995). Rarely cited in this regard is the cogent
paper by Teeter (1973), who noted that the “recent dispersal of widespread ostra-
code species may have been aided by transoceanic shipping”. Rarer still are ostra-
code biogeographers who have questioned the distribution of species in the world’s
bays, harbours, ports, and estuaries.
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A useful illustration of the underreporting of crustacean invasions comes from
examining regions (of which there are few) that are well-studied relative to the his-
tory of their community assembly. San Francisco Bay, in central California, has been
the focus of studies on marine invasions since the 1960s (Carlton 1965, 1967, 1979;
Cohen and Carlton 1995). Ten species of introduced copepods, all from Asia, have
been identified in the Bay (Cohen and Carlton 1995), more than the combined total
of marine copepod invasions from several continents. Five species of introduced
mysids, all also from Asia, are now known from San Francisco Bay (Cohen and
Carlton 1995; Modlin 2007), again more than all the marine or estuarine mysid inva-
sions known from other continents. Rather than San Francisco Bay being an unusual
sink for non-native copepods and mysids, it seems more probable that the application
of adequate sampling, investigator interest, and robust systematics, have resulted in
a more fine-tuned resolution of the number of invasions in these taxa, and should
signal workers in other regions of the world that there are likely a plethora of unde-
tected invasions present in their regions. That these are not necessarily obscure or
rare species is illustrated by the example, below, of the invasion of the North
American mysid Neomysis americana in South America. All this said, a necessary
caveat is that even in well-studied San Francisco Bay, entire groups of copepods (as
an example) remain unexplored, such as the abundant benthic and fouling harpacti-
coids, or the parasitic clausidiid and notodelphyid copepods of introduced
ascidians.

Even among those groups that are modestly well studied, the reported numbers
likely represent a small fraction of the actual number of introductions, particularly
among the amphipods and barnacles, and among smaller decapods.

5 Discussion

Carlton (2009) recognized more than a dozen sources of error that lead to the num-
ber of alien species being underestimated. These include,

Cryptogenic species: species that are not known to be native or introduced.
Pseudoindigenous species: species mistaken as native, including introduced spe-
cies misidentified as previously known native species. A particular and enduring
phenomenon here is that the scale of invasions remains elusive in part because of
the inadvertent re-description of newly-discovered species as new species, leading
to hundreds of introduced species being redescribed, often again and again, around
the world, as native species (Carlton 2009). This situation, an overestimate of ende-
micity based upon introduced species being interpreted as native, remains unrecti-
fied for a number of taxa.

Unidentified species: species that are unidentified or unidentifiable.

Small species: species less than 1.0 mm in size that because they are small are
considered native.

Uninvestigated species: taxonomic groups that are never or rarely studied.
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Known but unreported species: introductions known to scientists but never
published.

Widespread intraoceanic species: species that are widespread within an ocean and
presumed to be native wherever they occur.

Widespread interoceanic species: species that occur in two or more ocean basins
and are presumed to be native wherever they occur (“‘cosmopolitan” species).
Pseudo-oceanic species: species that are presumed to drift with ocean currents,
such as estuarine hydromedusae, coastal teredinid bivalves, or estuarine caprellids,
but do not.

Parasitic, commensal, or symbiotic species.

Undersampled taxa in microhabitats and ecotones.

These systematic, historic, sampling, and related challenges result in a profound
obfuscation of the actual numbers of non-native species. Two broad categories
capture many of the above phenomena: One, invasions that occurred between the
1500s and early 1900s, and two, invasions amongst taxa that are cryptic, small-
bodied and taxonomically challenging. For the first, it is clear that for all regions of
the world we are missing the first 400-500 years of introductions, a sobering reflec-
tion on our understanding of the evolution and history of most marine and estuarine
communities. For the second, a vast number of cryptic (underexplored habitats and
biological associations) and small-bodied invasions are simply overlooked.

Why is it important to know about “older” invasions of the seemingly distant
past, or invasions of small species? For the latter, “small” does not mean
unimportant. For the former, species that arrived decades or centuries ago could
have had a profound impact on the structure and function of communities,
communities that we have erroneously presumed are the result of long-term evolu-
tionary processes. Equally important is that fundamental to invasion science are
invasion rates, the characteristics of invaders, the nature of changing vectors over
time, the susceptibility or resistance of different geographic areas to invasion (in
terms of both numbers of species and of functional groups), and an understanding
of invasions over space and time as potential signals of significant environmental
changes (such as water quality, overfishing, or climate change). Possessing only a
fractional grasp of the actual number of invasions severely limits our ability to
approach any of these questions.

The ease by which single species insertions can both be overlooked and pro-
foundly alter ecosystems is illustrated by the case history of the North American
mysid Neomysis americana which ranges (presumably naturally) from the Gulf of
St. Lawrence (Canada) to Florida (Heard et al. 2006; but see Carlton and Hodder
1995, who discuss how seemingly natural confluent ranges may have been altered
in historical time). Neomysis americana was first reported from the Atlantic coast
of South America in Uruguay by Gonzalez (1974), and it has since spread to
Argentina (Vinas et al. 2005). Despite this remarkable disjunct distribution, and its
historical absence in South American estuaries, it has not been recognized as an
alien species by South American workers (Orensanz et al. 2002, list it as
cryptogenic; while Schiariti et al. (2006) and Vinas et al. (2005) mention nothing
of its history). Remarkably, Neomysis americana has become, in a matter of a few
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decades, a major component of South American coastal food webs: it is the most
abundant mysid in Rio de la Plata on the Argentine-Uruguay border, and is
“the main food item for juvenile fishes in this estuary” (Schiariti et al. 2006). While
Jumars (2007) correctly notes that it was introduced from North to South America,
here we have a species which has assumed a fundamental role in Argentinean and
Uruguayan ecosystems, but passes without notice in the invasion ecology literature.
It is difficult to begin to imagine how many other overlooked Neomysis-like case
histories have occurred over the past 30 years; let alone the past 300 years.

Finally, a widespread misperception in the literature is that most invasions are
benign: that they have little or no impact in the new communities they have colo-
nized. This conclusion is sometimes linked to the “tens rule”, which states that only
10% of invasions have an impact, which statistic not only has little to no ecological
bearing on marine systems (Carlton 2003), but is, more importantly, not supported
by any data. Since most marine invasions (including perhaps 95% or more of all
known invasions of marine crustaceans) have been the subject of no qualitative,
quantitative, or experimental studies to determine their ecological or other impacts,
it is simply not possible to conclude that only 10% (or fewer) of these species have
had an impact.

McGeoch et al. (2006) have called for understanding the number of invasions as
one measure for assessing the goal of reducing the current rate of global biodiversity
loss, specifically relative to “the progress of nations toward the targets of stabilizing
invasive alien species (IAS) numbers and the implementation of IAS management
plans”. Using invasions as a metric for understanding the scale of biodiversity
change and loss is, as Richardson et al. (2000) have also emphasized, and as under-
scored above, highly dependent upon the level of taxonomic expertise available and
the funding available for thorough, continuous surveys. Our ability to resolve the
scale of invasions both historically and now, to be able to adequately detect future
invasions, and thus to monitor changes in global marine biodiversity as we look
down the long road of global climate change (Carlton 2000; Occhipinti-Ambrogi
2007; Sorte et al. 2010) is, in turn, dependent on our ability to rebuild and expand to
unprecedented levels, the fields of morphological and molecular (Geller et al. 2010)
taxonomy and systematic biology in not only museums but in universities as well.
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Human-Mediated Spread of Alien Crabs

Annette Brockerhoff and Colin McLay

Abstract The introduction and spread of alien species is now recognized as one
of the most significant modifiers of biodiversity. In the absence of their normal
predators and parasites, alien crabs often establish high population densities and
tend to compete fiercely with local fauna for food and shelter. A total of 73 species
of brachyuran and crab-like anomuran decapods are known as alien species, of
which 48 (65.8%) have become established. Three groups stand out with their
high number of alien species: namely the Portunoidea (swimming crabs, such as
Carcinus maenas), Grapsoidea (shore crabs, such as Hemigrapsus takanoi) and
Majioidea (spider crabs, such as Pyromaia tuberculata). Canals, ballast water and
hull fouling are the primary vectors/routes by which crabs are spread. Transfer of
crabs with shellfish, combined with the live seafood trade, are also important. The
Mediterranean Sea has the highest number of alien brachyuran species as many
have invaded through the Suez Canal, making the Mediterranean the meeting place
of Atlantic and Indo-West Pacific faunas. We used egg size as an indicator of life
history strategies and a comparison of established alien species with a matched
control group of crabs shows that mean egg size of alien crabs is smaller, but it
shows wide variation. The Erythrean invaders from the Red Sea are a representa-
tive sample of aliens that shows the same pattern even though their transfer agent
was a canal rather than shipping. Deliberate transfers to establish new fisheries
has been successful in some cases (e.g., Paralithodes camtschaticus to the Barents
Sea), but some species are still expanding their range and so their ultimate effects
are unknown. The impact of most aliens remains uncertain, but recent work on
Hemigrapsus sanguineus provides an excellent model of the kind of experimental
field work that needs to be done. The current focus of attention on coastal aliens
has resulted in the unfortunate agreement, at the international level, that ballast
water can be dumped with impunity on the high seas, without any knowledge of
its impact.
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1 Introduction

The introduction and spread of marine alien species is now recognized as one of the
most significant global modifiers of marine biodiversity along with marine pollu-
tion, habitat alteration and overexploitation. The Mediterranean Sea, for example,
has been colonized by large numbers of alien species, the current total standing at
573 and increasing at the rate of ten species per year (Galil 2007, 2009). Many of
these are Indo-Pacific species which have gained access by the Suez Canal
(Holthuis and Gottlieb 1958). Brachyura are playing a major part in marine bioin-
vasions which are occurring worldwide and at an increasing speed over the last
century (Cohen and Carlton 1998; Ruiz et al. 2000). Of the approximately 6,800
described brachyuran crabs (Ng et al. 2008) many have invaded new regions, par-
ticularly in areas where there is a high density of maritime traffic, but there are still
some parts of the world where alien crabs remain unknown. The global invasive
species database (Invasive species specialist group, http://www.issg.org/database)
holds a list of the world’s 100 worst (an emotive term incapable of scientific defini-
tion and therefore best avoided) invasive alien species (Lowe et al. 2000) including
two brachyurans, the European green crab Carcinus maenas (Decapoda: Portunidae)
and the Chinese mitten crab Eriocheir sinensis (Decapoda: Varunidae). These two
crab species have been widely studied and their biology, impact and invasion his-
tory has recently been comprehensively summarised (Klassen and Locke 2007;
Veilleux and de Lafontaine 2007). Most of these introductions are thought to be
anthropogenic, often in ballast water or hull fouling, and their impacts have been
diverse, from being an aggressive competitor for food and shelter with native spe-
cies, to affecting aquaculture facilities and harvests and causing structural damage
to river banks (see biological synopsis of Klassen and Locke 2007; Veilleux and de
Lafontaine 2007). However, for most alien species we do not have any evidence
that their impact will be disruptive but this should not lead to complacency. For
most alien species there have been no qualitative, quantitative, or experimental
studies on impact: such studies are only just beginning (see for example Sect. 5.8
Hemigrapsus sanguineus). Herein, absence of any statement about impact does not
mean that presence of the species is benign. Several deliberate introductions of
these crustaceans have resulted in profitable fisheries, but others have not.
Biological invasions are synergistic processes which are influenced by the char-
acteristics of the invading species and by the effects of the transport vector and the
recipient environment. Whether more diverse native marine communities are less
vulnerable to invasion, depends upon the spatial scale at which you examine the
problem (Fridley et al. 2007). It is impossible to make exact and quantitative pre-
diction of the next marine invaders, but establishing biological trends will be an
important ingredient allowing better understanding of marine invasions. For exam-
ple, it is generally believed that high fecundity, planktonic dispersal, broad spec-
trum of habitat and food preferences, tolerance to a wide range of environmental
conditions, longevity and a large size are usually good traits for being a successful
marine invader (Hutchings et al. 2002). However, a particular invader typically does
not comprise all of these traits and it is not always clear which of those are the most
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influential for successful invasion. As a rule of thumb it has been proposed that
10% of introduced species will settle and 1% will become invasive in the terrestrial
environment (Williamson and Fitter 1996). Streftaris et al. (2005) and Zenetos et al.
(2005) have proposed that 55% (456 of 828 species) and 52% (385 of 745 species)
have become established in ‘European Seas’ and the Mediterranean respectively.
However, caution is required when drawing conclusions about the chances of suc-
cessful establishment because the actual number of species “inoculated” into the
‘European Seas’ and the Mediterranean remains unknown and the estimates may
well be far too high because the total number of species arriving is underestimated
(J. Carlton, pers. comm. 2010). Miller and Ruiz (2009) provide an elegant analysis
of the consequences of defining the species pool in different ways.

Here, a world overview is provided of the 73 alien brachyuran and crab-like
anomuran decapods, some of which became established others not. The authors are
particularly interested in comparing the decapod species that became successful
invaders versus the ones that were detected but have failed to become established
so far. What are the contributing factors in their biology that make the difference or
is it all just a matter of chance? This study comprises detailed information for about
a third of the species, the most invasive ones, but less tends to be known about some
of the other aliens. Egg-size has been used to compare life histories of the crabs that
have become established with others that have not been detected outside their native
range. Hines (1982, 1992) has provided an analysis of the determinants of brood
characters of some crabs. In the absence of any exhaustive world-wide literature
search we examined the reprint collection of one of us (CLM, more than 7,000
papers on Brachyura and Anomura) and assembled a dataset of the egg size of some
200 crab species that have never been recorded as alien and used this as a control
group for comparison with the aliens. Only data has been used from the same fami-
lies as the aliens, so the control group is not entirely representative of crabs as a
whole. These data were not available for some aliens so we used data from the same
genus or in a few cases the same family to estimate their egg size. Egg volume
(mm?) was estimated from egg diameter by assuming that the shape was spherical.
Egg size usually increases as development proceeds and where authors gave a range
of sizes we used mean egg diameter.

Besides the scientific literature there are a number of regularly updated databases
which provide the most recent information: ISSG: Invasive Species Specialist
Group (http://www.issg.org/database/), CIESM: Atlas of exotic crustaceans in
the Mediterranean (http://www.ciesm.org/atlas/index.html), NIMPIS: National
Introduced Marine Pest Information System (http://crimp.marine.csiro.au/nimpis),
USGS (http://nas.er.usgs.gov/) and others (see reference list for more details).

This review includes a few freshwater species, but deals primarily with marine
species as well as brackish water and catadromous species, such as Rhithropanopeus
harrisii and Eriocheir sinensis, as they have parts of their lifecycle in the marine
environment. For brachyuran classification we follow the annotated checklist of
extant brachyuran crabs of the world from Ng et al. (2008), and other recent refer-
ences when available. The anomuran king crab, Paralithodes camtschaticus has
also been included because its deliberate introduction into the Bering Sea has been
well documented and a porcellanid Petrolisthes armatus.


http://www.issg.org/database/
http://www.ciesm.org/atlas/index.html
http://crimp.marine.csiro.au/nimpis
http://nas.er.usgs.gov/
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The following definitions are used: “native species”, within its natural range;
“alien”, outside its natural geographic range; “established species”, species with
self maintaining populations (producing their own recruits) or with many records;
“not established species”, species with sporadic recordings in place and time out-
side their native range; we reserve the term “invasive/pest species” for those which
have spread far from their putative release point and have a serious community
impact. The alien species seen occasionally are mostly one-off records that indicate
a potential for transportation, but not necessarily colonization. We do not include
records of species “in transit” as fouling or in ballast water. The authors only
include species found in the new environment and free of the means of transport.
The term “crab” is used to include all brachyurans plus crab-like anomurans
(Lithodidae and Porcellanidae) and qualify it when referring specifically to one of
these groups.

2 Alien Marine Crabs

Currently there are 93 described brachyuran families which include 6,793
described species (Ng et al. 2008). Of these crabs 73 species (in 26 families
including Porcellanidae and Lithodidae) have been recorded as alien species, of
which 48 (65.8%) have become established in various seas and countries (Table 1,
Fig. 1). The families with the largest number of alien representatives are Portunidae
(15), Grapsidae (6), Pilumnidae (6) and Epialtidae (5). The species that have
become established belong to the Portunidae (10), Grapsidae (5), Panopeidae (4),
Varunidae (3), Pilumnidae (3), Epialtidae (3) and Leucosiidae (3).

In their normal range these alien species live at depths ranging from the inter-
tidal to 1,400 m (Table 2). By plotting all alien species on a composite depth scale
and recording all species whose range encompasses each depth zone we obtain a
depth profile (Fig. 2). We assumed that species could occur at any depth between
the two limits. The greatest number of aliens is found in shallow waters (11-20 m
zone) followed by 31-40, 21-30 and 0-10 zones. From there onwards the numbers
of aliens gradually decline until 151-160 m, below which the attrition rate changes
to its lowest. The distribution of established aliens in relation to depth follows a
similar trend. The discrepancy between the total and established aliens is greatest
in shallow waters because the greater ease of sampling enhances the probability of
detection of an alien. Given that the Mediterranean has by far the greatest number
of alien crab species of any sea, we wanted to know whether it had a similar profile
to the rest of the world. In the Mediterranean there are more non-established shal-
low water alien species than found at comparable depths in the rest of the world’s
oceans (Figs. 3 and 4).

Alien crabs have been recorded in most of the common coastal marine habitats.
The generic habitats Sand, Rock and Mud are the most common places to find alien
species while the biogenic habitats like fouling, shellfish, corals and mangroves
cater for species with more specialized requirements. The biogenic habitats not
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14 | o Total mEstablished

Number of Species

2

Family

Fig. 1 Number of established and non-established alien species recorded in each Family (Note:
Taxonomic classification of the Brachyura follows Ng et al. 2008. Two anomuran families are also
shown. Capital letters in front of family names indicate belonging into same superfamily, i.e. from
left to right R Raninoidea, CI Calappoidea, Cc Cancroidea, Da Dairoidea, Do Dorripoidea,
E Eriphoidea, Go Goneplacoidea, L Leucosioidea, M Majoidea, Pi Pilumnoidea, Po Portunoidea,
Ps Pseudozioidea, X Xanthoidea, Gr Grapsoidea, O Ocypodoidea, An Anomura)

only provide food, but may also provide refuge or concealment. Some, such as
algae, shellfish and fouling may also directly or indirectly provide the means of
transport to a new area. The proportion of established species is greater in the
biogenic habitats than it is in sand, rock or mud (Fig. 5).

3 Regional Invasions (See Table 3, Fig. 6)

Here we present the alien species in different parts of the world’s oceans. The
regions are not precisely defined and mainly emphasize coastal rather then oceanic
crab faunas.

3.1 The North Sea

The North Sea area has become home to six alien crab species: Rhithropanopeus
harrisii, Eriocheir sinensis, Hemigrapsus sanguineus and Hemigrapsus takanoi.
Callinectes sapidus has been reported from the German North Sea, but has not yet
established itself (Nehring et al. 2008). The Russian introduction of the anomuran
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Fig. 2 Depth distribution of non-established and established aliens in the world’s oceans. All
species were plotted on the same depth scale and their distribution from the minimum to the
maximum depth was assumed to be continuous. The total number and number of established
aliens are shown separately for each depth zone (Note: the final bars on the depth axis indicate the
number of species who live at depths greater than 370+ m)

35 4

o Med Aliens
30 m Med Aliens Established

Number of Species
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Depth Zone (m)

Fig. 3 Depth distribution of non-established and established alien crabs in Mediterranean Sea
(See caption of Fig. 2 for explanation)

crab Paralithodes camtschaticus from the Pacific into the Barents Sea to establish
a new fishery has resulted in this crab spreading along the Norwegian coast
(Jorgensen 2004, 2005). Larvae, juveniles and adults were transported from West
Kamchatka to Kolafjord, east Barents Sea during 1961-1969. More recently
Chionoecetes opilio has been introduced into the Barents Sea by ballast water
(Alvsvag et al. 2009).



Human-Mediated Spread of Alien Crabs 47

30~
o Non-Med Aliens

m Non-Med Established Aliens

254

N
o
|

Number of Species
> o

(&)]
|

Int 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360
Depth Zone (m)

Fig. 4 Depth distribution of non-established and established non-Mediterranean species (See
caption of Fig. 2 for explanation)
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Fig. S Comparison of frequency of occurrence of established and non-established aliens in
different habitats (see Table 2 for details). Notes: each species can occur in more than one habitat;
“shellfish reefs” include oysters and mussels; “fouling” includes sponges, hydroids, tunicates and
stalked barnacles; “coral” includes both live and dead coral
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Table 3 Alien crab species in the main oceanic regions and rivers draining therein

Oceanic region

No. established (non-
established) species

Alien crab species

Arctic ocean

North Sea

Baltic

Black Sea

Mediterranean Sea

Northeast Atlantic

Northwest Atlantic

South Africa
Southwest Atlantic

2(2)

6(2)

2(1)
1(2)

25 (17)

5(0)

5(1)

1(0)
5(6)

Paralithodes camtschaticus, Chionoecetes
opilio

Callinectes sapidus, Eriocheir sinensis,
Hemigrapsus takanoi, Hemigrapsus
sanguineus, Pilumnoides inglei,
Rhithropanopeus harrisii, Chionoecetes
opilio, Paralithodes camtschaticus

Callinectes sapidus, Eriocheir sinensis,
Rhithropanopeus harrisii

Callinectes sapidus, Eriocheir sinensis,
Rhithropanopeus harrisii

Notopus dorsipes, Calappa hepatica,
Calappa pelii, Cryptosoma cristatum,
Ashtoret lunaris, Daira perlata, Dorippe
quadridens, Sphaerozius nitidus,
Eucrate crenata, Ixa monodi, Coleusia
signata, Myra subgranulata, Herbstia
nitida, Hyastenus hilgendorfi, Libinia
dubia, Menaethius monoceros, Micippa
thalia, Halimede tyche, Actumnus
globulus, Glabropilumnus laevis,
Pilumnopeus vauquelini, Pilumnus
minutus, Callinectes danae, Callinectes
sapidus, Carupa tenuipes, Charybdis
feriata, Charybdis hellerii, Charybdis
longicollis, Portunus pelagicus,
Thalamita gloriensis, Thalamita
indistincta, Thalamita poissonii,
Dyspanopeus sayi, Rhithropanopeus
harrisii, Atergatis roseus, Grapsus
granulosus, Pachygrapsus transversus,
Hemigrapsus sanguineus, Percnon
gibbesi, Plagusia squamosa, Eriocheir
sinensis, Macrophthalmus graeffei

Callinectes sapidus, Eriocheir sinensis,
Hemigrapsus takanoi, Hemigrapsus
sanguineus, Rhithropanopeus harrisii

Metacarcinus magister, Carcinus maenas,
Charybdis hellerii, Eriocheir sinensis,
Hemigrapsus sanguineus, Petrolisthes
armatus

Carcinus maenas

Cancer pagurus, Pyromaia tuberculata,
Taliepus dentatus, Carcinus maenas,
Charybdis hellerii, Liocarcinus
navigator, Scylla serrata, Pilumnoides
perlatus, Bellia picta, Rhithropanopeus
harrisii, Halicarcinus planatus

(continued)
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Table 3 (continued)

No. established (non-

Oceanic region established) species Alien crab species

Northeast Pacific 3(0) Carcinus maenas, Rhithropanopeus
harrisii, Eriocheir sinensis

Hawaiian Islands 9(1) Hyastenus spinosus, Callinectes sapidus,

Scylla serrata, Glabropilumnus
seminudus, Pilumnus oahuensis,
Acantholobulus pacificus, Panopeus
lacustris, Pachygrapsus fakaravensis,
Nanosesarma minutum, Metopograpsus
oceanicus

Panama/Caribbean 3(2) Neorhynchoplax kempi, Rhithropanopeus
harrisii, Charybdis hellerii, Eriocheir
sinensis, Platychirograpsus spectabilis

Northwest Pacific 4(2) Metacarcinus magister, Pyromaia
tuberculata, Carcinus aestuari,
Carcinus maenas, Callinectes sapidus,
Rhithropanopeus harrisii

Southeast Pacific 0 None

Southwest Pacific 6(2) Pyromaia tuberculata, Halicarcinus
innominatus, Carcinus maenas,
Charybdis japonica, Glebocarcinus
amphioetus, Metacarcinus
novaezelandiae, Romaleon gibbosulum,
Petrolisthes elongatus

Indian Ocean 0 None

Southern Ocean 1.(0) Hyas araneus

Species established in the region are in bold

3.2 North Atlantic

In the North Atlantic a total of nine mostly portunid and varunid alien species have
been recorded. Along the North American coast Carcinus maenas, Charybdis
hellerii, Hemigrapsus sanguineus and Petrolisthes armatus, can be found. Eriocheir
sinensis has been recently recorded in Chesapeake and Delaware Bays, but is not
yet established (Ruiz et al. 2006a). There is a single record of Metacarcinus mag-
ister from Massachusetts (Cohen 2006). On European coasts we find Callinectes
sapidus, Rhithropanopeus harrisii, Eriocheir sinensis, Hemigrapsus sanguineus as
well as Hemigrapsus takanoi (see Dauvin et al. 2009). Prior to 2005 “Hemigrapsus
penicillatus™ was reported from Northeast Spain, France and the Netherlands (No&l
et al. 1997; Gollasch 1999; Breton et al. 2002), but these refer to the recently rec-
ognized species H. takanoi (see Asakura and Watanabe 2005). In addition
Pachygrapsus marmoratus is spreading northwards into the English Channel and
England (Ingle and Clark 2006).



50 A. Brockerhoff and C. McLay

Fig. 6 World map showing the numbers of established alien crabs (from left to right) in Hawaiian
Islands, Pacific coasts of North America and South America, Panama and Caribbean, South
American East Coast, Southern Ocean, North Atlantic, North Sea, Barents Sea, Mediterranean,
South Africa West Coast, South Africa, Indian Ocean, Pacific coast of Asia and finally Australasia.
Distribution details are in Table 1

3.3 Mediterranean and Black Sea

In the Mediterranean and Black Sea we find the greatest number and diversity of alien
crab species in the world. The established alien species (25) include: Calappa pelii,
Dorippe quadridens, Eucrate crenata, Ixa monodi, Coleusia signata, Myra
subgranulata, Herbstia nitida, Libinia dubia, Micippa thalia, Pilumnopeus vauquelini,
Callinectes sapidus, Carupa tenuipes, Charybdis hellerii, Charybdis longicollis,
Portunus pelagicus, Thalamita poissonii, Dyspanopeus sayi, Rhithropanopeus
harrisii, Atergatis roseus, Pachygrapsus transversus, Hemigrapsus sanguineus,
Percnon gibbesi, Plagusia squamosa, Eriocheir sinensis, and Macrophthalimus graef-
fei. Other alien crabs (17) have been occasionally recorded in the Mediterranean and
these include: Notopus dorsipes, Calappa hepatica, Cryptosoma cristatum, Ashtoret
lunaris, Daira perlata, Sphaerozius nitidus, Hyastenus hilgendorfi, Menaethius
monoceros, Halimede tyche, Actumnus globulus, Glabropilumnus laevis, Pilumnus
minutus, Callinectes danae, Charybdis feriata, Charybdis japonica, Thalamita glo-
riensis, Thalamita indistincta, and Grapsus granulosus. In the Mediterranean, the
majority (n=36, 86%) of alien brachyurans are alien only there, with only a few
(n=6, 14%) also alien in other seas. Many of these 36 species have become alien
only because of the opportunity presented by the opening of the Suez Canal in 1869
(resulting in the Erythrean invasion) (Galil and Zenetos 2002). Without that route to
the Red Sea the Mediterranean would probably only have an alien level similar to that
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of other seas. Of the 42 alien species recorded in the Mediterranean 25 (59.5%) have
become established (Table 1).

Amongst the first alien crabs in the Mediterranean were Pachygrapsus transversus
(as P. advena) and Plagusia squamosa found amongst ship fouling, in 1873 in the
port of Marseilles (Catta 1876). Percnon gibbesi, which was first recorded in 1999,
is spreading rapidly and it may be the most invasive decapod currently expanding
its distribution in the Mediterranean Sea (Thessalou-Legaki et al. 2006) although
its ultimate impact on the rest of the fauna has yet to be determined.

3.4 South Atlantic

In the South Atlantic the eastern coast of South America has only been colonized
by five alien species: Pyromaia tuberculata, Carcinus maenas, Charybdis hellerii,
and Rhithropanopeus harrisii. Halicarcinus planatus was introduced into Brazilian
waters amongst oysters (Crassostrea gigas) transported from Chile for aquaculture
(Tavares 2003). Another six species have only been rarely recorded: Cancer pagurus,
Liocarcinus navigator, Scylla serrata, Bellia picta, Taliepus dentatus and
Pilumnoides perlatus. On the other side of the Atlantic no alien decapod species are
known on the Namibian coast of South Africa (see Macpherson 1991; Manning and
Holthuis 1981). Carcinus maenas is established in South Africa, but remains
limited to the west coast from Table Bay to Hout Bay (Griffiths et al. 2009).
Orensanz et al. (2002) suggest that the list of aliens may also include the crypto-
genic species Panopeus meridionalis (from Uruguay and Argentina) and Pachygrapsus
transversus (from Uruguay).

3.5 Indian Ocean

No alien established species have been recorded from the Indian Ocean and there
are no records of Mediterranean crabs that might have colonized the Red Sea via the
Suez Canal counteracting the Erythrean fauna that has invaded the Mediterranean.
Species’ traffic through the canal is largely one-way because, even though shipping
travels in both directions, the flow of sea water is northward from the Red Sea to
the Mediterranean (Rilov and Galil 2009).

The lack of records of alien crabs from the northern Indian Ocean and south-east
Asia is remarkable considering the substantial shipping traffic to the Indian sub-
continent and especially the large amount of maritime traffic through Singapore:
many of these ships have to wait offshore for long periods before they can enter port
and be unloaded and it might be expected that they could “unload” both ballast water
and hull fouling organisms into local waters while waiting. The port of Jurong is a
shipping cross road and one might have expected similar levels of alien species to
that found in the Mediterranean. The only records of aliens are from a semisubmers-
ible oil platform, from the Timor and South China Seas, serviced in a dry dock in
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Singapore: 25 crab species were recorded including Glabropilumnus seminudus and
Carupa tenuipes that are invasive elsewhere (Yeo et al. 2009). More careful attention
to port surveys would be expected to reveal many alien species in this region.
Insufficient knowledge about natural faunas make it difficult to detect alien species:
indeed it may already be too late distinguish alien from native species in this area.

3.6 North West Pacific

In the North West Pacific (Japan and China) three alien crab species have established:
Pyromaia tuberculata (Tokyo and Sagami Bays, Sakai 1976, as a result of post sec-
ond world war naval shipping from California to Yokohama), Carcinus maenas and
Carcinus aestuarii (Tokyo Bay, Furota et al. 1999). There are rare records of
Metacarcinus magister and Callinectes sapidus. Given the booming Chinese econ-
omy and the resulting increase in maritime traffic we expect increasing numbers of
arrivals (and departures for that matter) of species along this coastline.

3.7 South West Pacific

In the South West Pacific (Australia and NZ) six species are established: two in
New Zealand, Pyromaia tuberculata and Charybdis (Charybdis) japonica, while
in Australian waters five alien species have been recorded, Pyromaia tuberculata,
Carcinus maenas, Metacarcinus novaezelandiae, Halicarcinus innominatus and
Petrolisthes elongatus. Metacarcinus novaezelandiae was accidentally trans-
ported to Tasmania in shipments of oysters from New Zealand in the early twen-
tieth century, probably along with H. innominatus and P. elongatus. This is a very
low number of species given the size of Australia and its range of climatic zones,
but there are relatively few major shipping ports (Hewitt 2003). Sliwa et al.
(2009) provides a list of other Australian aliens, many of which are cryptogenic,
recorded during port surveys. In New Zealand a few juvenile Glebocarcinus
amphioetus and Romaleon gibbosulum have been collected during port surveys
(McLay 2004). We do not incorporate the records of crabs reported in Cranfield
et al. (1998): a re-analysis suggests that these are likely to be rare native species
rather than aliens.

3.8 North East Pacific

The three established species recorded from the continental coastline of the North
East Pacific (Canada/USA/Central America) are Carcinus maenas, Rhithropanopeus
harrisii, and Eriocheir sinensis whose putative release point was San Francisco Bay
(Cohen and Carlton 1997).
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3.9 Hawaiian Islands

Nine alien species are found in Hawaiian waters including: Hyastenus spinosus,
Scylla serrata, Glabropilumnus seminudus, Pilumnus oahuensis, Acantholobulus
pacificus, Panopeus lacustris, Pachygrapsus fakaravensis, Nanosesarma minutum,
Metopograpsus oceanicus. Many of these have been transported from the east
Atlantic to Pearl Harbour, Hawaii, with naval vessels (see Carlton and Eldredge
2009). Callinectes sapidus has also been reported from Hawaii, but only six indi-
viduals were collected between 1985 and 1992 and none have been found for the
past 17 years (J. Carlton, pers. comm. 2010).

3.10 South East Pacific

In the South East Pacific (South America: Ecuador, Peru, Chile) no alien crab
species have been recorded (Castilla et al. 2005). The relatively low volume of
maritime traffic and sparse scientific surveys may be the main reasons for that.
Possibly more intensive efforts would reveal a different picture, as alien species
belonging to other taxa have been recorded (Castilla and Neill 2009).

3.11 Southern Ocean

Few alien species are known from polar regions. In the Southern Ocean the only
alien is the spider crab Hyas araneus (Tavares and de Melo 2004). In the arctic
Barents Sea the deliberately transported Paralithodes camtschaticus (red king crab)
and accidentally introduced Chionoecetes opilio (snow crab) occur. Herein we
place them as part of the North Sea fauna because they are expanding their range
southwards. These cases illustrate the fact that all seas are vulnerable to coloniza-
tion, not just temperate seas. However, colonization of polar regions by crabs is
limited by their inability to regulate Mg?* (Thatje et al. 2005).

4 Vectors and Routes (Fig. 7)

Crabs can be transported as larval stages (zoea and megalopae) or as adults (i.e.,
post-settlement). Often it is unclear as to what the agent of transfer was: for example
it is difficult to separate hull fouling from ballast water. Under the circumstances
unless the culprits are caught in the act we can only guess the most likely cause. The
vector/route most responsible for colonization of areas outside the normal range of
crabs has been the Suez Canal, which connected two major biogeographic areas and
separate theatres of crab evolution. Since its opening in 1869, a total of 29 species
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Fig. 7 Summary of vectors and routes that have facilitated the spread of established and
non-established alien crabs (Note: some species can be transported in more than one way so that
the Y-axis does not refer to number of species (the data are in Table 1))

have gained access to the Mediterranean Sea, via the canal. Out of 73 alien crab
species worldwide, the Suez Canal alone has been responsible for 40% of them.
However, hull fouling and ballast water have resulted in transferring more species
that successfully established (Fig. 7). While spread via the canal was the most common
for the Mediterranean, we cannot rule out either fouling and/or ballast water contrib-
uting to the colonization. The Panama Canal is a major centre of shipping activity in
the Americas, allowing transit of approximately 13,000—14,000 vessels per year
from around the globe (Ruiz et al. 2006a, b). We should be eternally grateful to the
architects of the Canal for choosing to cut costs by making the route pass through a
freshwater lake rather than directly connecting the Pacific and Caribbean Oceans! In
doing so they preserved the integrity of both the Caribbean and East Pacific faunas.
Besides canals, shipping and aquaculture continue to be amongst the most important
vectors facilitating transport of marine animals (Streftaris et al. 2005). Included as
part of hull fouling are the so-called “sea chests” or intakes for seawater used to cool
the engines (Coutts et al. 2003). These sheltered pockets are not subject to water
shear and maybe free of antifouling paint.

The remaining vectors are only minor in relation to the big-three (Fig. 7).
Amongst these six vectors, which mostly involve transport of adults rather than
larvae, transport with shellfish ranks highest: the most common shellfish involved
were oysters. Transport of three native New Zealand crabs to Tasmania probably
happened when sacks of native oysters were carried by ship to Hobart to prop up the
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local supply of oysters after populations dwindled in the early 1900s (Dartnall
1969). All the alien porcelain crabs were transported outside their range by this
means. These anomuran crabs are especially common in oyster reefs worldwide.
The seafood live trade industry has been responsible for the transport of the adults
of only three species: Callinectes sapidus, Charybdis feriata and Scylla serrata (all
portunids). Intentional release to establish new fisheries has been successful for
C. sapidus in the Mediterranean, S. serrata in Hawaii and for Paralithodes
camtschaticus in the Barents Sea. Only three species have been accidentally released
perhaps the most curious one being the bizarre river crab, Ptychognathus spectabilis,
that was transported from Mexico to the Hillsborough River, Tampa Bay, Florida on
cedar logs imported to make cigar boxes (Marchand 1946)! Sometimes what appear
to be minor vectors can lead to major problems: Carcinus maenas was introduced to
the American Pacific coast in seaweed wrapped with bait worms from the State of
Maine (J. Carlton pers comm. 2010). The aquarium trade is responsible for trans-
porting Neorhynchoplax kempi on water weed from Iraq to one of the freshwater
locks on the Panama Canal. The final vector or route has been freshwater canals on
continental Europe and in England which have provided conduits for the spread of
the Chinese mitten crab, Eriocheir sinensis. The “unknowns” are all tropical East
Atlantic species whose mode of transport into the Mediterranean is uncertain.

5 Most Significant Alien Crab Species Worldwide

A list of all the crabs that have been recorded outside their native range is provided
in Table 1 and in Table 2 we summarize the features of their habitat and body size.
Here we concentrate on the 18 species that have had the greatest impact or spread,
alphabetically listed. For each species, information is provided on distribution
(native and non-native as well as invasion history as far as it is known), habitat,
biology, and impact. We include species of the same genus if they are also listed in
Tables 1 and 2.

5.1 Callinectes sapidus Rathbun, 1896, Blue Crab

5.1.1 Distribution

Native: North and South West Atlantic (from Nova Scotia to Uruguay); Alien:
North-East Atlantic, Baltic, Black Sea, Mediterranean (from 1940s), North Sea
(Netherlands, Germany) and Japan. Callinectes sapidus was reported from Hawaii
(Eldredge 1995), but has not been collected during recent years (Carlton and
Eldredge 2009). The first record of C. sapidus in European waters was from
Rochefort, Atlantic coast of France, 1901 (Bouvier 1901; Wolff 2005; Nehring
et al. 2008 for other European records). Callinectes sapidus has been recorded from
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Japan a few times (Muraoka and Taguchi 1992). It was most likely introduced with
ballast water and possibly also through hull fouling or live seafood and aquarium
trade (Nehring et al. 2008). It has been reported from Danish waters, but has not
become established yet (Jensen and Knudsen 2005). Callinectes sapidus was
recently recorded from a power station on the Atlantic coast of Spain (Cabal et al.
2006). The case for accepting that C. sapidus is now established in German water
is presented by Nehring et al. (2008).

5.1.2 Habitat

Intertidal to 90 m, estuaries and shallow coastal waters.

5.1.3 Biology

Callinectes sapidus is tolerant to a wide range of temperature and salinities.
However, egg development usually requires water temperatures of at least 19°C so
this could regulate local recruitment (Hill et al. 1989). It is highly fecund (1-2 mil-
lion offspring per brood and up to 8 million per female) and omnivorous (e.g.,
clams, mussels and oysters). Callinectes sapidus is an important commercially
fished species in its native range (Atlantic coast of North America south to
Uruguay) and also some locations in its introduced range (e.g., Northern Sinai) (see
Hayes and Sliwa 2003). The population in Greece may be declining due to over
fishing (CIESM). The recent book by Kennedy and Cronin (2007) is valuable as it
summarizes the wide-ranging research on this species and has become a standard
reference for crab research in general.

5.1.4 Impact

Callinectes sapidus has been reported to feed on fish caught in traps and to damage
nets (CIESM 2008) and readily feeds on clams, mussels and oysters. Potential
impact may therefore include some loss of aquaculture, commercial, or recreational
harvest. Callinectes sapidus is a successful invader because it is eurythermal and
euryhaline, highly fecund, aggressive and a good swimmer.

5.2 Carcinus aestuarii Nardo, 1847, Mediterranean Green Crab

5.2.1 Distribution

Native: Mediterranean; Alien: Japan (since 1984): Tokyo Bay, Osaka Bay,
Katsuura River (Tokushima) (Kimura et al. 2004). Possibly hybrid of C. maenas and
C. aestuarii in Japan and South Africa (Carlton and Cohen 2003). C. aestuarii was



Human-Mediated Spread of Alien Crabs 57

one of the first alien crab species whose cryptic invasion was detected using micro-
satellite DNA (Geller et al. 1997; Grosholz 2002).

5.2.2 Habitat

Intertidal to 10 m (up to 26 m), estuarine and shallow coastal waters; muddy sand,
among seagrass, under stones, typically in sheltered habitats.

5.2.3 Biology

In Japan, Carcinus aestuarii occurs abundantly in the organically polluted water in
Tokyo Bay and its seasonal migratory patterns allow the alien crab to avoid bottom
hypoxia in summer by migrating to near shore areas and therefore to maintain high
population densities (Furota et al. 1999; Furota and Kinoshita 2004).

5.2.4 Impact

May be similar to C. maenas but less is known about the ecology of C. aestuarii to
estimate their impact (Carlton and Cohen 2003). Carcinus aestuarii appears to be
able to tolerate slightly warmer regions than C. maenas but not enough is known
about the physiological tolerance of the Mediterranean species to estimate their
exact potential range (Carlton and Cohen 2003).

5.3 Carcinus maenas (Linnaeus, 1758), European
Shore Crab, Green Crab

5.3.1 Distribution

Native: East Atlantic (North-Western Europe and northern Africa), North Sea,
Baltic; Alien: North and South West Atlantic (USA, Argentina), South Africa
(Cape Town), North and South Pacific (USA, Australia). Invasion history: First
recorded in 1817 Massachusetts; in the late nineteenth century southern Australia
(Port Philip Bay); in 1983 South Africa; in 1989 San Francisco Bay, California; in
2003 Argentina (Klassen and Locke 2007) and Patagonia (Hidalgo et al. 2005). In
recent years C. maenas has spread northwards up the west coast of North America
and the establishment of this crab along the Oregon coast and west coast of
Vancouver Island by the strong cohort of 1997/1998 is now being sustained by local
reproduction and recruitment (Behrens Yamada and Gillespie 2008). Single records
of C. maenas include Red Sea, Madagascar, Pakistan, Sri Lanka, Myanmar, and
Bay of Panama (see Carlton and Cohen 2003), and the lack of subsequent records
suggests that the species has not become established in those areas.
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Many vectors have played a role in distributing C. maenas around the world.
Fouling on ship hulls probably played a role, but ballast water was probably the
main vector followed by secondary local dispersal through natural dispersal and
water currents (Klassen and Locke 2007).

5.3.2 Habitat

Common intertidal to 6 m (i.e., upper intertidal to shallow sub-tidal), but to 62 m
(Bouvier 1940: 235), sandy to rocky bottoms, estuarine to marine habitats
(euryhaline).

5.3.3 Biology

Carcinus maenas is predominantly predatory, but feeds on a wide range of different
organisms including plants, protists and animal phyla which encompass about 100
families and 158 genera. The most common prey items are mussels, clams, snails,
polychaetes, crabs, isopods, barnacles and algae (Klassen and Locke 2007).
Carcinus maenas is euryhaline and tolerates salinities from 4 to 53 psu. Carcinus
maenas is also eurythermic and survives in temperatures ranging from 0°C to 35°C,
but need temperatures between 18°C and 26°C to reproduce. Females lay up to
185,000 eggs per clutch. Larval stages include a protozoea, four zoeal stages and
the megalopa. Green crab live up to 4-7 years, with females typically living for
about 3 years and males about 5 years. Carcinus maenas appears to experience
some biotic resistance by adult M. magister (Hunt and Behrens Yamada 2003), but
juvenile M. magister may emigrate from refuge habitats as a result of competition
and predation by adult C. maenas (McDonald et al. 2001). Therefore, C. maenas
can potentially negatively influence juvenile M. magister survival, and subse-
quently, recruitment to the Dungeness crab fishery. The extent to which these two
species overlap will determine the full impact of C. maenas on M. magister
(McDonald et al. 2001). On the east coast native predators, Callinectes sapidus and
Homarus americanus provide some biotic resistance, via predation, to the spread
of C. maenas making the intertidal zone the safest place for the green crab
(DeRivera et al. 2005; League-Pike and Shulman 2009 respectively). However, the
green crab has now been established along the American Atlantic coast for almost
200 years so should be regarded as being acclimatized. On the Pacific coast a native
nemertean egg predator, Carcinonemertes epialti, whose normal hostis Hemigrapsus
oregonensis, has been found on the green crab where it consumes the eggs of ovi-
gerous females (Torchin et al. 1996) thus proving some biotic resistance.

5.3.4 Impact

Just the mention of the name Carcinus maenas is enough to instantly elevate the pulse
rate of conservationists and marine biologists everywhere: it has a severe “image
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problem” despite coexisting with many species of crab, in both its native and alien
range, worldwide. On North American shores C. maenas interacts with both native
(Hemigrapsus oregonensis, Pacific coast) and alien (H. sanguineus, Atlantic coast)
species in an east-meets-west situation (Jensen et al. 2002). Competition for food and
habitat may cause decline of other crab and bivalve species including mussel farm
species (Le Roux et al. 1990). Carcinus maenas also has effects on the phenotype and
behavioural response of prey (Smith 2009). Impacts on prey populations seem to be
greater in soft-bottom habitat and in sheltered habitats protected from strong wave
actions. New Zealand biosecurity has maintained a high level of vigilance in order to
prevent Carcinus maenas from crossing the Tasman Sea from Tasmania because it
could be a major threat to the green lip mussel (Perna canaliculus) industry.

5.3.5 Management

Control efforts have included a range of methods including fencing, trapping and
poisoning, however, with limited effect. The potential use of biological control has
been investigated in the case of the parasitic barnacle Sacculina carcini, however,
because of its low host specificity and its potential to infect native Australian and
North American species it is not likely to be used in the future (Thresher et al. 2000;
Goddard et al. 2005). Commercial fisheries for green crabs have occasionally
reduced the number of crabs in parts of its native range.

5.4 Charybdis (Charybdis) hellerii (A. Milne Edwards, 1867)

5.4.1 Distribution

Native: Indo Pacific (Japan, Philippines, New Caledonia, Australia, Hawaii, and
throughout the Indian Ocean, including the Red Sea); Alien: Mediterranean, Northwest
and Southwest Atlantic (Florida to Brazil); invasion history: In the Mediterranean,
C. hellerii was first recorded from Palestine about mid-1920s and subsequently from
Egypt (1936), Turkey (1981), Lebanon (1981), Syria (1993) and Cyprus (1999) (see
CIESM 2008). In the West Atlantic, C. hellerii was first reported in 1987 and 1988 in
the Gulf of Mexico and the Caribbean Sea; Cuba (Gomez and Martinez-Iglesias 1990);
Venezuela (Herndndez and Bolatios 1995); and Colombia (Campos and Tiirkay 1989),
and then in 1995 in Florida (Lemaitre 1995) and Brazil (Tavares and Mendonca 1996;
Mantelatto and Dias 1999; Ferreira et al. 2006). Charybdis hellerii was found in the
sea-chest of a fishing vessel in New Zealand (Dodgshun and Coutts 2003), but has so
far not been detected in New Zealand waters. It is most likely that C. hellerii arrived
in the Mediterranean via the Suez Canal (CIESM) and to the Western Atlantic origi-
nally via ballast water or as fouling organisms and possibly subsequently spread by
larval transport with local currents (Campos and Tiirkay 1989; Gémez and Martinez-
Iglesias 1990; Tavares and Mendonga 1996).
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5.4.2 Habitat

Intertidal — 50 m; prefers soft bottom, but also among rocks and live corals. In its
native range C. hellerii is reported to inhabit soft bottoms, but also to occur among
rocks and live corals (Stephenson et al. 1957). In Florida, the alien populations are
also common within structured habitats near inlets such as inter and sub-tidal coral-
line rock, ledges, rocks around jetties, concrete rubble and bulkheads (Dineen et al.
2001). In Columbia, C. hellerii was found among sea grass meadows and mangrove
roots (Campos and Tiirkay 1989).

5.4.3 Biology

The maximum carapace width of males is about 8 cm in Malaysia (Wee and Ng
1995). Ovigerous females range in carapace width from the 4.7 cm plus in Australia
(Stephenson et al. 1957) to a maximum of 5.4 cm in Florida (Lemaitre 1995),
5.6 cm in Colombia (Campos and Tiirkay 1989) to 5.7 cm in Brazil (Mantelatto and
Garcia 2001). In Brazil, C. hellerii ovigerous females are present throughout most
of the year, with peak spawning during the winter (Mantelatto and Dias 1999;
Mantelatto and Garcia 2001). Fecundity of C. hellerii is high and ranges from
22,550 to 3,200,000 eggs per brood depending on female size (Sumpton 1990;
Siddiqui and Ahmed 1992 as cited in Dineen et al. 2001; Lemaitre 1995). The lar-
val period was 44 days for larvae reared in the laboratory at 24°C (Dineen et al.
2001). Sexual maturity was reached at 67 mm carapace width of a single female in
the laboratory which subsequently laid six broods within a year (Dineen et al.
2001). It has been suggested that the geographic range of five species of Charybdis
along the coast of east and west Australia is temperature regulated and that C. hel-
lerii is most tolerant of lower temperatures (Stephenson et al. 1957). The epibiont
barnacle Chelonibia patula was found on crabs from Pakistan (Javed and
Mustaquim 1994) and a parasitic barnacle Sacculina sp. has been found in 1.3% of
crabs in Australia (Stephenson et al. 1957).

5.4.4 Impact

Unknown. Charybdis hellerii could potentially compete for food and habitat with
native brachyuran crabs, such as the blue crab Callinectes sapidus, and therefore
negatively impact on the blue crab fishery in certain areas. Over all, C. hellerii is
more a tropical species but can tolerate relatively low temperature in comparison to
five other Australian Charybdis species (Stephenson et al. 1957). It has been sug-
gested that C. hellerii is a successful marine invader because of its life and natural
history traits such as (1) long larval life (44 days) facilitating dispersal, (2) matura-
tion within a year which promotes rapid population growth, (3) sperm storage and
production of multiple large broods allows rapid expansion of founder populations,
(4) generalized, opportunistic carnivore, allows exploitation of a variety of food
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resources and (5) use of diverse habitats (Dineen et al. 2001). These are similar
traits described for the invasive Carcinus maenas (Cohen et al. 1995; Grosholz and
Ruiz 1996).

5.5 Charybdis (Charybdis) japonica (A. Milne Edwards, 1861),
Asian Paddle Crab, Lady Crab

5.5.1 Distribution

Native: China, Japan, Korea, Taiwan, Malaysia (Wee and Ng 1995 in Smith et al.
2003); Alien: South-West Pacific (first in 2000 in New Zealand) (Gust and Inglis
2006). In New Zealand C. japonica is abundant in the Waitemata Harbour (Auckland)
and occurs in two nearby estuaries, but have not spread to other shipping ports
nationwide. However, since their arrival they have spread 120 km from the putative
release point. It remains to be shown whether the C. japonica population in New
Zealand is self-sustaining (Gust and Inglis 2006) in the long term. A single live,
mature, male specimen of C. japonica was also discovered by a fisherman in the Port
river in Adelaide in 2000 (Poore 2004), but none have subsequently been reported.
The vector of introduction in this case is unknown but ballast-water or hull-fouling
are likely candidates, along with the possibility of sea-chests.

5.5.2 Habitat

Sub-tidal, eelgrass, estuarine and marine habitats. In its native habitat in Korea,
juvenile C. japonica are abundant in eelgrass (Zostera marina) meadows (Huh and
An 1998, in Smith et al. 2003). In New Zealand it is found in estuarine habitats with
fine, silty muddy bottom to coarse, shelly sand bottom (Gust and Inglis 2006).

5.5.3 Biology

Charybdis japonica is an opportunistic predator of bivalves, fish, cephalopods and
other benthic invertebrates (Jiang et al. 1998, in Smith et al. 2003). In China spawn-
ing occurs in spring and autumn when sea temperatures are between 20°C and 28°C
(Wang et al. 1996 as cited in Gust and Inglis 2006). Females lay an average of ca.
85,000 eggs per brood (Wang et al. 1996; Smith et al. 2003) and may produce
multiple broods in a single year.

5.5.4 Uses

A commercially important species in its native range of central and South East Asia
where it is trapped using pots and gill nets (Archdale et al. 2006).
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5.5.5 Impact

Charybdis japonica is a host or carrier of the White Spot Syndrome Virus (WSSV)
which can be a serious fisheries threat. WSSV infects a broad spectrum of crustaceans,
and can cause cumulative mortalities of up to 100% within 3—10 days of the first signs
of the disease. Some infected individuals do not die from the disease but are carriers that
can spread the pathogen (Maeda et al. 1998). In New Zealand, the distribution of C.
Jjaponica overlaps with that of the native portunid crab Ovalipes catharus, but they seem
to prefer slightly different habitats. Charybdis japonica occupied muddy sediments in
which O. catharus was rare. If the C. japonica population in New Zealand is self-
sustaining and continues to spread, it is likely to have significant impacts on native
estuarine benthic flora and fauna (Gust and Inglis 2006). Southward expansion from
Auckland is likely to be limited by colder water temperatures.

5.6 Chionoecetes opilio (Fabricius, 1788), Snow Crab

5.6.1 Distribution

Native: sub-Arctic species found in North Pacific, Beaufort Sea, Arctic and
Northwest Atlantic and west coast of Greenland; Alien: recently introduced into the
Barents Sea, first record 1996, presumably by ballast water (Alvsvag et al. 2009;
Puebla et al. 2008).

5.6.2 Habitat

Depth range 50-1,400 m, but most are found around 200 m.

5.6.3 Biology

Chionoecetes opilio has determinate growth and high fecundity 10,000-35,000 eggs
per female. Males survive 7-8 years (Fonseca et al. 2008). Diet includes algae, fish,
polychaetes, cannibalism and other crustaceans such as shrimps, shellfish, and echi-
noderms. This species is the basis of an important fishery in Canada and Greenland.
Distribution of micro-satellite loci markers shows high connectivity in C. opilio with
some suggestion of structuring within the Labrador Sea population, despite the long
larval life of 3-5 months (Puebla et al. 2008). The C. opilio fishery in Japanese
waters is one of the oldest commercial crab fisheries beginning in 1,724 (Kon 1996).
The snow crab fishery is regulated by setting quota and a minimum size which
means that males make up a large portion of the catch. This can result in limited
sperm supply and males to guard primiparous females (Sainte-Marie et al. 2008).
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5.6.4 Impact

Competition for food with other crabs and modification of the food web (Wieczorek
and Hooper 1995).

5.7 Eriocheir sinensis H. Milne Edwards, 1853,
Chinese mitten crab

5.7.1 Distribution

Native: North-West Pacific (China and North Korean Peninsula); Alien distribu-
tion: since 1912 in North-East Atlantic (first in Germany, now from Finland to
Sweden, Russia, Poland, Germany (1927), Czech Republic, Netherlands (1931),
Belgium, England, France (1943), Spain, Portugal), Black Sea, Baltic, North Sea,
Mediterranean (via the Garonne canal system, but not a viable population); since
1992 in North-East Pacific (San Francisco Bay, Portland, Oregon, on the Columbia
River) (Cohen and Carlton 1997); found in Detroit River 1965 and later some
records from Great Lakes, but not established there; 2004 first records in
St. Lawrence River (Veilleux and de Lafontaine 2007). Eriocheir sinensis must
return to brackish waters to breed and release its larvae. Currently, it is not estab-
lished in Danish Waters (Jensen and Knudsen 2005). Colonization of the Baltic Sea
over the past 80 years by the mitten crab is detailed by Ojaveer et al. (2007).
Reproduction in the Baltic is physiologically difficult because of the low salinity,
so maintenance of the population is dependent upon migration from the North Sea
(probably the Elbe River estuary) via the Kiel Canal. Chinese mitten crabs have
persisted in Europe for almost 100 years. Several vectors have been identified for
E. sinensis and include the illegal introduction for the live food trade, ballast water
and ship hull fouling (Cohen and Carlton 1997). In addition, natural dispersal is
likely after initial invasion. In the light of events in Europe, E. sinensis has the
potential to establish itself in major UK estuaries (Herborg et al. 2005). The poten-
tial distribution in North America in major ports was estimated based on a model
using environmental match and volume of ballast water received. Chesapeake Bay
and Portland were highlighted as locations of high invasion risk and several other
locations are also likely to be invaded (Herborg et al. 2005; Hanson and Sytsma
2008). The recent discovery of mitten crabs, including ovigerous females, in
Chesapeake and Delaware Bays has borne out these predictions (Ruiz et al. 2006a, b;
Dittel and Epifanio 2009). An analysis of genetic variation of E. sinensis shows that
the European populations originated from multiple rivers in China on multiple
occasions and that the San Francisco population originated from both the native
Chinese populations and the alien European populations, probably the Thames
population (Wang et al. 2009).
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5.7.2 Habitat

Eriocheir sinensis is catadromous and spends most of its life in rivers, but must
migrate to the sea to breed. It therefore occupies estuarine habitats, lakes, riparian
zones, water courses and wetlands. It can also travel over dry land.

5.7.3 Biology

Eriocheir sinensis is catadromous (migrates between freshwater, estuarine and
marine environments), tolerates a wide range of abiotic conditions (salinities and
temperatures) and is found in temperate climates around the world. Eriocheir sinensis
is an omnivore with juveniles primarily eating vegetation and adult crabs mainly
eating small invertebrates such as worms and clams. Overall, it has an opportunistic
diet including algae, detritus, and a variety of macro-invertebrates (Panning 1939;
Hoestlandt 1948; Gollasch 1999; Rudnick et al. 2003). The time to maturity in the
wild varies between 2 and 5 years and appears to depend on environmental factors
(Herborg et al. 2005; Rudnick et al. 2005). Eriocheir sinensis is a semelparous (*‘big-
bang”) reproducer with adults in both native and alien populations making a single
synchronized reproductive trip to the coast for one spawning season (Kobayashi and
Matsuura 1995). Many females produce only one brood but some may produce a
further smaller brood (Ng, N-K pers. com. 2010). The Japanese mitten crab,
E. japonica, can produce up to three broods in a season (Kobayashi 2001). Once they
complete the pubertal moult E. sinensis migrate to brackish waters of estuaries or the
sea to mate and females typically lay between 100,000 and 1 million small (0.35-
0.38 mm diameter) eggs (in the spring). Males die after the mating season and
females after releasing the larvae. The extent of larval dispersal offshore remains
enigmatic. After about 67 weeks in the estuarine or marine plankton larvae (5 (6)
zoea+the megalopa stage) metamorphose into juvenile crabs, which then migrate
back up the river into freshwater to complete the life cycle. The crabs form dense
colonies and create burrows in the intertidal portions of streams. Eriochier sinensis is
an aggressive space competitor (Dittel and Epifanio 2009). Crabs can colonize new
rivers by larval transport and by adults walking overland from one river to another.

5.7.4 Impact

Eriocheir sinensis has many major impacts which include competing for resources
with native freshwater invertebrates (Clark et al. 1998), modifying habitats and
causing erosion through its intensive burrowing activity (Dutton and Conroy 1998
in Herborg et al. 2005), feeding on bait and trapped fish which cost fisheries and
aquaculture industries (Ingle and Andrews 1976), and blocking water intakes in
irrigation and water supply schemes (Cohen and Weinstein 2001; Dittel and
Epifanio 2009). In Britain vulnerable freshwater decapod species may be eaten and
out-competed (Owen 2003). Under laboratory conditions, native Carcinus maenas
were excluded from shelters by E. sinensis (Gilbey et al. 2008). Stream banks in
Europe and the USA are being eroded by the burrowing behaviour of the dense
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juvenile colonies (Peters 1933; Dutton and Conroy 1998; Rudnick et al. 2003). This
crab spread very rapidly following its introduction into Europe (Wolff 2005). The
mitten crab is the secondary intermediate host for the Oriental lung fluke, with
mammals, including humans, being the final host (Cohen 2003). Humans can
become infected by eating raw or poorly cooked mitten crabs. The Chinese mitten
crab is a culinary delicacy in Asia and supports a $1.25 billion per annum aquacul-
ture industry in China (Herborg et al. 2005). There is a small market for E. sinensis
in Germany, but the revenue generated does not even approach the cost of their
impact and its mitigation (Gollasch et al. 2009). Crabs have been used as bait for
eel fishing, to produce fish meal, cosmetic products and as fertilizer in agriculture.

5.7.5 Management

Control of this species is difficult because of its abundance, ubiquity, high repro-
ductive rate, and wide range of physiological tolerances (Rudnick et al. 2003).
Intense trapping of crabs has not been sufficient to reduce the damage caused by
crabs significantly. Electrical screens were installed in the 1930-1940s to prevent
the migration of the crab up rivers in Germany but with little success (McEnnulty
et al. 2001). Alternatively, it has been suggested to commercially harvest them in
Britain and to export them to China (Owen 2003).

5.8 Hemigrapsus sanguineus (de Haan, 1853), Japanese, Asian
Shore Crab

5.8.1 Distribution

Native: North-West Pacific (from Sakhalin to Hong Kong and Japan); Alien:
distribution: North-West Atlantic, Mediterranean Sea; history: In America, it was
first reported in 1988 in New Jersey and has subsequently spread north to
Massachusetts and south to North Carolina (McDermott 1991, 1998). A recent
coastal survey by “citizen-scientists” established a new northern limit of the
Scoodic Peninsula, Maine (Delaney et al. 2008). In Europe, it was first found in
1999 in the Netherlands (Wolff 2005) and France (Breton et al. 2002) and in 2002
in the Mediterranean (Schubart 2003). Both and H. sanguineus and H. takanoi are
spreading along the Channel Coast of France (Dauvin et al. 2009).

5.8.2 Habitat

Hemigrapsus sanguineus occupies estuarine and marine habitats and occurs there
predominantly in the middle and lower intertidal and occasionally in the sub-tidal
and preferring structurally complex habitats (Lohrer et al. 2000a, b). In Japan,
H. sanguineus is commonly found among boulders on rocky intertidal shores (Fukui
1988). It prefers rocky hard-bottom habitats or other hard structures such as mussel
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beds or oyster reefs where it can shelter easily. It can also be found on tidal flats
hiding under rocks or shells. The distribution and population density often increases
with the availability of shelter (Lohrer et al. 2000a, b). In the North-West Atlantic it
occupies the same habitat as several mud crabs (Xanthidae) and juvenile green crabs
Carcinus maenas (Kopin et al. 2001; McDermott 1998) and in the North-East
Atlantic in the same habitat as the two other alien crabs, Carcinus maenas and
Hemigrapsus takanoi (formerly presumed to be H. penicillatus) (Breton et al. 2002).
On the Channel Coast of France H. sanguineus occupies more exposed shores than
H. takanoi, thereby not competing for the same habitat (Dauvin et al. 2009).

5.8.3 Biology

Hemigrapsus sanguineus can tolerate a wide range of salinities and temperature, as
well as damp conditions in the upper intertidal regions (Benson 2005). It is an
opportunistic omnivore and will feed on a range of marine invertebrates including
crustaceans, commercially important bivalves such as the blue mussels Mytilus
edulis, soft-shell clams Mya arenaria, and oysters Crassostrea virginica, and algae
(McDermott 1998; Brousseau et al. 2001). When given the choice Hemigrapsus
sanguineus showed a strong preference of animal food over algae (Brousseau and
Baglivo 2005). Hemigrapsus sanguineus can be an important predator of juvenile
blue mussels Mytilus edulis, especially when it occurs in high population densities
and compared to the other predator Carcinus maenas (Lohrer and Whitlach 2002).
Hemigrapsus sanguineus is a carrier of the White Spotted S Virus (WSSV) (Maeda
et al. 1998). Larval development takes about 1 month (depending on temperature)
and this long development has the potential for long distance transport depending
on the local currents (Epifanio et al. 1998). Settlement of megalopa larvae and
metamorphosis to the juvenile stage appears to be highly species specific and
induced by exposure to water-soluble exudates produced by conspecific adults
(Kopin et al. 2001; Steinberg et al. 2007, but see O’Connor 2007). Hemigrapsus
sanguineus has a high reproductive output with a relatively long breeding season
over several months (5 in New Jersey) and includes two or more broods annually
with up to 44,000 eggs (McDermott 1998). In addition growth and maturation are
rapid and crabs are mature within a few months. McDermott (1998) suggested that
the length of the reproductive period of H. sanguineus is related to latitude and
therefore water temperature as in the warm southern Japan the breeding season is
8 months long whereas in colder northern Japan it lasts 3 months. A total of 13
ecto-symbionts have been identified from H. sanguineus along the US Atlantic
coast, but no gill or internal parasites have been found (McDermott 2007).

5.8.4 Impact

Hemigrapsus sanguineus has the potential to cause significant changes in the inshore
marine and estuarine communities of southern New England and mid-Atlantic coast
because of its predation and possible habitat displacement of several important
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native species (Gerard et al. 1999). Hemigrapsus sanguineus has been observed to
occupy in parts, the same habitat as another alien crab Hemigrapsus takanoi and the
native Carcinus maenas in France (Breton et al. 2002) and other regions (Lohrer and
Whitlach 2002). Hemigrapsus sanguineus has now replaced Carcinus maenas from
their intertidal habitat at some locations, and has also been shown to be a strong
competitor for food and space in the laboratory (Brousseau et al. 2001). In addition,
it competes for habitat and possibly displaces several native crabs, such as xanthid
and mud crabs, of the mid-Atlantic coast of North America (McDermott 1991;
Gerard et al. 1999). In comparative feeding and behaviour trials involving 3 crab
species, the native blue crab Callinectes sapidus and the two aliens, Hemigrapsus
sanguineus and Carcinus maenas, it was shown that H. sanguineus is equally suc-
cessful when it comes to competing for food with juvenile C. sapidus, but less so
compared to Carcinus maenas (McDonald et al. 2007). Furthermore, it has been
shown that H. sanguineus can, like Carcinus maenas, induce shell thickening in
mussels as a predator defence mechanism. Freeman and Byers (2006) showed that
in southern New England (where the crab occurs) mussels express inducible shell
thickening when exposed to waterborne cues from Hemigrapsus, whereas naive
northern mussel populations (where the crab does not yet occur) do not show any
changes. Griffen and Byers (2009) report the results of intriguing field experiments
involving two alien predatory crabs, H. sanguineus (the new-comer, arrived 20 years
ago) and Carcinus maenas (arrived nearly 200 years ago), one from Asia and the
other from Europe, respectively, that show how they affect each other when neither
is native. They show that determination of whether the impact of these two invaders
is novel or redundant needs to be measured in the actual communities rather than on
isolated captive individuals. Lohrer et al. (2000a, b) compared habitat use by
H. sanguineus in its native habitat with that found on the New England coast. The
work done on this species, in its new range, is undoubtedly the best research to date
done on an alien crab and it illustrates the kind of investigations that need to be made
when impacts are being assessed.

5.8.5 Management

Ballast water management will help to reduce new introductions from occurring.
No parasites have been found in H. sanguineus in its introduced range along the US
Atlantic coast that might control the population (McDermott 2007).

5.9 Hemigrapsus takanoi Asakura and Watanabe, 2005

This species has only been recently described by Asakura and Watanabe (2005) and
recognized as distinct from Hemigrapsus penicillatus. Previous records of
H. penicillatus in Europe were actually H. takanoi (see Asakura and Watanabe 2005).
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5.9.1 Distribution

Native: North-West Pacific (Japan to China, Taiwan); Alien: North—East Atlantic,
North Sea. History: It was first documented in 1993 from France and is now present
in several other European countries (Spain, Netherlands, Belgium, Germany) (Nogl
et al. 1997 and references therein; Wolff 2005, as H. penicillatus). Both H. takanoi and
H. sanguineus are spreading along the Channel Coast of France (Dauvin et al. 2009).

5.9.2 Habitat

In Japan, H. takanoi can be commonly found in bays and estuaries and includes
areas where salinities and temperatures fluctuate highly (7-35%¢ S and 12.5-20°C,
respectively) (Mingkid et al. 2006a). In France, H. takanoi is mostly found in shel-
tered areas of the mid-littoral zone and is locally abundant with up to 50-60 indi-
viduals per m? (Dauvin et al. 2009).

5.9.3 Biology

The salinity tolerance of larvae of Hemigrapsus takanoi from hatching to the first
juvenile stage was investigated by Mingkid et al. (2006b) in the laboratory at an
average water temperature of about 24°C. Successful development occurred only at
higher salinities (at 25%o, 30%0 and 35%¢ S), no larvae developed further than the
megalopa stage in lower salinities (10%o¢, 15%0 and 20%o S), and only a few larvae
metamorphosed to the second zoeal stage at very low salinity (5% S) and died
shortly after. This shows that although juveniles and adults can be found in a range
of salinities, higher salinities are required for successful larval development
(Mingkid et al. 2006b). Adults have a wide tolerance range to abrupt and substantial
changes in water salinity thereby enhancing their ability to colonize coastal habitats
where salinities may fluctuate (Shinji et al. 2009).

594 Impact

This species is likely to compete for food and shelter with native shore crabs on the rocky
shore habitat in particular where it occurs in high densities (No€l et al. 1997; Gollasch
1999). This might also include competition with Carcinus maenas in Europe.

5.10 Metacarcinus novaezelandiae (Hombron and Jacquinot,
1846), Pie-Crust Crab

5.10.1 Distribution

Native: New Zealand (South West Pacific); Alien: Australia (Tasmania, Victoria,
New South Wales) (Poore 2004). Invasion history: First recorded in about 1930 from
Hobart harbour (and around eastern Tasmania) and Port Phillip Bay (where it has not
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been found since). In 1991, a single specimen was collected by a fisherman in the
Gippsland Lakes, Victoria. Since at least 1995, a local population has resided on
Flinders Reef, Victoria. There are also a few records from other locations in Victoria
such as Bass Strait and Eden, New South Wales (Poore 2004). This crab probably
arrived in Tasmania accidentally amongst shipments of oysters from New Zealand.
Larval colonization from New Zealand is not possible because of the strong east-
ward flowing Tasman Current. As early as 1885 and up to 1930 sacks of oysters
(Ostrea chilensis) from Bluff, New Zealand were imported to prop up a failing local
supply in Hobart. They were sold on the Hobart docks and while awaiting sale they
were kept alive in wooden crates hung from the wharf. The oysters were carried as
deck cargo, and sometimes chucked along the way with refuse sometimes dumped
over the side entering the Derwent Estuary (Dartnall 1969). Other molluscs were
also accidentally transported and several of these have become nuisance species.

5.10.2 Habitat

Low intertidal to sub-tidal; sand bottom, under stones and among large seaweeds.

5.10.3 Biology

M. novaezelandiae is a benthic crab which burrows amongst sand to hide itself. The
diet comprises of predominantly sessile and slow-moving macro-invertebrates such
as bivalves and gastropod molluscs, followed by crustaceans, and also includes
fish, sponges, coelenterates, and plant matter (Cresswell and Marsden 1990).
M. novaezelandiae can easily open cockle and oyster shells.

5.104 Impact

In Australia, potential impacts may include economic (loss of aquaculture, commercial
or recreational harvest) and environmental (dominates or out competes and limits
resources of native species or predation of native species) impacts (Hayes et al. 2005).

Note: Metacarcinus magister (Dana, 1852) Dungeness crab, a native of the
Northeast Pacific, has been found in Japan, where it probably arrived in ballast
water (Abe 1981), and Massachusetts (Northwest Atlantic) (Cohen 2006).

5.11 Pachygrapsus marmoratus (Fabricius, 1787), Marbled Crab

5.11.1 Distribution

Native: Black Sea, Mediterranean, Moroccan Atlantic, Canary Islands, Madeira and
Azores as well as the Atlantic coast of Portugal, Spain and France (Udekem d’Acoz
1999); Alien: now recorded from two sites in the British Isles, Southampton Water
and Teignmouth region the species perhaps being transported by shipping (Ingle
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and Clark 2006). Human agency also seems to be responsible for spread along the
European coast of the English Channel. New records from Blainville-sur-mer and
Gonneville on the Cotentin coast, Normandy, indicate a northward spread that
could reflect the effects of global warming and natural dispersal (Dauvin 2008).

5.11.2 Habitat

Semi-terrestrial, upper and middle levels of rocky shores, and often present at high
densities (Ingle and Clark 2006). Found in crevices, pilings, mussel beds and rock
pools (Silva et al. 2009). Once the most common crab in this habitat it now has to
contend with increasing numbers of alien Hemigrapsus takanoi on Spanish, French,
Belgian and Dutch coasts.

5.11.3 Biology

Diet of P. marmoratus includes limpets and mussels as well as filamentous and mac-
roalgae in equal amounts (Cannicci et al. 2002). It grows quickly, reaching maturity
in less than a year. Recruited in September-October, crabs were able to reproduce the
following May (Flores and Paula 2002). Larval period lasts for ~4 weeks (Silva et al.
2009). This is a crab able to respond quickly to favourable environmental changes.

5.11.4 Impact

Unknown but could result in increased competition among intertidal crabs on rocky
shores of the English Channel.

Note: Another Pachygrapsus species, P. transversus, an inhabitant of rocky and
sandy shores, and mangroves in warmer waters, may also become established outside
its native range. However, at present the exact identity of the “P. transversus” records,
which include eastern Pacific to the eastern Atlantic and the Mediterranean, are com-
plicated by the fact that several cryptic species are probably involved. Morphological
and molecular variation between Pacific and Atlantic indicate that several new spe-
cies are warranted (Cuesta and Schubart 1998; Poupin et al. 2005). Another crab from
the same kind of habitat, Metopograpsus oceanicus, has been recorded from Hawaii
(Paulay 2007) (see Table 1). Pachygrapsus is similar to Planes which has a peripatetic
pelagic life style travelling around the oceans associated with weeds and other float-
ing objects and at the mercy of currents (Poupin et al. 2005).

5.12  Paralithodes camtschaticus (Tilesius, 1815), Red King Crab

5.12.1 Distribution

Native: Okhotsk and Japan Sea (as far south as Korea), Bering Sea and North
Pacific Ocean (as far south as Vancouver Island, Canada); Alien: as a result
of intentional transfer, by Russians, red king crab are now established in the
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Barents Sea and northern Norway (Jorgensen 2004). They are spreading southwards
towards Sweden and Denmark.

5.12.2 Habitat

Found on soft bottoms over a range from 3 to ~370 m with size tending to increase
with depth.

5.12.3 Biology

Paralithodes camtschaticus is among the world’s largest arthropods with CL>22 cm
and weighs over 10 kg. Fecundity varies between 15,000 to nearly 500,000 eggs per
female, depending on size (Jewett and Onuf 1988). There are 4 planktonic stages
plus a megalopa lasting about 2 months. Larvae settle at shallow depths (<20 m) and
adults are found as deep as ~400 m on soft bottoms. Red king crabs perform sea-
sonal migrations between shallow (spawning and mating areas in spring/summer)
and deep waters (feeding areas in autumn/winter). Tagged adults are fairly sedentary
and feed on molluscs, echinoderms and polychaetes. They also filter organic parti-
cles with maxillipeds. Paralithodes camtschaticus is now the subject of major fisheries
in northern Russia and Norway. The red king crab has become abundant along the
coast of northern Norway, with an estimated population of larger crabs (>70 mm
CL) of 2.9 million individuals in 2001, and 4 million in 2004 in depths below 100 m
(Jorgensen and Primicerio 2007). Fishing in the Barents Sea has an effect on limb
loss especially in immature crabs (Dvoretsky and Dvoretsky 2009).

5.12.4 Impact

During the early stages of colonization polychaetes, bivalves and echinoderms
made up most of the stomach contents, but as these were reduced fish residues
assumed greater importance (Sundet and Berenboim 2008). It is the slow moving
benthic animals such as echinoderms and shellfish that bear the impact of king crab
predation and they probably compete with the native stone crab, Lithodes maja, for
food (Kuzmin et al. 1996; Jgrgensen 2005). Growth in the red king crab numbers
may well endanger commercial scallop (Chlamys islandica) populations (Jgrgensen
and Primicerio 2007).

5.13 Percnon gibbesi (H. Milne Edwards, 1853), Sally Lightfoot

5.13.1 Distribution

Native: this crab has a very large native range: in the Pacific from California to
Chile, in the Atlantic from Florida to Brazil and Madeira to Gulf of Guinea
(Manning and Holthuis 1981); Alien: Mediterranean Sea. First recorded from Italy
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in 1999 (Relini et al. 2000 as cited in CIESM), then rapidly from other locations in
the Mediterranean such as the Libyan coast (Elkrwe et al. 2008). In many parts
of the Mediterranean P. gibbesi is established and locally common (Crocetta and
Colamonaco 2008).

5.13.2 Habitat

Shallow subtidal, mostly 1-2 m depth; between rocks and boulders (Deudero et al.
2005; Thessalou-Legaki et al. 2006; Yokes and Galil 2006). Fast moving, when
disturbed it quickly scampers to hide in crevices and under stones.

5.13.3 Biology

Percnon gibbesi is herbivorous, feeding primarily on algae and the animals living
thereon. One reason for its successful establishment may be that this kind of diet is
not shared by any other comparable Mediterranean crab with which it might have
to compete (Puccio et al. 2006). The native Pachygrapsus marmoratus is also her-
bivorous, but lives in the intertidal rather than sub-tidal zone so is unlikely to be
displaced by P. gibbesi, which is also the loser in behavioural interactions (Sciberras
and Schembri 2008). However there may be other infra-littoral grazers such as sea
urchins with which it might have to compete. Percnon species tend to have excep-
tionally large megalopae which is probably the result of having 67 zoeal instars
and may result in precocious sexual maturity in only the third crab instar (Hartnoll
1992). These life history features and a long larval lifespan of 6 weeks (Puccio et al.
2003; Yokes and Galil 2006) probably enhance their dispersal potential.

5.13.4 Impact

It is uncertain what impact P. gibbesi has in the Mediterranean.

5.14 Petrolisthes armatus (Gibbes, 1850), Green Porcelain Crab

5.14.1 Distribution
Native: widely distributed in Eastern Pacific (Gulf of California to Peru), the

western Atlantic (Bermuda, Gulf of Mexico, West Indies, Caribbean, and Brazil),
and tropical Western Africa; Alien: East coast USA Georgia-South Carolina.

5.14.2 Habitat

Rocky rubble, oyster reefs and other shallow sub-tidal and inter-tidal habitats.
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5.14.3 Biology

During summer P. armatus densities of 11,000 m? have been recorded in the low
intertidal. Maximum body size is CW ~14 mm, but females mature at only
3—4 mm. Population fecundity on shores of Georgia are an order of magnitude
higher than in its native range. This species is euryhaline, tolerant of salinities
6.7-31.5%0 (Hollebone and Hay 2007). In Brazil the population of P. armatus car-
ries a high load of the bopyrid gill parasite Aporobopyrus curtatus (Oliveira and
Masunari 2006).

5.14.4 Impact

Has been spreading northwards along the east Coast since 1994—-1995 probably
by larval dispersal, but its spread may be enhanced by transport amongst shell-
fish. Warming of the sea may have extended its northern limit, but minimum
winter temperatures could be the limitating factor. At high density P. armatus
may have detrimental effects on oyster harvesting by inhibiting recruitment and
competing for planktonic food (Hollebone and Hay 2007). However, presence of
P. armatus may provide more prey for fish, thereby making available energy har-
vested by a filter feeder (the crab) that would not normally be available (from the
oyster). The impact of this porcelain crab could be to alter several interactions
(both as competitor and prey) between species in the marine community
(Hollebone and Hay 2008).

Note: Another porcelain crab, Petrolisthes elongatus, was probably accidentally
introduced into Tasmania amongst oysters from Bluff, New Zealand (see
Metacarcinus novaezelandiae, above and Table 1).

5.15 Portunus (Portunus) pelagicus (Linnaeus, 1758), Blue
Swimming Crab

5.15.1 Distribution

Native: Indo Pacific; Alien: Mediterranean Sea. In the Mediterranean Sea it was
first recorded from Egypt in 1898 (Fox 1924), and then from Palestine (Fox 1924),
Turkey (Gruvel 1928), Lebanon (Steinitz 1929), Syria, Cyprus, and Italy (as cited
in CIESM). Established in Mediterranean Sea.

5.15.2 Habitat

Intertidal to 55 m; sandy or muddy substrate.
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5.15.3 Biology

Benthic carnivore eating hermit crabs, gastropods, bivalves and ophiuroids.
P. pelagicus is a widespread species that grows to a large size, 185 mm, and is
fished in many areas. Has been fished commercially in the Mediterranean.

5.154 Impact

Could modify food webs and compete with other benthic carnivores.

5.16 Pyromaia tuberculata (Lockington, 1877), Spider Crab

5.16.1 Distribution

Native: San Franisco Bay and Gulf of California to Panama (Northeast Pacific);
Alien: Brazil, Argentina, Japan (Sakai 1971; Asakura 1992), Australia, New Zealand;
invasion history: in Japan, Pyromaia tuberculata was first recorded in 1970 in Tokyo
Bay and is now distributed along the Pacific coast of central Japan, eastern part of
Seto Inland Sea, and the Sea of Japan off Honshu (Furota and Furuse 1988).
In Australia Pyromaia tuberculata was first collected in Western Australia in 1978
and has since been recorded from southern (Port Phillip Bay) and eastern (New South
Wales) Australia (Ahyong 2005). In New Zealand it was first recorded in 1978 in
Firth of Thames (Auckland) (Webber and Wear 1981) and since become more com-
mon in Waitemata Harbour and spread northwards to Whangarei (McLay 2009).

5.16.2 Habitat

Under rocks, among sponges and sea weed on wharf piles, on sand and mud, inter-
tidal to 650 m.

5.16.3 Biology

InJapan, P. tuberculata is abundant in organically polluted, large shallow bays such
as Tokyo Bay, Osaka Bay, Sagami Bay and Ise Bay from the intertidal down to
80 m (Furota and Furuse 1988; Sakai 1976). In Tokyo Bay P. tuberculata is
abundant and sustains significant population densities in the Bay despite large scale
bottom hypoxia in summer. Adult crabs perish due to oxygen deficiency in late
summer in the inner harbour, but fast re-colonisation of the oxygen recovered
bottom in autumn, from crabs from the outer half of the bay, maintains the
inner harbour population (Furota 1990, 1996a, b; Furota and Kinoshita 2004).
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In New Zealand ovigerous crabs have been collected in the winter months from
April to August, whereas in Southern California ovigerous females occur over most
the year with a peak in the summer months (McLay 1988).

5.16.4 Impact

Although it has become widely established its impact is probably not significant.
Since it hides amongst fouling organisms its long distance transport is likely to be

by shipping.

5.17 Rhithropanopeus harrisii (Gould, 1841), Dwarf Crab,
Harris Mud Crab

5.17.1 Distribution

Native: North West Atlantic (from Gulf of St. Lawrence, Canada to Vera Cruz,
Mexico; Alien: Black Sea, Mediterranean, North Sea, North-East Pacific, North East
Atlantic, Southwest Atlantic; Invasion history: First in Netherlands (<1874, see Wolff
2005), later in the North-East Pacific (Lake Merritt, Oakland and San Francisco Bay,
1937; Coos Bay, Oregon, 1950; Netarts Bay, 1976; Yaquina Bay and Umpqua River,
1978), Panama canal (1969), and at various locations throughout Europe (Baltic coast
of Poland, 1951; Copenhagen, 1953; Azov, Black and Caspian Seas, 1958; southern
Spain 1980s). Iseda et al. (2007) recently reported it from Japan. Although found in
many locations, it is not established in some, such as the Danish Waters: (Jensen and
Knudsen 2005). Rhithropanopeus harrisii is one of those species to have become
established after not being detected for years after initial records were taken. It was
rediscovered in the Panama Canal 40 years after initial findings with an established
reproductive population (Roche and Torchin 2007; Roche et al. 2009). Likely vectors
include ballast water, hull fouling and accidental introduction with oyster and seed
clams (Roche and Torchin 2007; Rodriguez and Suarez 2001).

5.17.2 Habitat
Rhithropanopeus harrisii occurs in estuarine habitats (brackish water) and lakes.

It is typically found in shallow waters with muddy or sandy substrates, and hiding
in shelter such as oyster reefs, vegetation, or debris.

5.17.3 Biology

Rhithropanopeus harrisii is known to feed on bivalve molluscs, oligochaetes and
dead fish. It was originally transported to San Francisco Bay with Atlantic oysters
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(Roche and Torchin 2007). Mating is independent of female moulting and usually
occurs during the summer months. Typically, females spawn between 1,200 and
4,800 eggs per clutch depending on its size, but can lay up to 16,000 eggs
(Turoboyski 1973). Ovigerous females tend to hide among debris, shells, or sedi-
ment. Rhithropanopeus harrisii has four zoeal larval forms and the megalopa post
larval stage. Larval development is fast and takes about 16 days and sexual maturity
is occurs within 9-12 months at the size of about 8 mm (Turoboyski 1973; Forward
and Lohman 1983; Cripe et al. 2003).

5.17.4 Impact

Rhithropanopeus harrisii is known to compete with native species and spread the
white spot baculovirus. It is an especially aggressive predator and is known to com-
pete with and displace native crabs, crayfish, and bentho-phagous fishes, as well as,
alter food webs. In Texas they are known to foul PVC intakes in lakeside homes
(Roche and Torchin 2007; Grabowski et al. 2005). The deadly white spot baculovirus
also causes disease in penaeid shrimp and blue crab. Hayes and Sliwa (2003) list
R. harrisii as a potential next pest species and possible impacts could include loss
of aquaculture/commercial/recreational harvest as it may feed on newly settled
mussels and oysters (spat). In its native range, Rhithropanopeus harrisii is host to
the parasitic barnacle Loxothylacus panopaei, which causes growth reduction and
castration of its host (Alvarez et al. 1995).

5.17.5 Management

As ballast water is assumed to be the main vector, the reduction and prevention of
contaminated ballast water is the best preventative method. The chemical Diflunezuron,
an active chemical in pesticide Dimilin, has been tried out on hatching larvae of
R. harrisii and found to be lethal in concentrations of 7-10 ppb because it inhibits
chitin synthesis. However, Diflunezuron is not species specific and therefore elimi-
nates a range of arthropods in the aquatic environment (McEnnulty et al. 2001).

5.18 Scylla serrata (Forskal, 1775), Mangrove Crab

5.18.1 Distribution

Native: Indo Pacific (Red Sea to Tahiti); From South Africa to Tahiti, north to
Japan, and south to Port Hacking, Australia and the Bay of Islands, New Zealand;
including China, Philippines, Indonesia East. Alien: Hawaii, and single record from
South West Atlantic (Brazil) (Melo 1983). In Hawaii it can be found around all of
the islands (Coles et al. 1999; DeFelice et al. 2001).
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5.18.2 Invasion History

Scylla serrata has been introduced intentionally in Hawaii and throughout the
Indo-Pacific to start commercial crab fisheries. In Hawaii, Scylla serrata was first
introduced into Kaneohe Bay in 1926 to start a commercial crab fishery. A total of
98 crabs were released on Oahu, Hawaii, and Molokai between 1926 and 1935
(Brock 1960). Edmondson and Wilson (1940) reported that the mangrove crab was
already an established species by that time. A study undertaken in 1981 in Kahana
Estuary, Oahu, Hawaii found that Scylla serrata was the most abundant species of
crab even though they were highly fished (Maciolek and Timbol 1981). Mangrove
crabs are native to the island of Guam but in 1975 the population was increased
by crabs imported from Taiwan and the Philippine Islands. They were cultured at
the University of Guam Marine Lab until the facility was destroyed by a typhoon
(Eldredge 1994). Recently Scylla serrata has colonized Southwest Australia, more
than 1,000 km south of its normal range, but genetic studies suggest that this can
be accounted for by natural larval dispersal from northern Australia, resulting from
an unusually strong coastal current pattern in 1999/2000, rather than human
assisted larval transport (Gopurenko et al. 2003).

5.18.3 Habitat

Muddy bottoms in brackish water among mangroves and in estuaries (Edmondson
1954; DeFelice et al. 2001).

5.18.4 Biology

Large, aggressive omnivorous crab that matures at a carapace width of about
9-11 cm. The male and female begin the mating process when a female is in pre-
moult condition. The crabs remain paired for 3—4 days until the female moults, and
then they copulate (Knuckey 1996). The female then migrates offshore with the
fertilized eggs, where they hatch in a couple of weeks (Hill 1994).

5.18.5 Impact

Scylla serrata is the largest and most aggressive swimming crab occurring com-
monly around all of the Hawaiian Islands. This species is not considered invasive
in Hawaii because it has been introduced there intentionally for fisheries, but
S. serrata would likely become invasive if not commercially fished (DeFelice et al.
2001). Scylla serrata is an important source of income for many people and the
ecological impacts of this crab have not been studied in Hawaii.
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6 Life History Trends and Body Size of Alien Crabs

There are several life history traits that appear to facilitate marine invasions in
brachyuran crabs. Those that have become established are mostly intertidal to
shallow sub-tidal species and are capable of tolerating a wide range of temperatures
and salinities. They tend to be omnivores or generalist predators and are often
highly aggressive and competitive in regards to food and shelter. They are often
widespread and common in their native range thereby giving them a greater chance
of being transported by ships. Their reproductive output is typically high which can
be achieved by, for example, maturing early (within a couple of years), producing
several thousand eggs per clutch and/or several clutches per year. Migratory behav-
iour allows the use of a range of habitats and depths and breeding offshore can
increase successful reproduction by avoiding hypoxia/organic pollution of shallow
bays, ports or harbours.

We have chosen to analyse the life history features of alien species by looking
at egg-size. This character is useful because it integrates several important features
into a single measure and it is a property of a species rather than an individual
whose size varies. Typically egg size and egg number are negatively correlated as
are egg size and larval duration. There is a trade off between egg size and egg num-
bers because of energetic and female morphological constraints (Hines 1982,
1992). At the extremes are small eggs with little yolk meaning that larvae must feed
on plankton to reach megalopa (indirect development or planktotrophy) through to
large eggs adequately provisioned to produce juvenile crabs (direct development).
In between are many combinations of hatching size and number of zoeal stages,
which may be feeding or non-feeding, all equally fit for the particular environment
(lecithotrophy). One might predict that species with small eggs (longer larval life
and greater numbers) would be more likely to become alien than species with large
eggs (short larval life and small numbers).

A comment is necessary here about data analysis and which of the recorded
alien species should be included in that analysis. The species listed in Table 1 are
divided into two groups: species that have become established outside their native
range and species that have been recorded outside their native range but have yet to
establish self-sustaining populations. The first group includes all the successes
while the second group includes all the failures. While there is a high probability
of detecting the successes the probability of detecting failures is much lower
because individual crabs are rare and many species that arrive may not be detected
at all. Therefore in our life history analysis we only include the successful species.
There could be several reasons why species failed: environmental mismatch (e.g.,
unsuitable salinty or temperature), a high level of biotic resistance (e.g., predation,
parasites or competition) and low post-transport viability (e.g., arrivals were only
of one sex, females lack sperm storage ability so that reproduction was impossible).
Thus egg size of these species is not relevant to their failure, but for successful
species egg size may well have some explanatory power and predictive value
because they’ve overcome the impediments to colonization, and with the life
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history strategy that they have, begun to produce recruits. We are using egg size as
an indicator of that strategy. We have not included any of the Anomura because
only three species are involved.

We gathered together available data on egg size of established aliens and compared
it with a matched sample of native species from the same families as a control. Within
the native Brachyura included in our data set egg size varies by 3 orders of magnitude
(2.57x 107 mm?® {Metopograpsus messor} to 2144.8x 10 mm? {Elamena pan-
glao}) (see Fig. 8) and differs between the major groups of crabs (Table 4): por-
tunoids (mean=20.1, range 9.2x107 to 47.7x 107 mm®) have the smallest eggs
followed by, grapsoids (mean=27.2, range 2.57x107 to 114.95 mm’®), pilum-
noides + xanthoids combined (mean=30.7, range 16.4x 1073 to 2144.7x 10~ mm?),
and majoids (mean=129.5, range 12.7x 107 to 860.33x 10> mm?) who have the
largest eggs. Just as van Dover and Williams (1991) found for squat lobsters
(Galatheoidea) there is much greater variation in crab egg size amongst species
known to or presumed to have lecithotrophic development (range 10x 107 mm?
{Munida tenella Benedict} to 11,260 x 10> mm?® { Munidopsis verrucosus Khodkina}).
They argue that when brood size is maximized then egg size must be minimized and
tightly controlled (as in the planktotrophic strategy) whereas if brood size does not
need to be maximized there can be much wider variation in egg size (as in the leci-
thotrophic strategy). Crabs have a similar range of egg size and the same constraints
on the production of viable larvae probably apply to them as well.

Overall, alien species of crabs tend to have smaller eggs (~1/4th) than the control
group of native species (Fig. 8) ~30x 10 mm?® vs 117.7 10~* mm® (Table 4)
however the difference is not significant (p>.05) given the wide variation in egg size.
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Fig. 8 Comparison of the variation in egg size in established alien and a set of native species of
Brachyura (n=206) from the same families
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Table 4 Comparison of mean egg volume (SE, n) between established alien and native species
of crabs broken down by group

Egg volume (mm?**1,000)
Established aliens

Group Mediterranean Rest of world Native species
Majoidea 74.0 (6.6, n=3) 81.8 (20.0, n=5) 129.5 (16.6, n=74)
Pilumnoidea+ Xanthoidea 28.4 (5.6, n=4) 19.6 (1.4, n=5) 30.7 (5.1, n=14)
Portunoidea 14.4 (1.8, n=6) 15.9 (3.1, n=6) 20.1 (1.4, n=40)
Grapsoidea 25.1 (4.4, n=5) 17.5 (2.9, n=8) 27.2 (2.7, n=53)
Mean for all species 29.5 (4.2, n=25) 31.0 (6.5, n=25) 117.7 (20.4, n=199)

Note: The anomuran crabs are not included

Table 5 Comparison of alien composition of Mediterranean Invaders and the rest of the world at
the Suerfamily level

Superfamily group Erythrean invaders Rest of the world
Calappoidea 1 (4%) 0
Cancroidea 0 1 (4%)
Dorippoidea 1 (4%) 0
Goneplacoidea 1 (4%) 0
Leucosidea 3 (12%) 0
Majoidea 3 (12%) 5 (20%)
Pilumnoidea 1 (4%) 2 (8%)
Portunoidea 6 (24%) 6 (24%)
Xanthoidea 3 (12%) 3 (12%)
Grapsoidea 5 (20%) 8 (32%)
Ocypodoidea 1 (4%) 0

Totals 25 (100%) 25 (100%)

Numbers of established species (and percentage) are shown. Note that there is a small overlap in
the groups of species with three species in common

The same is true when egg sizes of alien species and natives are broken down
into the major groups: in each group the mean egg size for aliens is smaller
(Table 4), but these differences are not significant (p>.05) partially because of egg
size variation but also because the sample sizes of aliens are small (there are only
47 established aliens). Egg size may be a useful indicator of the likelihood of being
spread outside the native range, but it is not a sufficient indicator by itself.

We take this opportunity to compare the species which colonized the Mediterranean
via the Suez Canal with alien species established elsewhere (see Table 4). At the
same time we compare, at the family level, the Erythrean invaders with invaders
elsewhere (Table 5). If we use egg size as a guide to life history then there are no
significant differences in the egg size of Erythrean invaders and crabs elsewhere, and
thus no difference in their degree of planktotrophy/lecithotrophy. Most of the
Erythrean species probably arrived by dispersing as adults or being carried as larvae
by the northward flow of sea water, but the non-Erythrean species have dispersed to
various parts of the world by shipping rather than currents. Some groups are
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represented by species that have only spread by the Suez Canal but are not aliens
elsewhere: these are in the Calappoidea, Dorippoidea, Goneplacoidea, Leucosoidea
and Ocypodoidea (7 species in total). Conversely the Cancroidea (1 species) is the
only group to have spread elsewhere, but not into the Mediterranean. The other
5 groups are represented by similar numbers of species in the Mediterranean (18 species)
as elsewhere (24 species). Overall there is no significant difference between the
number of species in each group (¥*=15.1, p>0.13). There are no anomuran aliens
amongst the Erythrean invaders so these are not included. We conclude that the spe-
cies that have colonized the Mediterranean are more diverse (10 vs 6 superfamilies),
but are a similar suite of species as those colonizing other seas.

Amongst the commonly encountered aliens that have become established we
mostly find portunoids (e.g., Carcinus spp., Charybdis spp., Callinectes sapidus,
Portunus pelagicus and Scylla serrata) and grapsoids (e.g., Eriocheir sinensis,
Hemigrapsus spp., Pachygrapsus spp. and Percnon gibbesi). Rhithropanopeus
harrisii has a similar egg size to Percnon gibbesi and smaller eggs than Eriocheir
sinensis. Thus egg size should be a good predictor of the potential of a crab to
spread and be spread by anthropogenic means, but at the same time other factors
must be involved as there is considerable overlap in egg size between alien and
native species. Carlton and Geller (1993) may well be correct in calling the process
leading to the spread of aliens an example of “ecological roulette”. Miller and Ruiz
(2009) present an analysis for some other groups of organisms, of the biological
attributes of successful and failed invaders, incorporating consideration of the
source and recipient regions as well as the nature of the vector and pathway.

The range of maximum body size of alien species is shown in Fig. 9. They range
in size from CW =6 mm for Neorhynchoplax kempi (Hymenosomatidae) to CW
220 mm for Paralithodes camtschaticus (Lithodidae) (see Table 2). The mean
maximum size of species that became established was 53.1 mm compared to species
not yet established that was 46.7 mm, a difference that is not significant.
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Fig. 9 Comparison of distribution of maximum body size (CW or CL) of established and
non-established alien crabs
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7 Discussion

The success of a marine invader is a product of many factors, such as surviving
transport, becoming established in the new location and reproducing under the new
abiotic and biotic conditions (Carlton 1996; Ruiz et al. 2000). In addition, high
propagule supply (density, frequency, duration) will allow easier establishment
(Carlton and Geller 1993; Kolar and Lodge 2001; Colautti et al. 2006). The probability
of arrival and exact impact of the invasive species are not always easy to predict
(Strauss et al. 2006; Strayer et al. 2006; White et al. 2006). However, benthic animals
have been shown to be the dominant alien group in the European “seas” (which
includes the Mediterranean, Atlantic, North Sea, Baltic Sea, Black Sea and Arctic)
accounting for 57% of alien species (Streftaris et al. 2005). Of the 737 alien multicellular
marine species recorded from the seas bordering Europe by 2009, the largest number
were molluscs, followed by crustaceans and bony fish (DAISIE 2009). By comparison,
in San Francisco Bay crustaceans are the richest alien taxon (53 species), followed
by molluscs (30) and fish (28) (Cohen and Carlton 1995). In Pearl Harbour, Hawaii
molluscs (38) and crustaceans (35) comprise the two richest introduced groups
(Coles et al. 1999). Carlton and Eldredge (2009) provide a more complete and up
to date lists of species for all the Hawaiian Islands. In Port Philip Bay (Australia)
crustaceans were the fourth richest invasive taxon (after bryozoans, cnidarians, and
chordates) and molluscs ranked seventh (Hewitt et al. 2004). It is important to note the
caveat that sampling and the availability of taxonomic expertise differs among regions.

7.1 Regional Observations

The ability of a species to invade a new area will depend on its genetic fitness, the
biophysical similarity of the new area compared to its native range, as well as the
level of predation and competition for food and shelter it will encounter (Hutchings
et al. 2002).

Of all the oceans of the world, the Mediterranean is of particular interest because
it has had a chequered history and because it represents the only surviving part of
the Tethys Sea, the cradle for so many groups of marine animals that survive today.
It once connected the Indo-West Pacific, tropical Atlantic and eastern Pacific
Oceans, but has been isolated since the Miocene. The opening of the Suez Canal in
1869 restored the connection with the Indo-West Pacific, via the Red Sea, which
had been blocked for 10 m years. Tectonic changes and sea level decline resulted
in the size of the Mediterranean sea being greatly reduced, connection with the
Atlantic also lost, and the extinction of many Tethyian species. Subsequent coloni-
zations of the basin came from the Atlantic, transforming what was a tropical fauna
into a more temperate one, Atlantic-derived biota (Rilov and Galil 2009).
Tropicalization of the Mediterranean Sea, coupled with anthropogenic effects, will
determine the extent of faunal change (Bianchi 2003).

Fifty-eight percent (42 of 73) of the alien crabs recorded worldwide can be
found in the Mediterranean Sea of which about 60% (25 species) have become
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established, perhaps because of the impoverished fauna left resources unutilized.
Forboth established and non-established species mosthave entered the Mediterranean
via the Suez Canal (the so-called Erythrean invasion) (60% and 88% respectively)
while the balance have entered from the Atlantic direction (40% and 12% respec-
tively) (see Table 1). A total of 116 species of native marine crabs are known from
the Mediterranean (Stev¢ié¢ and Galil 1994) so that the combined crab fauna is 141
species (116+25) of which 18% are aliens. As a measure of the effect of the Suez
Canal we can eliminate the Erythrean fauna leaving the Atlantic aliens, which
would be 8% (10 of 126). By comparison the level of established aliens in more
remote regions like New Zealand is only 2% (2 of 90) and in Australia <1% (5 of
950) (see below). There is no other region in the world that has such a high level of
alien crabs, but this is not unexpected because the Mediterranean Sea has long been
a cross road of shipping from all parts of the world. It is ironic that this remnant of
the once rich and diverse Tethys Sea harbours a fauna drawn worldwide: perhaps
the Mediterranean Sea is a symbol of the human era and its impact on the world.

Two other regions have been colonized by significant numbers of aliens: these
are the North Atlantic and Hawaiian Islands where 9 aliens have been recorded
(see map Fig. 6). The North Atlantic is, by comparison, a vast area where large
scale ocean currents and shipping dominate faunal change. Like the Mediterranean,
the Hawaiian Seas (Islands) are a cross road for shipping from several directions as
well as a place where alien species were deliberately introduced to establish fisher-
ies (Carlton and Eldredge 2009). Many species derive from the Atlantic, and were
probably introduced into Pearl Harbour by naval vessels, but others remain crypto-
genic. Because they are oceanic islands “rafting”, whether it be by natural or
human-mediated processes (including Polynesian migration), is always going to be
a significant factor in their faunal dynamics and loom much larger than in the
Mediterranean, which is an enclosed Sea.

Many alien species are first picked up in port surveys and in most cases their
occurrence, port by port, is all that we know about their new distribution. Often the
fauna in these places is somewhat less than pristine and the ability of aliens to
invade ports maybe quite different to their ability to invade unmodified habitats,
which is what we try to protect. For example, Coles and Eldredge (2002) highlight
the need for better information about coral reefs and whether or not alien species
are present.

All the aliens (5 species) in the South Atlantic are found along the eastern coast-
line of South America rather than West Africa, probably due to lack of investigation
of the latter region. Reports of Scylla serrata here are based on an isolated record off
Brazil and there is no evidence of viable populations (Davie 2002). A similar
number of aliens (6) have been recorded in the south Pacific, although some of these
are “local” movements, between New Zealand and Australia. These trans-Tasman
transfers from New Zealand were unintentional and associated with transportation
of oysters to Hobart. The others came from Japan and Europe and were shipping-
related. Given the size of continental Australia it is remarkable that so few alien
crabs have been recorded (see Sect. 3.7). New Zealand too has few alien brachyuran
species. New Zealand has a relatively low brachyuran diversity of around 90 species
(McLay 1988) compared to more than 950 species in Australia (Davie 2002).
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In the north Pacific there have been surprisingly few species (four on the Asian and
three on Pacific coasts) introduced, given the high level of maritime activity, but this
may be related to the fact that large distances are involved and so transit times are
long. Rhithropanopeus harrisii probably arrived on the Pacific coast from the east
amongst oyster imports in the 1930s and/or via shipping through the Panama Canal
while the other two got there by various means. Carcinus maenas arrived after a
stop-over on the Atlantic coast of the USA and Eriocheir sinensis probably arrived
directly from China as well as indirectly from the UK population (Wang et al. 2009).
Two significant biogeographic regions, the Indian Ocean and Eastern Pacific
effectively have no records whatsoever of alien crabs. There are several single
records of Carcinus maenas from the Indian Ocean, but no permanent populations
are known (Carlton and Cohen 2003). The apparent absence of alien crabs from the
Indian Ocean (and Southeast Asia) may well be an artefact because we do not know
the native range of many tropical species. No alien crabs are known from the west
coast of South America (Castilla et al. 2005). In maritime terms this is a remote and
sparsely frequented part of the world’s oceans: its remoteness means that any species
spreading from a new colony have a long way to travel. Given the current patterns
in temperate climes they would have to cross the entire South Pacific from
Australasia or via the circum-subantarctic current further south. Only Hyas araneus
has been found in Antarctic waters. For various physiological reasons crabs are not
able to thrive in these cold waters so that temperature limits their invasibility (Thatje
et al. 2005; Aronson et al. 2007). While the Eastern Pacific is apparently pristine
many species have been introduced as part of the aquaculture programs of Chile and
Peru. Castilla and Neill (2009) list 51 marine alien species of plants and animals,
including around 20 invertebrates, but no crabs. About one-third of these species
probably arrived via the shipping vector while others escaped from aquaculture.
When thinking about alien species we automatically think of coastlines. All known
aliens are coastal and tied to each countries coastline and thus regarded as a problem
to be solved nationally. However, coastlines and the littoral zone are only a minute
fraction of the marine realm. The high seas constitute more than 70% of the earth’s
surface and little attention is paid to which species might be off-loaded there far from
home. Countries monitor their own waters and coasts, but no one takes responsibility
internationally. In fact at the moment many countries have ballast water exchange rules
that see larval stages dumped off-shore on the assumption that they will not survive
there. But do we know whether this assumption is valid? A safer option would be to
insist that shipping only release sterilized (perhaps heated) ballast water. In fact if all
ships treated their ballast water we would not need any restrictions on dumping.

7.2 Dominant Alien Brachyuran Groups (Fig. 10)

Three brachyuran super-families stand out for their high number of recorded alien
species: namely the Portunoidea (swimming crabs, 15 aliens), Grapsoidea (shore
crabs, 12 aliens) and Majioidea (spider crabs, 12 aliens) (Fig. 10). Collectively 29 out



Human-Mediated Spread of Alien Crabs 85

OTotal Aliens

16 q B Established Aliens

— - —
o N S
L L L

Number of Species
©

6
4
| all
ol o mao.,
b@@\b@?’@&"'\c’(’\bfi@"’@©°°<0\¢0°@0\~&Q’\V\&S\\ e‘o@b&g&b&@&m&b @@\,b&’@\y@
S K\ - - . . . RS & . . . Xs
ew&Qoo%"’Qoofé‘é@ 0'0\@\ ooQQO\ Q/&f *?\000\\90"06\ ‘gﬁq@&i&‘fi@&&& +'z§‘<\\ o@'b&o\ <§°b° v“oé\
Super-FaminQ

Fig. 10 Comparison of numbers of established and non-established alien in brachyuran super
families and in crab-like Anomura

of the 39 species became established. These crabs have life styles that make them
more prone to transport: having numerous long lived larval stages, occupying shallow
waters where they are likely to encounter ships or by being part of the fouling com-
munity that colonizes such temporary surfaces as hulls of ships and wharf piles.
Grapsoid shore crabs have evolved semi-terrestrial air-breathing species as well as
nektonic species like Planes spp. which spend their entire lives clinging to floating
objects that are carried over long distances by ocean currents. Both of these strategies
ensure wide dispersal by natural means. Out of the total of 73 species 47 species have
become established outside their native range. With only three and five alien species
respectively, the Leucosioidea and Xanthoidea are remarkable as all have become
established. Similarly with the crab-like anomurans but in this case two of them were
spread by human transplant, one intentional the other accidental. The Cancroidea
include four species which have been recorded outside their native range. The New
Zealand crab Metacarcinus novaezelandiae which was accidentally transferred with
oysters to southern Australia and Tasmania, has become established there (Poore
2004). One cancrid crab that does not appear in Table 1 is the edible European crab
Cancer pagurus that was deliberately introduced to New Zealand by early settlers
between 1907 and 1913 for commercial fisheries (Thomson and Anderton 1921).
Another cancrid crab that might appear on our list in the future is Cancer irroratus:
larvae of this north-west Atlantic crab travelled and survived 17 days in ballast water
from New York to England (Hamer et al. 1998). The megalopa larvae were trans-
ferred to the laboratory and grew to 58 mm CW in 5 months. Overall, the water
temperature and salinity range of the southern North Sea would probably allow this
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species to survive there (Hamer et al. 1998), but none have yet been reported outside
their native range.

At the other extreme representatives of the primitive crabs, sometimes known
collectively as podotremes, are conspicuous by their absence except for one bur-
rowing Indo-west Pacific raninid, Notopus dorsipes. This crab probably entered the
Mediterranean via the Suez Canal. Many of these crabs have life styles that do not
lend themselves to being transported: many live in deepwater while others have
close associations with other invertebrate hosts or they rely on other organisms (or
pieces thereof) for concealment, for example the dromiid sponge crabs which carry
sponge umbrellas above their body. Such reliance on others is somewhat parallel to
the case of parasites that cannot be transported without their intermediate hosts.
None of these podotreme crabs have any means of trans-moult sperm storage so
successful colonisation demands at least one male as well as one female. Also many
of them have comparatively large eggs (McLay unpubl.) that make them less likely
to be transported (see egg size analysis above).

7.3 Invasion Dynamics of Alien Brachyurans

Grosholz and Ruiz (1996) reviewed the spread rate of ten alien species. Large
year-to-year variation in the geographic expansion rate of the ten marine alien species
were found, which were possibly due to the variation in the ocean surface currents. In
this study, no link between the mean annual rate of range expansion and planktonic
duration was found. In addition, it appeared that the spread rate in one location was not
a good indicator of spread for other locations in the case of Carcinus maenas (Grosholz
and Ruiz 1996). Similarly, it was suggested for Carcinus maenas in Australia that
recruitment is chiefly localised despite long planktonic durations and off-shore develop-
ment of larvae and only occasionally punctuated wide scale dispersal (Thresher et al.
2003). In addition, global distribution patterns of alien Carcinus maenas and C. aestuarii
seem to have been episodic and primarily regulated by temperature (Carlton and Cohen
2003). While C. maenas was first recorded outside Europe on the Atlantic coast of
North America (and perhaps the Red Sea) in the early 1800s, C. aestuarii did not begin
to spread until the 1980-1990s. They have become established in Atlantic North
America, Australia, South Africa, Japan and Pacific North America (C. maenas); Japan
and South Africa (C. aestuartii), but not in the tropical regions where one-off collec-
tions of Carcinus sp. were made (e.g., Red Sea, Madagascar, Pakistan, Sri Lanka,
Myanmar, Bay of Panama) (Carlton and Cohen 2003).

Interestingly, it has been observed that invasions are linked to an increase in size
in some marine and estuarine invertebrates in the new location (phenotypic change).
Grosholz and Ruiz (2003) found that 12 out of 19 species were significantly larger in
the introduced range compared with the native range. They also noted that this inva-
sion-driven increase in body size contrasts with the pattern observed in many other
taxa including plants, mammals and lizards. Brachyuran species showing this trend
of larger size are Rhithropanopeus harrisii, Eriocheir sinensis and Carcinus maenas,



Human-Mediated Spread of Alien Crabs 87

but not Hemigrapsus sanguineus. Possible explanations for increased size could be
the greater resources in the introduced range relative to the native range, which could
translate into faster growth and larger body size and the absence of predators or para-
sites (particularly those which take control of host growth) in the introduced range
(Grosholz and Ruiz 2003). Findings from modern invasions support the idea that size
increase may often follow range expansions of marine invertebrates and can result
from rapid phenotypic change during the early stages of colonization.

7.4 Alien Crab Fisheries

Several alien crab species have not only managed to establish large populations, but
they also sustain locally important fisheries (Streftaris et al. 2005). Of these species
only Paralithodes camtschaticus has begun to be managed for sustainability. These
species are “invasive”, though some were deliberately introduced, and are likely to
have a substantial impact on the host environment.

7.4.1 Cancer pagurus

Not all introductions of alien species, accidental or intentional, result in established
and sustainable populations. Despite the availability of native Metacarcinus novae-
zelandiae there was an attempt early last century to transport the edible crab,
Cancer pagurus, from Britain to New Zealand so as to provide acceptable and
familiar crustacean food to the European colonists. Between 1907 and 1913, 56
adult C. pagurus were brought to New Zealand and kept at the Portobello Fish
Hatchery (now Portobello Marine Laboratory, Otago University, Dunedin) and
from there 19 were released into the harbour, along with ~20 million larvae from
captive females, none of which were ever seen again (Thomson and Anderton 1921;
McLay 1988)! This was part of the “Europeanization” of the land and the sea
(known as the “Acclimatization Movement”): fortunately none of the transported
marine animals, which also included several species of commonly eaten British
fish, were successful. The failure of C. pagurus to establish was probably the result
of the animals not being released at the optimal time and place, thereby not copying
the natural depth migratory cycle. Meanwhile during the 1920-1930s an unknown
number of Metacarcinus novaezelandiae was accidentally transported along with
flat oysters from southern New Zealand to Hobart, Tasmania. This species became
established, although never reached plague levels, and remains to this day around
Tasmania in low numbers (R. Gurney, pers. comm. 2010). It has also been recorded
on the Australian mainland in Victoria and New South Wales (Poore 2004). Other
species probably accidently transported at the same time, include Petrolisthes elon-
gatus (Porcellanidae), Halicarcinus innominatus (Hymenosomatidae) (see Tables 1
and 2), Patiriella regularis (Asteroidea) and several molluscs (Dartnall 1969). Last
century no one paid much attention transporting biodiversity across the Tasman
Sea, probably because it was assumed that the fauna was the same as in NZ.
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7.4.2 Chionoecetes opilio

Beginning in 1996, occasional snow crabs were collected as by-catch in the Barents
Sea (Eastern Atlantic), outside their native range that includes the North Pacific,
Beaufort Sea, Arctic and Northwest Atlantic and west coast of Greenland. Larvae
are presumed to have been transported there in ballast water (Alvsvag et al. 2009).
Bottom trawl surveys 2004-2006 recovered a significant number of crabs (from
~5% of trawls), including ovigerous females, and up to 75% of the catch were
juveniles <50 mm CW suggesting that there is now a high level of recruitment and
that the population is self-sustaining. The C. opilio fishery is very important to
fishermen in the Northwest Atlantic with a catch of >100,000 tons worth>$400
million in 2002. The fishery is based on males and regulated by a minimum legal
size. If a population becomes established in the Barents Sea then it could become
a valuable fishery, alongside the red king crab introduced some 30 years earlier (see
below).

7.4.3 Eriocheir sinensis

The mitten crab is a delicacy in China and Southeast Asia where it is harvested in
large quantities. Overfishing and habitat loss have lead to a decline in catches from
wild populations resulting in a large Chinese aquaculture industry which produces
a harvest valued at around $1.25 b for consumption annually (Herborg et al. 2005;
Dittel and Epifanio 2009) to meet demand. Mature ovaries are a delicacy that com-
mands a high price. Eriocheir sinensis is now widely established in Europe and
beginning to expand its range in the UK. Gilbey et al. (2008) suggest that spread in
the UK may have been hastened by attempts to establish fisheries for this species.
Small scale fisheries already exist in California, where crabs are sold on local
Chinatown black markets in Oakland and San Francisco, and in the U.K. where
they are sold in London, but these crabs come from the Netherlands. Investigations
by staff at the NHM show that mitten crabs from the Thames River are safe to eat
so they could be harvested in the heart of London (Clark et al. 2009). It has been
suggested that mitten crabs, free of lung flukes, could be sent back from whence
they came by harvesting them commercially in Britain and exporting to China
thereby turning a tidy profit (Owen 2003)!

7.4.4 Paralithodes camtschaticus

During 1961-1969 Russian scientists transplanted 1.5 million larvae, ~10,000 juve-
niles and ~2,600 adults of this species from western Kamchatka peninsula to the
southern Russian Barents Sea and by the 1970s a reproductive population of Red
King Crabs had become established (Orlov and Ivanov 1978). Estimated king crab
trophic carrying capacity for the Barents Sea is 15x10° crabs and by 2005 the
population had reached 13-20x 10° (Sundet and Berenboim 2008). By 1992 the
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crab became abundant in Norwegian waters. As of 2007 it has been proposed that
the northern part of the Norwegian stock is to be managed as a sustainable fishery,
with quotas, while further south the aim is to limit its spread by having no limits to
the catch (Sundet and Berenboim 2008). However, the effectiveness of this strategy
is probably limited because only males are taken. It has not yet reached Sweden or
Denmark. The value of the Norwegian catch increased from 1.3 million Nkr in
1994 to 75 million Nkr in 2004 (Jgrgensen 2006). Crabs are caught in traps or
trawled. No commercially exploited crab is native to the Barents Sea. The stone
crab Lithodes maja is native to the area, but is not exploited.

7.4.5 Portunus pelagicus

First recorded in the Mediterranean during 1898 and was abundant enough to be of
commercial interest in the 1920s. It first appeared in the Haifa fish markets in the
early 1900s and continues to be sold in substantial numbers (Galil 2007). It is now
caught in Augusta Bay Sicily and huge quantities are sold in the market (Crocetta
2006). Recently it has been collected in the Tyrrhenian Sea and in the Aegean Sea,
Turkey (Crocetta 2006; Yokes et al. 2007). Global warming is expected to favour
this tropical species (Galil 2007).

7.4.6 Scylla serrata

During the period 1926-1935 98 mangrove crabs were intentionally introduced
from Samoa into Oahu and Molokai, Hawaii. By 1940 S. serrata was well estab-
lished, migrating in and out of the larger rivers (Edmondson and Wilson 1940). By
1992 it was commonly collected on the island of Hawaii and sold in local markets
(Eldredge 1994; Carlton and Eldredge 2009). Scylla serrata is native to the island
of Guam but in 1975 the Government imported 270 specimens from Taiwan, some
of which were experimentally cultured at the University of Guam Marine
Laboratory until the facility was destroyed in 1976 by a typhoon. The aim was to
increase local recruitment. Fish farmers on Guam, who occasionally found native
crabs in their fish ponds, also imported mangrove crab juveniles from the
Philippines in an attempt to farm the crabs (Eldredge 1994).

7.5 Role of Live Exports and the Aquarium Trade
in the Spread of Alien Crabs

While a great deal of effort is devoted to deterring accidental introductions via bal-
last water and hull fouling, the same level of attention is not necessarily applied to
live imports for the aquarium and restaurant trade. Live crabs chosen by the cus-
tomer from a tank in a seafood restaurant command a much higher price than their



90 A. Brockerhoff and C. McLay

frozen counterparts. Species from far-flung corners of the Pacific and Indian
Oceans are transported by air in cooled containers to upscale consumer markets.
The species frequently encountered in markets and seafood restaurants are mitten
crabs (Eriocheir sinensis, E. hepuensis, E. japonicus), Tasmanian giant crabs
(Pseudocarcinus gigas), snow crab (Chionoecetes opilio, C. japonicus), blue crabs
(Callinectes sapidus), queen crabs (Erimacrus isenbeckii), Alaskan red king crab
(Paralithodes camtschaticus) and mud crabs (Scylla serrata) (Ng 1998). Some, but
not all, of these species are unlikely to become established if they escaped due to
temperature differences, but the main reason why this is not more likely is the very
high cost of importing them. At table large individuals fetch more than $100 per
crab. The same cannot be said about those at the cheaper end of the spectrum, such
as mitten crabs, which may only cost $10-20, and do not have to escape directly to
the sea as they spend part of their life in rivers. Escape or release of live mitten
crabs from ethnic markets and the ornamental aquarium industry is a hazard high-
lighted by Dittel and Epifanio (2009). The seafood trade may well have been
responsible for the introduction of mitten crabs to the Pacific coast of North
America (Chapman et al. 2003). Another example is Scylla serrata which are
trussed up and transported widely throughout Southeast Asia so there are many of
opportunities for them to escape. Eldredge (1994) suggested that live imports for
consumption of blue crab (Callinectes sapidus) from Louisiana may well have lead
to their release in Kaneohe Bay, Hawaii. Similar imports to Germany may also be
a source of colonists (Nehring et al. 2008). On the web one can order a live lobster
air-freighted to one’s house anywhere in the USA (including Hawaii) for US$74
from “The Lobster Man”, Maine http://www.thelobsterguy.com/. As the web page
says — “If you wanted them any fresher you’d need your own boat!”

Probably an even larger problem is crabs imported and sold in the aquarium
trade as pets. Sold for only a few dollars, and likely to be kept under circumstances
much less secure than in restaurants, these animals can easily escape or be dis-
carded live into a new environment. Many of these species are sesarmids and
coenobitids who can easily survive in warm moist terrestrial habitats. A small
selection that can easily be found on the WWW includes: Stenorhynchus seticornis
(arrow crab), Xenocarcinus spp. (decorator crabs), Mithrax sculptus (emerald crab),
Sesarma bidens (red claw crab), Percnon planissimum (nimble spray crab), Grapsus
grapsus (sally-light foot crab), Trapezia spp. (calico crabs), Cardisoma armatum
(rainbow crab), Uca spp. (red and gold fiddler crabs), Coenobita clypeatus (hermit
crab) and Neopetrolisthes ohshimai (anemone crab). The scientific names and com-
mon names used in the aquarium trade are often unreliable: for example, if we
assume that the photo on the web page does actually depict what one’s purchasing,
either or both the scientific and common names may well be erroneous (see http://
www.aquacon.com/crabs.html or http://en.microcosmaquariumexplorer.com/wiki/
Sally_Lightfoot_Crab or http://www.aquaticsworlduk.com/). There are many incar-
nations of the “sally light-foot” crab! We should also include live crabs used for
educational purposes: for example, biological supply houses sell live Carcinus
maenas often used for biology experiments in schools and universities (Carlton and
Cohen 2003). While it is compassionate to have kids care about the animals they
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study and “return them to the sea” when they are finished with them, this is not a
good idea when the crabs came from afar. Escape or release of these live imports at
the wholesale level is probably more of a threat than at the domestic level. While
some countries have very strict rules (e.g., Australia and New Zealand) about the
import of live crustaceans, others (e.g., Singapore) have few if any rules at all
(Hewitt et al. 2009).

7.6 Pest Management Options for Alien Brachyuran Crabs

The main options for managing invasive marine species range from the more clas-
sical methods of physical removal or use of chemicals (biocides) to biocontrol,
genetic technology, environmental remediation, commercial exploitation and inten-
sification of native species (such as predators, herbivores, parasites or diseases)
(Thresher and Kuris 2004). The acceptability of control methods depend on their
feasibility/effectiveness and their side effects. Physical removal and biocides are
efficient control methods for small scale incursions but there are no acceptable
control methods for large-scale marine incursions at present (Thresher and Kuris
2004). Biological control in the marine environment has been viewed as too risky
by some scientists (Secord 2003). We are not aware of a program that has been
successful in eradicating an invasive marine crab.

However, in the past various methods have been tried to reduce the population
size of alien brachyurans in their new range. For example, physical removal by set-
ting nets and trapping has been tried for Eriocheir sinensis in Germany, but with no
substantial or long-term effect. Similarly, fencing, trapping and poisoning have
been tried for Carcinus maenas with limited success (see Klassen and Locke 2007).
New lines of enquiry focussing on pheromone attractants to trap crabs may prove
useful (G. Inglis pers. comm. 2009), although they may well be less efficient than
baited pots because of their limited spatial range of effectiveness and they only
attract sexually mature crabs. The advantage could be that they are species specific
and the “bait” may have a longer shelf life. As noted above, harvesting alien species
is another alternative, but as long as there is a profit to be made there is no incentive
to reduce the crab population to zero.

The enemy release hypothesis holds that one reason why some alien species
become more numerous is because, while they have been transported to a new
environment, their natural enemies have not (Torchin et al. 2002, 2003). Amongst
these enemies are parasites with complex life cycles that no longer attack the crab host:
even though adult crabs may be transported with their parasites, the latter do not
become established because the intermediate hosts are lacking. We expect native
parasites in the new environment will not immediately attack the new host so its
numbers can explode in the absence of any restraints. Ballast water maybe one of
the most successful vectors for aliens because larval stages cannot carry adult crab
parasites (Torchin and Lafferty 2009). However, native predators have a much
greater potential to control the populations of alien species because they are less
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specific. Torchin et al. (2001) compared native Carcinus maenas populations with
those from introduced regions and found that parasite loads were substantially
less in alien populations and body size was larger. Interestingly, limb loss (an indi-
cator for predation) was not significantly lower in these populations. The parasitic
barnacle Sacculina carcini has been investigated in the laboratory as a potential
biological control agent for Carcinus maenas, but was found to be not host-specific
enough because it also infected, and often killed, native species in Australia
(Thresher et al. 2000; Goddard et al. 2005). Rhizocephalan cirripede parasites
emasculate their hosts and cause cessation of growth (Hgeg et al. 2005). Entoniscid
isopod parasites can castrate female hosts while not harming males (Brockerhoff
2004). In general, parasites used in biological control have the potential to reduce
crab densities, but do not eradicate them: it is never in the interest of a parasite to
eliminate its host (Torchin et al. 2002). The case of Heterosaccus dollfusi attacking
the swimming crab, Charybdis longicollis, in the Eastern Mediterranean illustrates
this point: both species are Erythrean invaders, but they arrived at different times.
Charybdis longicollis was reported from the Levantine coast in the early 1950s, but
the parasite was not detected until the early 1990s. A decade later, in the early
2000s, the crab was as abundant as ever despite the levels of the parasite being as
high as 60—65%. The only affect of the parasite was to reduce the frequency of large
crabs. The crab population had a head start, but the parasite has been unable to
reduce the population of the invader. The effectiveness of the parasite as a control
agent is limited by high host fecundity and the recruitment/infection dynamics of
host and parasite. In an open system, where some hosts can escape infection, para-
sites may not be the answer (Innocenti and Galil 2007).

8 Summary

A total of 73 alien crabs (both Brachyura and Anomura) have been recorded with
48 (65.8%) becoming established. They have been most commonly transported by
way of shipping and by access provided by canals. Alien species have a suite of life
history characters that facilitate their transport, and compared to a control group
they tend to have smaller eggs, but the difference is not significant because of high
variation of egg size. Some of these crabs constitute a significant environmental and
economic problem in many parts of the world (even those that are commercially
harvested) as they often establish high population densities and compete with local
fauna for food and shelter. Although the total number of alien brachyuran crabs is
small compared to other major taxa (e.g., Mollusca) their impact can be substantial
and glaringly obvious in places like waterways, but usually their effects are at best
subversive and at worst subtle and insidious. Experimental measurement of impacts
is in its infancy. Consequently, preventative measures are important as well as
developing better control techniques to limit their impacts. A high level of biosecu-
rity is preferable to having to try and eradicate species after they arrive. The current
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focus of attention on coastal alien species has resulted in the unfortunate agreement,
at the international level, for untreated ballast water to be dumped with impunity on
the high seas, without any knowledge of its impact.
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The Global Spread of the Chinese Mitten Crab
Eriocheir sinensis

Matt G. Bentley

Abstract Chinese mitten crabs are one of the World’s most notorious aquatic
invasive species. Their catadromous life history, in which they spend most of their
lives growing to maturity in freshwater, and their extreme euryhalinity, has made
it relatively easy for the species to gain a foothold in the World’s river systems.
Ballast water introductions are thought to have brought them to continental Europe
in the early twentieth century. These will have probably been as larvae, which will
then have settled in the estuaries subsequently moving upstream as juveniles. The
capacity of these crabs to move upstream (and over land) is staggering and indi-
viduals in their native range in the Far East have been found more than 1,000 km
from the sea, where they must return to breed.

A number of successful separate introductions of mitten crabs have taken place
in Europe, including the UK and America. Europe (Northern Germany) saw initial
introductions in 1912, followed by others into both the North Sea coasts and
English Channel coasts of France. The extensive network of Northern European
waterways facilitated the spread in river systems. After a lag phase, which is typical
of many invasive species following introduction, numbers of mitten crabs increased
dramatically such that by 1936 attempts at removing the animals from rivers in
Germany were abandoned; some 220 metric tonnes were removed from the River
Weser alone in that year. Introductions into the UK (River Thames) followed in the
mid-1930s but initial introductions appear not to have founded a population. It was
not until 1970s that mitten crabs numbers increased and the Thames population
became established, and it has subsequently increased and spread. The crab had
spread rapidly both around UK coasts and up river systems by the end of the
twentieth century and into the 1st decade of the 21st. Evidence suggests that there
have been several separate introductions in France; the first in Northern France and
then subsequently into western France.
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Whilst the most likely and common route of introduction is via discharge of
ships’ ballast water, it is possible that there may have already been and may also be
future deliberate introductions. The mitten crab has considerable economic value
and is farmed in the Far East. Introductions into San Francisco Bay area of the USA
later in the twentieth century may have been a deliberate attempt to create a fishery
for the species. In its native range, the mitten crab carries a lung fluke trematode
parasite Paragonimus westermani that infects humans. The intermediate host for
P. westermani is a snail of the genus Semisulcospira, which is not present in the
USA and Northern Europe. This means that mitten crabs in these areas are likely
to remain parasite free. Whatever the route of entry, the crab has become a major
problem in the San Francisco Bay area as it interferes with other fishery activities
and causes significant habitat modification. The large crab is a burrowing species
creating long burrows in soft river banks causing siltation of the waterways, bank
erosion and increasing the risk of flooding. These habitat effects are likely to be
apparent wherever the crab is well established. The global spread of Eriocheir sin-
ensis continues. In the UK, for example, it has extended its range to the river systems
of South-West England, the Welsh River Dee and the River Mersey (North-West
England) and has reached as far north as the River Tyne in northeast England. The
crab has not yet been reported from further north in England and is so far absent in
Scotland. In the USA, it has recently been found along the Atlantic seaboard around
Chesapeake Bay, and it appears almost inevitable that many more estuaries and
river systems around the globe will become host to the Chinese mitten crab.

1 Introduction

Mitten crabs are a large brachyuran species assigned to the Varunidae (see Ng et al.
2008), and are so called because of a covering of fine velvet-like setae on their
chelae as adults; the males having a complete covering around the chela, the females
having a strip lacking setae on the ventral side of the chela. The presence of the setal
mat gives the crabs a distinctive and easily identifiable appearance (Fig. 1).

Eriocheir sinensis H. Milne Edwards, 1853 is one of a number of species of mitten
crab indigenous to South East Asia. The native range of Eriocheir sinensis is in the
Far East where it covers a range between Hong Kong (ca. 20°N) and North Korea (ca.
40°'N) (Hymanson et al. 1999). The distributions of other mitten crab species overlap
and include E. japonica, found in Japan, Eastern Korea and Taiwan, and E. formosa
in Taiwan. Of these species, only E. sinensis has become invasive (Dittel and Epifanio
2009), and it is now found across the globe, although there has been a single record
of E. japonica from the USA West coast (Jensen and Armstrong 2004).

Three related genera are recognised:-

Eriocheir De Haan, 1835
Eriocheir hepuensis Dai, 1991



The Global Spread of the Chinese Mitten Crab Eriocheir sinensis 109

r

Fig. 1 Adult Chinese mitten crab, showing clearly the presence of the velvety setae covering the
chelae giving the crab its ‘mitten’ appearance. Scale bar=2 cm

Eriocheir japonica (De Haan, 1835)

Eriocheir ogasawaraensis Komai, in Komai, Yamasaki, Kobayashi, Yamamoto and

Watanabe, 2006

Eriocheir sinensis H. Milne Edwards, 1853

Neoeriocheir Sakai, 1983

Neoeriocheir leptognathus (Rathbun, 1913)

Platyeriocheir N. K. Ng, Guo and Ng, 1999

Platyeriocheir formosa (Chan, Hung and Yu, 1995)

Eriocheir sinensis is of interest for a number of reasons: it is a commercially impor-

tant species as a high value delicacy (Cohen and Carlton 1997), and is important in

aquaculture (Ying et al. 2006), it carries a lung fluke human parasite (Ingle 1985),

and is destructive through its burrowing habit in freshwaters (Peters 1933).
Eriocheir sinensis spends part if its life in freshwater but breeds in outer estuaries.

Following mating, fertilised eggs give rise to a series of usually five but occasionally

six zoeal stages (Anger 1991; Montu et al. 1996), followed by a megalopa that then

moults to the juvenile crab. The larval morphology and development have been

described recently in a review by Dittel and Epifanio (2009) and so will not be

considered here. The requirement to reproduce in a saline environment because of

low tolerance to reduced salinity in the zoeal stages can be regarded as a key attri-

bute to the success of E. sinensis as an invasive species and has facilitated its global

spread. This, coupled with its ability to exploit the freshwater environment during

its growth to maturity, makes the Chinese mitten crab one of the World’s most

formidable invasive species. It is recognised by the IUCN as being amongst the top

100 worst bioinvasives (Lowe et al. 2000; Hanson and Sytsma 2008).
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2 Life History and Physiology

The Chinese mitten crab is a catadromous species with a life history similar to that
of the European eel Anguilla anguilla in which most of its life is spent in freshwater,
growing from juvenile to adult but must returns to the sea to reproduce. Being a
‘hard-shell’ mater, it does not have to coordinate copulation with the timing of the
moult of the female, as happens in many brachyuran species. Breeding in the
marine environment where the early life stages also take place is followed by it later
ascending freshwater river systems, where growth to the adult takes place over
several years, before returning ultimately to the marine environment to reproduce.
Unlike eels, however, the extent of the seaward breeding migration of the Chinese
mitten crab is only as far as the estuary (Fig. 2).

As these varunid crabs are hard shell maters (Peters 1938b; Herborg et al. 2006),
they have no requirement for a moult of the female prior to insemination as is the case
in many brachyuran crabs, for example the green or shore crab Carcinus maenas
(Hartnoll 1969). Breeding is seasonal and takes place in estuaries in early winter.
Maturing adults aggregate in large numbers in estuaries at this time and there is some
evidence that lunar cues may be important in coordinating mating activity (Herborg
et al. 2006). Mating is followed by extrusion of the fertilised eggs by the female, which
are then carried for a period of several weeks to several months (Peters 1933; Herborg
et al. 2006). There is some suggestion that multiple broods may also be carried by a
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Fig. 2 A schematic drawing of the life cycle of the Chinese mitten crab, zoea larval stages and
megalopa are located in the estuary, the juvenile begins the upstream migration where burrowing
activity and growth to adult takes place. Scale bar=1 mm (From Bentley and Clare 2002; repro-
duced by permission of Philip Allan Updates)
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female (Clark pers. comm.). The crabs though are essentially semelparous, breeding
only once at the end of their life (Peters 1938a, b), although it is possible that some
individuals may return to freshwater and subsequently breed again. Whilst adult mitten
crabs are extremely euryhaline, larvae are stenohaline able to tolerate only sea and
brackish waters. Release and subsequent development of early zoeal stages in the estu-
ary (Anger 1991) overcomes the problems of salt loss and water gain that are faced by
crustaceans when in freshwater and removes the requirement for a fully developed
osmoregulatory system during early life stages (Cieluch et al. 2007). The ability to
cope with reduced salinity is acquired from the late zoeal to megalopa larval stages, as
osmoregulatory mechanisms are developed at the cellular level and only juvenile crab
stages are able to osmoregulate fully in freshwater (Cieluch et al. 2007). The free-
swimming zoeal stages of E. sinensis last ca. 6 weeks, although is variable being
temperature dependent (Anger 1991; Montu et al. 1996). This is of major adaptive
significance in facilitating the invasive capacity of Eriocheir sinensis.

3 Routes of Introduction and Capacity to Spread

As with most aquatic invasive species, there are a number of possible vectors for the
spread and introduction of Chinese mitten crabs to previously un-colonised locations.
Shipping accounts for the majority of aquatic introductions by one or more of several
means. Transmission as part of the external hull fouling community is one of these
and includes translocation of motile species such as crabs amongst the attached bar-
nacles, bivalves and algae (Alcock 1900; Cohen and Carlton 1997). Introduction
through ships’ ballast water discharge (Carlton 1985; Carlton and Geller 1993), and
from sea chests (Peters 1933), are also means of introduction and probably contribute
most globally to invasive species’ transport. Ballast water discharges have probably
been responsible for the introduction of E. sinensis to most ports and river systems in
Europe and North America from Asia (Peters 1933; Cohen and Carlton 1997),
through the release of zoeal larvae that have been taken up in ballast water in the
previous port. The case of E. sinensis, being one of the first species described from
ballast water, highlights the importance of ships’ ballast water as a vector for invasive
species’ transport (Carlton 1985). Measures to reduce the risk of introduction of
aquatic invasive species and human pathogens via ballast water discharge have been
introduced in recent years but these were not in place when E. sinensis was intro-
duced into Europe during the first half of the twentieth century. The International
Convention for the Control and Management of Ships’ Ballast Water and Sediments
(2004) was put in place to prevent transport of invasive species through ballast water
transport. Vessels are required to have a ballast water management plan and to keep
logs of ballast water exchange in the form of a Ballast Water Record Book. These
measures include an important preventative measure, the exchange of ballast water at
sea away from ports, although there are still problems with the policing of such ballast
water exchange practice (Murphy et al. 2008), and small scale inter-coastal shipping
is not similarly regulated (Simkanin et al. 2009). The tolerance of brackish water and
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euryhaline ability of the later larval stages of E. sinensis, as discussed above and in
Cieluch et al. (2007) make survival in port environments a real likelihood.

Once introduced into estuarine environments, where the larvae complete their
development, they settle as juvenile crabs into the benthos. At the same time they
acquire the full osmoregulatory ability of the adult crab, and there is then the potential
to move upstream and colonise the river system to which they have been introduced.
Recently, juvenile mitten crabs (E. japonicus) have been shown to exhibit rheotaxis
to assist them in navigating upstream (Tatsuo et al. 2002). It may take a number of
introduction events before a population becomes established, and almost certainly
most introductions of larvae into a new environment do not lead to the establishment
of the invasive species (Dittel and Epifanio 2009). Factors, which influence the pos-
sibility of successful establishment of the invasive include the time of year of intro-
duction, water flow and hydrographical regime (which vary seasonally), suitability of
habitat, food availability, and the presence of competitors and predators. Once settled
as juveniles, the crabs begin an upstream migration that takes them into all reaches of
the river systems with their progress only being hindered by man-made obstacles
such as weirs and screens (Panning 1939). They have been shown to cover consider-
able distances inland and in their native range have been found more than a 1,000 km
from the sea (Peters 1933). They are thought to have the potential to travel upstream
at a rate of about 500 km per year (Herborg et al. 2005). The spread of mitten crabs
between river systems may take place via coastal movement of breeding adults or
larvae (see Sect. 7), inland via canals connecting different rivers (Peters 1938a), and
possibly also overland over short distances during damp weather conditions.

4 The Chinese Mitten Crab in Continental Europe

The Chinese mitten crab Eriocheir sinensis was first recorded in Europe, in the
River Aller, a tributary to the River Weser system, Northern Germany in 1912
(Peters 1933), and in 1914 it was reported from the neighbouring river, the Elbe. Its
introduction was almost certainly via the discharge of ships’ ballast water and
Gollasch et al. (2002) found evidence for larvae of E. sinensis in sediment collected
from ship ballast tanks. The adoption of water as a ballast material in cargo ships,
replacing previously used solid ballast, took place from the latter part of the
nineteenth century into the first half of the twentieth century (Carlton 2008).
In Europe, clay roof tiles known as pantiles were used as solid ballast from
continental Europe by ships transporting coal, and the use of these tiles is now
characteristic of many buildings in coastal former coal mining areas of England and
East Scotland. Once this solid ballast was replaced by water, the transport of mitten
crabs to and between European ports became a real possibility.

The spread of E. sinensis across continental Europe has been examined recently
by Herborg et al. (2003) who examined an historical data set and used this not only
to describe the incidence of E. sinensis in European river systems but also to
determine the rate at which they had spread upstream in Northern and later in
Southern Europe (Fig. 3).
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Fig. 3 Map showing the spread of Eriocheir sinensis across continental Europe from 1920 to
1970 (From Herborg et al. 2003)

Reports of Chinese mitten crabs in continental Europe show that the species had
spread eastwards via the Kiel Canal to the Baltic Sea by 1927 and then was reported
to be further East, in Russia and Finland by 1933 (Peters 1938a). Westwards, the
spread to Belgium the Netherlands and to Denmark (Herborg et al. 2003 and refer-
ences therein) was reported during a similar period (1927-1945). Later during the
twentieth century the range had extended eastwards to Le Havre along the English
Channel (La Manche) (Hoestlandt 1959; Vincent 1996). It is likely that the spread
of E. sinensis in along the river systems of Northern Europe occurred as a result of
a single introduction or a few separate ballast water introductions into ports that
plied frequent trade with China, and the subsequent spread was facilitated by the
network of canals connecting the major river systems of the Elbe and Weser to
other European river systems.

Eriocheir sinensis is also reported from southern continental Europe, where it
became established between 1954 and 1960 following a separate introduction into
the Gironde river system in Southern France. The subsequent coastal spread
northwards in France is likely to have been facilitated once again by ship transport
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Fig. 4 Map showing the spread of Eriocheir sinensis across continental Europe by 1970, indicating
where it has become invasive along the coast, rivers and canals (From Herborg et al. 2005)

between neighbouring ports or possible association with movement of bivalve
aquaculture species (Herborg et al. 2003).

Characteristic of many invasive species is an establishment phase, following
initial introduction and subsequent spread. In most cases of mitten crab introduc-
tion, such as in northern continental Europe and the UK, this has also been the
case, where a period of 10-15 years elapsed before rapid spread inland. This
delay appears, however, not to have taken place in the introduction to Southern
France where movement inland was observed in the years immediately following
introduction (Herborg 2003). This initial establishment of the species is followed
by an exponential increase in population size and, in the case of E. sinensis,
movement up river and away from the coast. The spread away from the coast has
been described by Herborg et al. (2003) and the rate of spread upstream in
European rivers was quite startling. In the Rivers Elbe (Peters 1933), Rhine and
Oder (Herborg 2003) it was found 700, 512 and 464 km upstream respectively by
the early 1930s. The Rhine has recently been described as a major corridor for
invasive aquatic species (Leuven et al. 2009). Similar rates of spread were
reported to the Mediterranean coast via the Gironde system (Petit and Mizoule
1974) (Fig. 4).
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The Chinese mitten crab has continued its range extension eastwards along the
coast of the Baltic States. It has been reported in fairly low numbers in the Gulf of
Gdansk, Poland (Normant et al. 2002). Further East, it has been reported from
Lithuania (Baceviéius and Gasitinaité 2008), Latvia and farther into the Baltic basin
(see Ojaveer et al. 2007, for example). It is found in Russia (Losovsky 2005; Panov
2006; Shakirova et al. 2007) and eastwards from Europe into Iraq (Clark et al.
2006) and Iran (Robbins et al. 2006). It is equally possible that the introductions
into Iraq and Iran have resulted from shipping movements from China. Whichever
is the case is strongly suggests that E. sinensis is becoming circum-global at these
latitudes. Whilst most of the above examples are observations of first sightings, it
suggests that E. sinensis is extending its global range eastwards, southwards to
Portugal, where it occurs in the Tagus estuary (Cabral and Costa 1999), and north-
wards into Sweden (Lundin et al. 2007), and Norway (Christiansen 1977, 1988;
Wergeland et al. 2008) from its initial introductions into continental Europe.

The extreme euryhaline nature of E. sinensis as a juvenile and adult suggests
perhaps that it is these stages rather than larvae that may have been responsible for
the species’ spread in the inner Baltic region. Mitten crabs have been reported in
Swedish waters since the 1930s but have recently become much more abundant
(Lundin et al. 2007). It is not at present clear whether these Swedish populations
have arisen from separate ships’ ballast water introductions or via migration along
the Baltic Coast from Baltic populations.

5 Introduction to the UK

The first record of a Chinese mitten crab in the UK was made by Harold (1935) who
found an individual trapped on the intake screen of a major coal fired power station
along the River Thames at Chelsea Creek, Lots Road, London, which had been built
to generate power for the London Underground rail system. This discovery represents
a significant milestone in the invasion ecology of E. sinensis and the Chinese mitten
crab in the River Thames (see Clark 2011). For this reason the River Thames popula-
tion of Chinese mitten crabs will not be discussed in detail here. Recently Gilbey
et al. (2008) have undertaken a useful study on the distribution of juvenile crabs in
the Thames estuary, which may help us understand the invasion ecology of this spe-
cies. In essence, these juvenile crabs are found most frequently during the warmer
months of the year and larger individuals (sub-adults) are found furthest upstream
from the mouth of the estuary. The crabs’ behaviour suggested a strong endogenous
rhythmicity, entrained by both diurnal and tidal cycles, with activity being greatest
during nighttime high tides. This may facilitate the upstream migration of juveniles
that have settled in the estuary. Similar endogenous rhythmicity in reproductive adults
has also been shown during the mating season (Herborg et al. 2006). From initial
introductions into the River Thames estuary during the early twentieth century and
the population becoming established following the species’ reappearance in the 1970s
(Ingle and Andrews 1976), the crab has extended its range in the UK northwards.
Yorkshire records include reports from the tributaries of the River Humber catchment
and in the South Field Reservoir, a reservoir connected to the Humber estuary
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Fig. 5 Map showing the spread of Eriocheir sinensis across the UK from first reports outside the
River Thames catchment to the present day (From Herborg et al. 2005)

(a major estuary on the NE coast of England) via the New Junction Canal (Wall and
Limbert 1983). More recently, it has been reported along the South coast to the River
Teign, one of the Devon rivers in the South-West of mainland Britain (Robbins pers.
comm. to LM Herborg). In a manner similar to the lag phase that often follows intro-
duction of the mitten crab into an estuary and its spread though that river system,
there has been a considerable lag between the establishment of the Thames and sub-
sequently Humber populations, and reports from other river systems feeding the
North Sea (Rivers Tees and Tyne) (Herborg et al. 2005). Almost 20 years passed
before reports were obtained from the River Tees (Dutton pers. comm.) and the Tyne
(Herborg et al. 2002). In 1999, E. sinensis was recorded from the Manchester ship
canal which is linked to the Mersey estuary and which flows into the Irish Sea.
Although there is an extensive canal network in the UK, it may be that this report
arose from an introduction separate from that into east coast rivers (Fig. 5).
Confirmed sightings were made for the first time in the Welsh Dee estuary in
November 2006 (Dave Thorpe, Environment Agency pers. comm.). This is perhaps
not surprising given the proximity of the estuary to the Mersey estuary some 10 km
to the east just across the Wirral peninsular. The Dee estuary has considerable mud
and salt marsh and some of the lower reaches are canalised. This might facilitate
the establishment of mitten crabs in at least the lower part of the River Dee system.

6 Introduction to West Coast USA

Concerns about the potential impacts, both to the physical environment and human
health, of the introduction of Eriocheir sinensis into the USA were expressed in the
early 1980s to the extent that pre-emptive legislation was introduced in an effort to
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minimise the risk. These measures included a ban in California in 1987
(Section 671(h)(2) Title 14 CCR) prohibiting import of the species and subse-
quently legislation across the USA in 1989 (50 CFR 16.13) banning possession,
handling or import, which was put in place by the US Fish and Wildlife Service
(Horwath 1989). The measures, however, proved ineffective and the first specimens
were recorded in San Francisco Bay in the early 1990s (Cohen and Carlton 1995,
1997; Rudnick et al. 2003). Today, the San Francisco Bay area has a well estab-
lished population of mitten crabs. By 2001 the species had covered several thou-
sand square kilometres of the Bay area (Rudnick et al. 2003). It is generally
accepted that the transport of E. sinensis across the globe from its native range and
from later introductions in Europe has been by means of larval transport in ballast
water tanks of ocean going vessels. It remains perhaps, most likely that this was the
route of introduction into California (Cohen and Carlton 1997). Despite the legisla-
tion in place to ban the import of live mitten crabs, there is evidence that this trade
continues, and indeed there is pressure for the ban to be lifted now that this species
has become so well established (Cohen and Carlton 1997). It remains, therefore, a
distinct possibility that the introduction of the crabs into San Francisco Bay resulted
from intentional release of live imported crabs (see Cohen and Carlton 1997). The
foothold in the US that the mitten crab has gained makes its spread along the Pacific
coast likely, either by larval transport (peaks of late larval (megalopae) abundance
have been observed in San Francisco Bay in May (Gonzales and Tsukimura 2009)),
or possible by movement of adults along the coastal fringe. Long distance transport
as larvae or as adults associated with marine debris are recognised as unlikely
means of transport (Cohen and Carlton 1997) but movement of newly settled juve-
niles or even pre-reproductive adults remains a possibility. Recently, (Hanson and
Sytsma 2008) have undertaken an analysis of the potential for continued range
extension of E. sinensis to the Northwestern Pacific. They suggest that physical
factors (temperature and flushing rates of estuaries) will limit the crab’s spread to
the Pacific North-West, with only Puget Sound (Washington) potentially at risk.

Apart from the well established population in the San Francisco Bay area of
California, there are relatively few reports of E. sinensis from other parts of the
USA and Canada. Most of these have been of isolated individuals or relatively few
specimens, which would be regarded, therefore, currently as non-established
populations (Dittel and Epifanio 2009). The species’ presence has been reported
from the Great Lakes since the 1970s (Nepszy and Leach 1973), and more recently
from the Mississippi (Cohen and Carlton 1995), and East coast. (Ruiz et al. 2006).
Of these, perhaps only the latter example has resulted from ballast water introduc-
tion with the former being escapees (Dittel and Epifanio 2009).

7 Recent Introductions and Rate of Spread

The recent appearance of Eriocheir sinensis in the Chesapeake Bay area of the East
coast of the US (Ruiz et al. 2006), is perhaps some cause for concern. It seems
likely that the physical conditions of salinity in the Bay area and the annual
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temperature regime would enable the mitten crabs to become established and
become a breeding population and is therefore at risk (Herborg et al. 2007b). No
reproductive individuals have been found to date.

In Europe, the mitten crab has been reported once from Ireland (Minchin 2006),
and the first specimen has been recorded from the Venetian Lagoon, Italy (Mizzan
2005). Such sporadic sightings are likely to continue around Europe. From isolated
sightings, it is difficult to make any predictions on the rate of coastal spread of the
species. Examination by Herborg et al. (2005), however, has compared the spread
of E. sinensis in both the UK and in continental Europe and it has become apparent
that the rate of spread in both is considerable. The expansion along the UK coast
has taken place over the past decade or so with the extent of distribution being fixed
until 1997. Since then the crabs have extended their range northwards to the Tees
and Tyne, (Herborg et al. 2002), a distance of 230 km from their previous northern
boundary, the River Humber. Their westwards extent has increased by 340 km from
the Thames estuary to the River Teign (Devon) and they have been reported from
Shoreham on the South England coast between the two. Recent individual sightings
from new locations in the UK demonstrate the continued spread. These reports
include additional locations along the Sussex coast, South East England in 2008;
the River Torridge (2004), North Devon, South West England; the River Ouse in
North Yorkshire, North East England (2009) and most recently the River Conwy
(2010), North Wales (data kindly provided by Stu Higgs DASHH from www.
marlin.ac.uk). We must recognise that the range expansion may occur as a result of
juvenile spread as well as accidental transport by coastal shipping, etc. (Herborg
et al. 2005). Recent rates of coastal spread in the UK may be as high as 448 km per
year. These rates are not dissimilar to those recorded for the expansion into the
Baltic Sea from Germany earlier in the twentieth century. The rates of coastal
spread are greater than up-river spread which typically occurs at a rate of about
50 km per year. On the basis of the current UK distribution and recent rate of spread
it is likely that the mitten crab will become established in other major UK estuaries
such as the Severn (Herborg et al. 2005) (Fig. 6).

Recently, Herborg et al. (2007a) examined the potential spread of mitten crabs
in Europe based on modelling the characteristics of mitten crab habitats within their
‘normal’ range using ecological niche modelling. The model developed by Herborg
et al. (2007a) predicts that much of Europe has the potential to be invaded by
E. sinensis with only the eastern Baltic Sea, and mountainous areas proving unsuit-
able. Low coastal salinity may not be suitable for successful larval development and
this might limit spread eastwards in the Baltic.

Potentially, the spread of invasive aquatic species may be limited by competition
and predation. In the case of E. sinensis there are few competitors. In freshwaters,
crayfish species occupy a similar ecological niche but are unlikely to out-compete
mitten crabs. There are few avian and mammalian predators, but these might
include herons, cormorant, inland sea gulls and otter. Weber (2008) has examined
spraints from otters (Lutra lutra) in the Dromling Nature Reserve (Germany),
through which the Midland Canal that connects the Rivers Weser and Elbe run. She
found that mitten crabs form a significant part of the diet of otters in the reserve but
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Fig. 6 Map showing recently recorded mitten crab sightings in N Europe: / Rivers Tyne & Tees (NE
England) 2002, 2 R Torridge (SW England) 2004, 3 Waterford (Ireland) 2006, 4 Eiddefjord (Norway)
2007, 5 Littlehampton (S England), 6 Selby (NE England) 2009, 7 R Conwy (N Wales) 2010

suggests that relatively few otters have adopted mitten crab as preferred diet. There
is some suggestion that otters (along with foxes, Vulpes vulpes, when crabs are
found out of water) may have contributed to some extent in a recent observed
decline in E. sinensis numbers.

8 Economic Importance and Transmission
of Human Pathogens

The Chinese mitten crab is of considerable economic importance. In one respect,
this is because of damage and inconvenience caused to gear of commercial (e.g.,
eel, shrimp) fishermen (Veldhuizen and Hieb 1998), and also to recreational anglers
(Peters 1933). There is also a cost incurred in removing crabs that are clogging the
intake screens of power plants (Siegfried 1999; Veldhuizen and Hieb 1998),
although this is much less than similar problems caused by the invasive zebra mussel
Dreissena polymorpha in the Great Lakes system of North America which has been
estimated at more than 1 billion US$ over the past 20 years (Josefsson and
Andersson 2001). By far the greatest economic importance of E. sinensis, however,
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is through aquaculture. Over the past decade there have been enormous efforts,
principally in China, towards the aquaculture of mitten crabs in order to meet
demand for the species as a delicacy in SE Asia (Yang and Zhang 2005; Wu et al.
2009). Although popular as an aquaculture species, this industry has been particu-
larly challenging because of the crab’s catadromous lifestyle with the early life
stages being marine. Although much of the literature is relatively inaccessible,
being in Chinese, it is clear that much of the research effort has been concentrated
on the hatchery and larval rearing with over 500,000 kg of megalopa being pro-
duced in China in 2004 (Sui et al. 2008), and considerable effort has been focused
on the development of feeding strategies for larval rearing (Wu et al. 2009). Whilst
the early life stage are intensive, grow on to harvestable adults is carried out exten-
sively in rice paddies and ponds. The presence of juveniles for grow-on in rice
paddies does not cause a significant reduction in vegetation (Li et al. 2007), but
after the 1st year, growth to adults is carried out in ponds to prevent impact on the
rice plants (Jin et al. 2001). At present aquaculture of Eriochier sinensis is restricted
to the Far East. Any attempt to transfer this technology to other parts of the World
would necessitate a similar intensive-extensive approach, which could lead to a
decline in submerged macrophytes.

When aquaculture of the American signal crayfish, Pacifastacus leniusculus,
was developed in Europe, escapees were quick to establish breeding populations
and in many areas of the UK have since displaced the native white clawed crayfish,
Austropotamobius pallipes (Gheraardi and Holdich 1999). If aquaculture of
E. sinensis were to become established in a similar way, there would be less risk of
populations becoming established, as adults would need to be able to find their way
to an estuary to breed. Physical damage to the habitat and decline of aquatic vegeta-
tion would, however, be a likely result.

In addition to the above economic impacts of invasive Chinese mitten crab, there
is potentially also a risk to human health. In its native range E. sinensis carries a
trematode lung fluke Paragonimus westermani (Ingle 1985; Clark et al. 1998;
Veldhuizen 2001). This causes a condition known as paragonomiasis, a tuberculosis-
like condition of the upper lung. Humans become infected after eating poorly
cooked or raw crabs that carry the parasite. The life cycle of the trematode requires
a first intermediate host, a genus of snail called Semisulcospira, which is restricted
to China, Japan, Taipei, Korea and Vietnam (Global Biodiversity Information
Facility (Accessed through GBIF Data Portal, data.gbif.org, 2010-04-26)) in order
to be able to complete its life cycle. The snail is penetrated by miracidia larvae and
cercaria stages later emerge and infect the crab. For the lung fluke to become a
potential problem in its invasive range there would have to be an unlikely combina-
tion of circumstances. There would be a requirement for the invasive individuals to
have been introduced as parasite-infested adults, as larvae that might be brought via
a ballast water discharge do not carry the parasite. Also there would have to be an
intermediate host present and Semisulcospira is not found in Europe or North
America. The risk of parasitism in invasive mitten crabs therefore remains
extremely small. The very low likelihood of mitten crabs being host to Paragonimus
outside their native range would make crabs farmed or fished from these areas
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especially desirable and they would be likely to command a premium in the
marketplace. Exploitation of Chinese mitten crab by establishing a fishery where
invasive populations would sustain this are a distinct possibility and this aspect is
discussed by Clark (this volume) and it has already been demonstrated that from a
microbiological and toxicological perspective, mitten crabs from the River Thames
would be fit for human consumption (Clark et al. 2009).

9 Riparian Degradation

Whilst juvenile crabs tend to shelter under stones on river banks, the adult Chinese
mitten crab in freshwater has a burrowing habit, creating burrows into soft river
banks (Panning 1933; see also Dittel and Epifanio 2009), preferring a sand or silt
substratum (Rudnick et al. 2005). Where these borrows become extensive, the
appearance of the banks has been likened to “Swiss Cheese” (Herborg, Carlton
Television 2002). The effects of the burrows are to cause degradation and erosion
of the riparian habitat and cause siltation of the water channels, potentially increasing
flood risk. An individual burrow may have up to 2 I volume of sediment removed
in its creation by a single crab (Rudnick et al. 2005), so it is not difficult to appreciate
the amount of sediment that can be removed from a river bank when large numbers
of adult crabs are present.

10 The Future

Chinese mitten crabs have gained a considerable foothold in the Northern hemi-
sphere in both Europe and America. Whilst in Europe large populations have
spread across the continent, and new reports suggest that the spread eastwards is
continuing, in North America only the San Francisco population could be consid-
ered to be an established population at the present time. The sightings in the Great
Lakes, Mississippi and inland from the East coast, coupled with the extent of the
waterways would suggest that further populations may become established in the
near future. Modelling the spread of mitten crabs to make even conservative predic-
tions suggest that the entire region inland form the coast from the Gulf of Mexico
to north of Boston along the Atlantic Coast (Herborg et al. 2007b). Recently there
has been considerable attention focused on genetic analysis of Chinese mitten crabs
from populations in Europe (Hinfling et al. 2002; Herborg et al. 2007a, c), and the
USA and its native range in China (Hénfling et al. 2002). As might be expected,
these studies revealed that genetic diversity is lower in the invasive populations that
in crabs that in China that gave rise to these. Interestingly, the Continental European
populations arose from multiple introductions but there has been movement of
crabs between Continental European populations and the UK in recent years
(Herborg et al. 2007c). Data also suggest that it is possible that the San Francisco
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Bay population may have arisen through the introduction of Eriocheir from
Europe.

Mitten crabs have not yet reached sub-Saharan Africa, or Australasia. It is likely
that lessons can be learned from the invasive European green (shore) crab, Carcinus
maenas, that is present in the USA and Australia and has more recently been intro-
duced to South Africa (Carlton and Cohen 2003), to help us in generating management
approaches for Chinese mitten crab. Although present in Australasia C. maenas, it
is not yet found in New Zealand. Both Eriocheir sinensis and Carcinus maenas
have an overlap in habitats in the outer areas of ports, harbours and estuaries, and
are both euryhaline species (although obviously E. sinensis is more so). For this
reason they may be spread in the same way. After introduction, their spread differs
in that Carcinus maenas has the potential for greater coastal spread but will not
move inland whereas E. sinensis can exploit both routes, especially the latter.
Carcinus maenas along the Pacific coast of the USA has spread rapidly covering a
range of more than 1,000 km in a decade. This large range expansion appears to
have arisen from a single introduction (Tepolt et al. 2009). Carcinus maenas has
been present in Australia for more than a century where it was found in Port Philip
Bay in Victoria but has recently shown range extension northwards into New South
Wales and it is likely that is will continue to spread (Ahyong 2005). The shore crab
has been shown to have difficulty in becoming established along some coasts
(Hampton and Griffiths 2007), but where it does gain a foothold, it is a serious
invasive. There is considerable concern from New Zealand that this invader might
soon appear there. The global spread of Eriocheir appears to be following a pattern
similar to that of C. maenas so it is reasonable to suppose that South Africa,
Australia and New Zealand are all at risk.

To prevent the introduction of mitten crabs, as with other invasive species, pre-
ventative measures are the most effective means of ensuring that invasion does not
take place. New Zealand has strict bio-security measures in place maintained by the
Ministry of Agriculture and Forestry, but which also covers aquatic invasive species
(http://www.biosecurity.govt.nz/). Vigilance is of paramount importance and the
early detection of the presence of an invasive species offers really the only hope of
its eradication (Park 2004). The fact that populations can become established and
spread from a single introduction reinforces this (Tepolt et al. 2009). The impor-
tance of having a management plan in place that does not delay action to limit the
spread and remove and invasive species has been recognised though the precautionary
principle becoming part of the 1992 Convention on Biodiversity (Park 2004). One
of the obstacles to effective management plans for the control of invasive species
being developed and implemented is the often apparent conflict between stake-
holder interests. This becomes further complicated by legislation designed to
protect biodiversity and ensure effective conservation measures and that which
protects the commercial interests of those engaged in trade, or interested in developing
such markets for invasive species (Stokes et al. 2006).

Bioinvasions and climate change are considered separately to be immense
threats to biodiversity. Climate change though will also exert an impact on the
geographical range of native species and on the invasion potential and spread of
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invasive species (Walther et al. 2009), thereby compounding the possible effects of
the both climate change and introductions of non-native species. It in some respects,
one of the outcomes is that there is likely to be an increased tolerance to invasive
species, with them becoming increasingly accepted as part of a region’s biota. The
Chinese mitten crab across the globe is one species that is likely to become a more
familiar sight as its geographic spread increases, perhaps aided by climate change.
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The Japanese Skeleton Shrimp Caprella mutica
(Crustacea, Amphipoda): A Global Invader
of Coastal Waters

Karin Boos, Gail V. Ashton, and Elizabeth J. Cook

Abstract Successful invasion must be viewed as the result of a unique sequence of
events, with the established species overcoming a number of previously prohibitive
obstacles, for example lack of dispersal vectors, habitat characteristics and environ-
mental conditions of the new area, and the ability to persist in interspecific interactions
in the new community. The Japanese skeleton shrimp, Caprella mutica, is proving to
be a highly successful non-native crustacean in coastal waters outside its native range
having overcome these obstacles. In the past 40 years, C. mutica has spread from its
native sub-boreal waters of north-east Asia to numerous locations in both the northern
and southern hemisphere, where it has successfully established self-sustaining and
thriving populations. After its first European record from the Netherlands in 1995,
C. mutica spread rapidly within the North Sea and later to the west coast of Scotland
and to Ireland in less than 15 years. Caprella mutica is generally associated with man-
made structures and can be found in abundance on boat hulls, floating pontoons and
aquaculture infrastructure clinging to fouling organisms.

Species-specific traits which enable C. mutica to perform superiorly in its
introduced ranges include: rapid growth, short maturation time, high reproductive
activity, broad tolerance towards prevailing environmental conditions, omnivorous
feeding behaviour and efficient dispersal and distribution. These traits provide
excellent prerequisites for any species to colonise a variety of different microhabitats.
The availability of suitable structures, however, is of paramount importance to the
invasion success of C. mutica in European coastal waters and most likely elsewhere.
On artificial structures directed away from the seabed, C. mutica is able to avoid
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benthic predation pressure and thus, to develop massive population densities. These
high abundances in disturbed habitats may also reflect the species’ ability to inhabit
fluctuating systems better than other species. Caprella mutica was found to be
competitively superior over native congeners and to show aggressive behaviour
towards conspecifics. The characteristics described here are surely not unique to
C. mutica and, therefore, cannot explain its success relative to other potential
non-native species. They do, however, provide insight into why C. mutica has been so
successful and consequently in determining whether another species may also be
successful. When making these assessments, it is of particular importance to consider
potential risks of the species and how important prevention or eradication may be.
Although C. mutica can be assigned a potentially harmful invader, detailed knowledge
on community or ecosystem level impacts are still lacking. Recommendations on
management and control actions, therefore, remain insufficient.

Keywords Life history ¢ Population dynamics e Interspecific interactions
» Competition ¢ Dispersal « Distribution ¢ Vectors « Anthropogenic transport

1 Introduction

The arrival of a non-native species in a new habitat and its initial settlement depends on
a variety of factors including association with dispersal mechanism(s), propagule pres-
sure, environmental match between source and donor regions and the physiological
tolerance of the species (Carlton 1996; Vermeij 1996; Colautti and Maclsaac 2004;
Colautti et al. 2006). The successful establishment and integration into native ecosys-
tems are long-term events and depend on the species’ ability to sustain itself successfully
through reproduction and/or recruitment and to persist in interactions with other species
(Vermeij 1996; Holway and Suarez 1999; Sakai et al. 2001).

Elton (1958), in his seminal volume ‘The ecology of invasions by animals and
plants’ addresses two major concepts which are fundamental for research in inva-
sion ecology: (i) the characteristics of invading species which make them more
successful than other species (invasiveness) and (ii) the susceptibility of ecosystems
towards invasions (invasibility). The scientific approach of understanding ‘invasive-
ness’ and ‘invasibility’ has been to derive general patterns applicable to potential
invaders and thus, to predict their dispersal and distribution (Alpert et al. 2000;
Maclsaac et al. 2001). While the concepts of invasiveness and invasibility are often
met through providing theoretical or empirical evidence, the numbers of exceptions
from these patterns are high and often generalizations have not been tested statisti-
cally (Lodge 1993). Hence, attempts to categorize certain life history traits of non-
native species as characteristically invasive turned out to be inconsistent and not
generally applicable (Sher and Hyatt 1999). Traits that might be advantageous to a
certain species invading one habitat may be irrelevant when invading another. Some
traits may be more pronounced in certain invaders than in others, or may even be
absent (Heger and Trepl 2003). In addition, introductions occur in habitats that
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differ widely in native species composition and richness, environmental conditions
and geography. Not all invaders are capable of exploiting all habitats and not all
habitats are equally vulnerable to invasion (Sher and Hyatt 1999; Maclsaac et al.
2001). Species that are abundant and widely distributed in their introduced ranges
may have undergone a series of failed introductions before becoming successfully
established (Clarke 1971).

According to the above, detailed case-by-case studies of non-native species
introduced to new habitats which provide information on life history traits, popula-
tion biology and relative performance to other species are essential. Only in this
way, can the underlying mechanisms of successful invasions be defined and poten-
tial impacts and further range expansion of the species’ under study be assessed.

Caprella mutica Schurin, 1935 is a marine amphipod crustacean indigenous to
north-east Asia, where it was first described from Peter the Great Bay, Vladivostok.
In its native range (Fig. 1) it is distributed along the Russian coasts of the Sea of
Japan and the Japanese archipelago (Schurin 1935; Arimoto 1976; Fedotov 1991;
Vassilenko 2006). However, in the past 40 years, C. mutica has become success-
fully established along many coastlines outside its native range. Its apparent suc-
cess as a non-native species in these habitats has sparked a number of studies
investigating the invasion process as well as the species’ biology, ecology and the
reasons for the invasion success of C. mutica.
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Fig. 1 Native range of Caprella mutica (from Ashton 2006). Labels in capitals refer to countries,
those in italics refer to islands, arrows indicate locations where Caprella mutica has been found
(Schurin 1935; Arimoto 1976; Fedotov 1991; Vassilenko 2006)
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Along with a number of other species, such as the green crab Carcinus maenas
(Le Roux et al. 1990) and the Asian shore crab Hemigrapsus sanguineus (Breton
et al. 2002), C. mutica has achieved a very widespread distribution in a relatively
short timeframe. Other caprellid species have also been introduced outside their
native range, including C. simia, C. drepanochir and C. scaura (Watling and
Carlton 2007; Martinez and Adarraga 2008). However, none of these have yet
achieved the global distribution of C. mutica.

Caprella mutica was first described in Europe 15 years ago and new records
continue to be reported. Reproductive populations are established throughout the
North Sea, Irish Sea, English Channel and Atlantic coastlines of Ireland and Scotland.
A number of recent European studies have included those of distribution and disper-
sal, population dynamics, life history traits, habitat associations and interspecific
interactions, both in field and laboratory studies. The present work is the first to
provide a comprehensive review of these studies. Hereby, we particularly focus on
the characteristics that have contributed to the successful establishment of C. mutica
outside its native range and, consequently, on the attempts to identify the species’
future range expansion and its environmental and economic impacts.

2 Biology and Ecology of Caprella mutica

2.1 Morphology

Strongly diverged from the typical gammarid amphipod morphology, caprellid
amphipods are recognized by their elongated bodies and a reduction in the number
and type of appendages (Hayward and Ryland 1996). Because of their slender and
stick insect-like appearance they are commonly referred to as ‘skeleton’ or ‘ghost’
shrimps (Fig. 2a, b).

In C. mutica, males are typically larger than females and can reach a body length
of up to 50 mm (Nishimura 1995). Generally, however, males are about 25-30 mm and
females about 15-20 mm in length (Ashton 2006; Boos 2009). Protrusions of the
exoskeleton can vary between C. mutica individuals, but the extreme and most clearly
identified are described here. In males, the first two pereonites as well as the second
gnathopods are covered with dense setation (Fig. 2b). On the dorsal and lateral surfaces
of the third to seventh pereonites (first to seventh in females), C. mutica is heavily
armoured with spiny projections (Fig. 2a, b). In particular, paired spines dorsally,
antero- and postero-laterally and several spines at the anterior side of the insertion of
each gill. Spination is less in pereonites VI-VII (one to two pairs of spines on each).

2.2 Life History and Seasonal Population Dynamics

Like all peracarid crustaceans, caprellids lack a larval stage and brood their young
until they hatch from their mother’s pouch into their first instar (stage) as small
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5 mm

Fig. 2 Schematic overview of (a) female and (b) male Caprella mutica. A T and I1=antennae I
and II, H=head, P I-VII=pereonites I-VII, Ab=abdomen, Pp V-VII=pereopods V-VII,
Bp=brood pouch, G=gills, G I and II=gnathopods I and II (Boos 2009 modified after Platvoet
et al. 1995)

replicates of adult individuals. At hatching, individuals of European specimens of
C. mutica are on average 1.3 mm in length (Boos 2009). Visual determination of
sexual differentiation (genital appendages located on pereonite V in females and
VII in males) is possible from Instar V onwards (after the fourth moult). Under
laboratory conditions, reflecting average summer water temperatures in the
southern North Sea (16°C), the development of morphological characteristics, such
as spination of the body segments, commences at Instar IV (mean body length of
4.8 mm) and initiates from posterior segments (pereonites VI and VII) followed by
the anterior segments. At this early stage, spines may be small tuberculations in
advance of fully developed projections. From Instar VIII onward (mean body
length of 7.5 mm in females and 8 mm in males) spination is more or less developed
as described in the previous section. Setation in male individuals reared under labo-
ratory conditions (16°C) appears from Instar VI onwards at a mean body length of
5.7 mm. Maturation of females is typically reached at Instar VII (mean body length
of 6.7 mm) and involves the full development of the brood pouch and the completed
differentiation of the first clutch of eggs in the ovaries located dorsally in pereonites
IIT and IV (Boos 2009).

Hatchlings reared in the laboratory at 16°C and fed ad libitum with freshly
hatched Artemia sp. nauplii and diatoms (Thalassiosira rotula) moulted every
3—4 days until sexual differentiation, and reached maturity after approximately
1 month (Boos 2009). Moulting intervals in hatchlings reared at average spring
(10°C) and winter (4°C) temperatures were of weekly and fortnightly durations,
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respectively. It took about 2 months for hatchlings to reach maturity at 10°C.
Growth in hatchlings maintained at winter temperatures (4°C) and fed on the same
diet was clearly impaired and hatchlings perished before reaching maturity. Yet,
winter hatchlings survived longer (i.e. 4 months) under constant laboratory condi-
tions than spring and summer hatchlings, which only survived for about 10 weeks
or less, nonetheless reaching maturity (Boos 2009).

The moult cycle of adult female C. mutica maintained at 16°C is approximately
10 days, reflecting the duration of the reproductive cycle. Under the same condi-
tions, moulting intervals in male adults may increase to nearly twice the duration
of the females. Moulting intervals and, thus, reproductive cycles in mature females
were found to range between nearly 40 days at 4°C and 8 days at 26°C. Laboratory
studies showed that C. mutica was able to successfully reproduce at temperatures
between 4°C and 26°C, with a maximum number of seven successful broods
recorded at 16°C (Boos 2009). Upper temperature limits for reproduction were
reached at 26°C, when reproductive success was rare, brood sizes very small and
eggs positioned in the brood pouch were frequently aborted.

Laboratory-rearing temperature did not affect brood size in early adult instars
(mean of 40 hatchlings per clutch; Boos 2009). Field studies in both native (Fedotov
1991) and European introduced ranges (Ashton 2006), have both confirmed a posi-
tive relationship between brood size and body size in female C. mutica. Both
authors reported maximum numbers of more than 300 eggs per single clutch in
individual females reflecting much higher fecundities under natural conditions.

From seasonal and annual field studies in eastern Russia, Fedotov (1991) inferred
C. mutica to have a life span of more than 2 years. However, allocating size measure-
ments and survival times from laboratory studies regarding different life stages and
correcting these measurements to larger body sizes found in the field, we consider
6—9 months a more likely approximate lifespan of this species in general.

In the native range, maximum densities in natural near-bottom habitats have
been reported to range between 1,200 and 2,600 ind. m™ in summer periods
(Fedotov 1991; Vassilenko 2006). Along northwestern European coasts, rapid
increases in population abundance (up to 144 ind m= d-!) have been observed in
early summer (April to May; Cook, unpubl.), with maximum population densities
of C. mutica exceeding 200,000 ind. m~ in summer when seawater temperatures
range between 14°C and 20°C (Ashton 2006; Boos 2009). In late winter and early
spring, population densities decline considerably (Fig. 3). This may be because of
natural mortality of older individuals and prolonged reproductive cycles due to
colder temperatures, as demonstrated by laboratory studies (Boos 2009). In addi-
tion, lack of suitable substratum (see Sect. 2.3) such as different macroalgae to
cling to during cold water phases may contribute to the overall low abundance of
C. mutica during winter and early spring in European waters; as has been found for
other caprellid species in Asian waters (Takeuchi et al. 1990; Takeuchi and Hirano
1992). Overwintering populations may, therefore, be at lower densities, yet still
numerous (about 500-1,000 ind. m=; Boos, unpubl.) and seek refuge in deeper and
warmer (Fedotov 1991), and/or sheltered areas such as inner shanks of navigational
buoys (Boos 2009).
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Fig. 3 Seasonal abundance of male, female and juvenile Caprella mutica between July 2004 and
February 2007 at Dunstaffnage fish farm, Lynne of Lorne, Scotland. Data are merged from Ashton
(2006, N=3 at 3 m depth for July 2004 to August 2005) and Boos (2009, N=5 at 1 and 3 m depth
pooled data for November 2005 to February 2007). Between August and November 2005 no data
have been obtained (dotted line). Symbols represent average fourth root individuals m= (+SD).
Temperature (°C) is given as monthly average (+SD) of hourly records for July 2004 to August
2005 (Ashton 2006) and as mean (+SD) of three daily measurements around the sampling date
(Boos 2009)

2.3 Habitat Preference

In its native range, C. mutica is typically reported from sheltered bays in the littoral
zone to about 13 m in depth, amongst different macroalgae such as Neorhodomela
larix, Polysiphonia morrowii, Sargassum miyabei, S. pallidum, Cystoseira cras-
sipes, Laminaria japonica, Dichloria viridis, Chondrus spp. and others (Vassilenko
2006). In addition, uncounted mass occurrences referred to as ‘dense populations’
have been detected in fouling communities on submerged artificial structures i.e.,
buoy ropes and aquaculture cultivation lines (Takeuchi et al. 2001). In its European
range, habitat preferences of C. mutica include soft structures, such as tunicates
(e.g., Ascidiella aspersa and Ciona intestinalis) or the foliose surfaces of macroal-
gae (e.g., Ulva lactuca) and fine filamentous structures, such as turf-like bryozoans
and hydroids (e.g., Obelia spp. and Tubularia indivisa) and filamentous algae (e.g.,
Ceramium spp. and Sargassum muticum) to which it can grasp compared with
organisms with much harder exteriors such as bivalves (Shucksmith 2007; Cook,
pers. obs.). Laboratory choice experiments offering different structural substrates
for settlement confirmed these observations (Schrey 2006). In addition, when
offered three different types of structures to cling to, C. mutica settled in higher
densities on filamentous turf-like structures than on mussel mimics with hard and
smooth surfaces (Shucksmith 2007). A further advantage of the association with
filamentous substrates is that C. mutica is well camouflaged against this back-
ground and individuals have been observed to exhibit different exoskeleton colou-
ration when associated with different substrates. The mechanism for colour
development or change in C. mutica, however, is not well understood.

Many of the ‘preferred’ substrate species described for C. mutica are known to
rapidly colonise artificial structures (e.g., buoys, pontoons, ropes and boat hulls) in
areas of human activity such as harbours, aquaculture facilities or offshore wind
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farms (Buschbaum and Gutow 2005; Ashton 2006; Schrey 2006; Schneider 2007;
Dong Energy et al. 2006; Page et al. 2006). While substrate preference of C. mutica
may be responsible for this association with artificial structures, the environments in
these habitats are also modified by anthropogenic disturbance. Disturbance may
promote species invasions (Crawley 1987; Cohen et al. 2002; Stachowicz et al. 2002),
and non-native species are generally first identified in human-impacted, highly
disturbed sites suggesting that these habitats may act as corridors or stepping stones
for future dispersal for example into natural benthic habitats (Buschbaum 2002).

In its native and introduced ranges, population densities of C. mutica in fouling
communities attached to artificial structures are of magnitudes higher than in natural
benthic habitats. Small numbers or even only single specimens have been found in kelp
communities (Laminaria spp.) along the north coast of Scotland (S. Dworjanyn, pers.
comm. 2006), attached to floating macroalgae off the west coast of Scotland (Ashton
2006), or on individual algal tufts in the southern North Sea (Boos 2009). Recently,
however, populations have become more conspicuous inhabiting macroalgal patches
(i.e., Sargassum muticum) in natural benthic habitats of the coasts of Sylt, German
Bight, North Sea, suggesting C. mutica to potentially become an important representa-
tive of natural shallow subtidal communities (C. Buschbaum, pers. comm. 2009).

Non-native populations of C mutica have been recorded from environments with a
variety of flow regimes, including those experiencing strong tidal and wind currents
(e.g., exposed fish farms) and those that are more sheltered (e.g., enclosed bays and
harbours) (Ashton 2006; Shucksmith 2007). In particular, they have been recorded at
exceedingly high densities at an exposed fish farm site in the Lynne of Lorne, Scotland
(see Figs. 3 and 4) where high current speeds (21.0 cm s7') have been measured (Cook
et al. 2006). Laboratory studies have found strong aeration and/or increased water flow
to be beneficial for maintaining C. mutica in aquarium tanks (Shucksmith 2007;
Nakajima and Takeuchi 2008; Boos 2009). The increased survival was attributed to
increased oxygen supply and circulation and also to enhanced filter feeding efficacy.
These observations suggest that the hydrography of the environment may influence the
relative success and, therefore, ‘invasiveness’ of C. mutica in a new habitat.

2.4 Environmental Tolerance Limits

Adult Caprella mutica, collected from the west coast of Scotland, have been shown
to have a broad tolerance to temperature and salinity conditions in 48 h laboratory
trials (Ashton et al. 2007a). 100% mortality was observed at 30°C (48 h LT50,
28.3+0.41°C) and salinities lower than 16%o (48 h LC50, 18.7 +0.24%o).
Maintained over longer periods under laboratory conditions, mortality of adult
females increased significantly at temperatures exceeding 20°C (Boos 2009).
Although lethargic at low temperatures (2°C) no mortality was observed in
C. mutica after 48 h of laboratory maintenance and also over longer periods at low
temperatures (4°C) females survived up to 5 months in the laboratory (Ashton et al.
2007a; Boos 2009). Annual temperatures in the species’ native area can range
between —1.8°C and 25°C (Schevschenko et al. 2004), which would support the
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Fig. 4 Dense population of Caprella mutica on a heavily fouled fish farm mooring line in the
Lynne of Lorne, west coast of Scotland (Photo: E. Cook). Scale bar 1 cm

observations on survivorship made in the laboratory studies (Ashton et al. 2007a;
Boos 2009). The upper 48 h LC, was greater than the highest salinity tested (40%o),
thus it is unlikely that high salinity will limit the distribution of C. mutica in open
coastal waters. However, the species will be excluded from brackish water environ-
ments such as the heads of sea-lochs or estuaries and semi-enclosed areas, such as
marinas with freshwater input. In addition, so far C. mutica has not been found in
the Baltic Sea, were salinities are known to vary within brackish ranges.

The physiological tolerances of C. mutica to temperature and salinity are beyond
the physical conditions experienced in most Northwestern European coastal waters.
While abiotic factors in other European regions may define the present distribution
and future spread of C. mutica, its ability to persist in interspecific interactions will
also determine the successful establishment here.

2.5 Feeding

Stomach content analysis has shown that Caprella mutica, along with a number of other
caprellid species, is predominantly a detritivore (Guerra-Garcia and De Figueroa 2009).
In addition, it is known that C. mutica is capable of filtering particles out of the water
column by swaying its body through the water and using its second pair of setose anten-
nae as a sieve (Nauwelaerts et al. 2007). Caprella mutica is also frequently observed
grooming its body, possibly feeding on epibiotic organisms (Nauwelaerts et al. 2007;
Boos, pers. obs.). According to antennal setation and mandible morphology, it has been
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suggested that caprellid amphipods which have setae on their second antennae obtain a
significant part of their diet through filtering and scraping epiphyton, whereas caprellids
without setae and most of all without molar processes are mainly predators (Caine
1977). Caprella mutica, however, possessing both of the latter, has been successfully
reared and maintained in the laboratory on Artemia sp.-nauplii (Boos 2009; H-D
Franke, pers. comm. 2005) and has been observed to consume on average 15 Artemia
sp.-nauplii h™" in laboratory feeding trials (Schneider 2007). In fact, C. mutica has been
observed feeding on a variety of different sessile and mobile benthic organisms includ-
ing hydroids, bryozoans, gammarid amphipods and even conspecifics (Ashton and
Boos, pers. obs.). This suggests that C. mutica is a true omnivore, frequently using
predation as a feeding mechanism along with filter feeding. In addition, European popu-
lations of C. mutica have been found frequently associated with different macroalgae
which may also serve as a food supply by either directly providing a substrate to feed
on and/or providing substrate for other epibenthic organisms on which C. mutica may
feed (Sano et al. 2003), or indirectly by elevating the caprellids into the current stream
where they can filter-feed more effectively.

Often, C. mutica is found in habitats subjected to anthropogenic disturbance,
which might improve access to resources such as space or food (Davis et al. 2000).
C. mutica has also been found in nutrient enriched artificial environments (via fish
feeds). Differences in habitats were suggested to influence the population dynamics
of C. mutica at four sites on the West coast of Scotland (Ashton et al. 2010). Two
of these sites were fish farms where C. mutica may be feeding directly on the fish
feed, on the algal growth which is enhanced by dissolved organic nutrients
(e.g., Rhodophyta, Troell et al. 1997), and/or on enhanced plankton abundance in
the close vicinity of the cages (Cook et al. 2006; Navarro et al. 2008; Cook et al.
2009). Populations at the other two sites which experience no artificial nutrient
enrichment (a marina and an unused pontoon structure) were significantly less
abundant and had a shorter period of summer population growth.

Caprella mutica can be highly opportunistic in its feeding strategy in non-native
habitats. Analyses of the lipid biomarkers in individuals from artificial habitats
including mooring lines, fish farm cage netting and marina pontoon floats on the
West coast of Scotland demonstrate consumption of a wide variety of food types
from diatoms, dinoflagellates and copepods to fish farm derived particulate waste
(Cook et al. 2009). Laboratory studies have shown that C. mutica is able to survive
starvation for up to 3 weeks from hatching (Boos, unpubl.) and as adults (Cook
et al. 2007). Thus, C. mutica would be able to overcome periods of low food avail-
ability. The flexibility observed in these feeding strategies may, therefore, play an
important role in its invasion success.

2.6 Intraspecific Behaviour and Aggression

In populations of C. mutica, threat display and combat between conspecifics of
both sexes is common (Boos, pers. obs.). Caprellids typically use their large second
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gnathopods as weapons in combat. A pointed protrusion on the palmar surface of
the second gnathopods of the males, the so-called “poison tooth’ has been found in
numerous genera of caprellid amphipods and may be used to impose lethal or at
least harmful injuries (Caine 1980, 1991a; Dingle 1983; Lewbel 1978). While the
poison tooth has been reported to mechanically cause injuries through impaling,
there is as yet no evidence that a venomous toxin is produced (Lewbel 1978; Caine
1991a; Schulz and Alexander 2001).

Several studies on caprellid amphipods have linked aggressive behaviour to
reproductive success and survival of offspring (Lewbel 1978; Caine 1979; Lim and
Alexander 1986; Aoki 1997; Schulz and Alexander 2001). This behaviour may
include mating behaviour, male-male competition and mate guarding as well as
maternal care. Copulation in crustaceans can only take place after females have
moulted i.e. when genital openings of females are accessible. Mate guarding is
believed to have evolved when females show temporarily restricted periods of
receptivity (Conlan 1991; Zimmer 2001), or in the case of longer receptive periods,
when guarding costs are sufficiently lower than searching costs (Yamamura 1987).

In observational studies on C. mutica, males were found to court premature or
mature females only. During precopulatory courtship, the male aggressively fought
other interfering males with its second gnathopods and repeatedly brushed the
female’s dorsal surface with its antennae, potentially for signs of ecdysis, until the
female moulted (Boos, unpubl.). Matthews (2008) observed that male C. mutica are
able to distinguish and select non-brooding receptive females with larger oocytes
from females with small oocytes. Matthews (2008) also showed aggressive and
competitive male-male interactions to be most intense when receptive females were
present (i.e., during courtship) as opposed to the presence of brooding or parental
females. When no females were present, aggression was lowest between males.

Male C. mutica typically perform postcopulatory mate guarding for a short
period of time (approx. 15 min) before abandoning their position or are fought off
by the females, which by then begin to show aggressive behaviour toward their own
mates (Boos, unpubl.). Matthews (2008) also found that aggression in females
changed with their reproductive status. Receptive females were least aggressive
while aggression in brooding females increased. The highest number of attacks was
found in parental females. Matthews (2008) found female aggression towards con-
specifics and congenerics to be generally confined to male specimens and suggested
that males were posing more of a threat to the juveniles than the females. Aoki
(1997) showed strong mother-young associations in Caprella monoceros and C.
decipiens with post-hatching co-habitation periods of up to 20 and 30 days, respec-
tively. In addition, hatchlings of C. monoceros were found to cling to the body of the
mother and moult there for a period of about 11 days before even moving on to the
surrounding substratum. In contrast, C. mutica showed only very short periods of
juveniles clinging to the mother (approx. 1 h) after hatching (Cook, pers. obs.).
Further, Matthews (2008) found newly emerged hatchlings of C. mutica to disperse
after only 1 day in laboratory studies and dispersion of one clutch was within
7 days. The author, therefore, suggested maternal care in C. mutica to be short-
lived. Yet, other observational studies have shown individual females to remain in



140 K. Boos et al.

close proximity to groups of hatched juveniles in the field and also in large aquarium
tanks (Boos, pers. obs.) suggesting protective behaviour. While parental periods of
females are rather short and females may become receptive within 2 or 3 days after
hatching or even on the same day (Boos 2009), the role of maternal care in C. mutica
for juvenile survival remains unclear.

Food limitation within a population of C. mutica poses a clear threat from the
adults towards juvenile individuals (Schneider 2007). In laboratory experiments,
the author found nearly 100% juvenile mortality after 3 days when additional food
was offered only once a day for a duration of 1 h. In contrast, treatments allowing
for constant supply of food ad libitum revealed only about 40% juvenile mortality
after 3 days (Schneider 2007). Juvenile individuals are generally most susceptible
to cannibalism in amphipods and isopods (Otto 1998; Franke and Janke 1998). This
self-regulation of high population growth in food-limited habitats would explain
the differences observed in population dynamics in the field experiments described
above. It also explains why C. mutica populations may attain such immense abun-
dances in habitats, which are nutrient enriched.

2.7 Interspecific Interactions

The success of non-native species is often explained by the lack of native competi-
tors and/or predators, allowing for mass occurrences and uncontrolled population
growth (Van der Velde et al. 2000). It has further been suggested that competitive
superiority and even the displacement or extinction of native species significantly
contributes to invasion success, potentially resulting in altered biodiversity, com-
munity structure, local food webs and interactions between species (Dick 1996;
Dick et al. 1999; Morrison 2000; Fiireder and Pockl 2007). Several authors have
found biodiversity (species richness) in native habitats as well as heterogeneity of
environments (different types of structures) to play a crucial role in the invasibility
of an ecosystem (Ullmann et al. 1995; Levine and D’ Antonio 1999; Levine 2000).
Consequently, these factors also influence the effects of an invasion, promoting
both exclusion and coexistence of species (Tilman 2004; Stachowicz and Tilman
2005). Unfortunately, very few studies have documented any interactions between
C. mutica and other species.

In laboratory-based competition experiments, C. mutica successfully displaced
two ecologically similar native European caprellids (Caprella linearis and
Pseudoprotella phasma) from space limited artificial patches after 48 h (Shucksmith
et al. 2009). When maintained with C. linearis, displacement took place even though
numbers of C. mutica were ten times less than those of C. linearis. Added refuges
(artificial turfs) to the artificial patches were found to reduce the number of
C. linearis displaced. In addition, when including different habitat structure types to
a set of competition experiments between C. mutica and C. linearis, Shucksmith
(2007) found increased displacement of the native by the non-native when homoge-
neous patches (low structural diversity) were offered. In contrast, when heterogeneous
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patches (high structural diversity) were offered, the number of displaced C. linearis
was significantly reduced. In a similar series of density-dependent experiments,
Boos (2009) showed that the underlying mechanism of displacement of C. linearis
by C. mutica was direct interference (interference competition), caused by aggres-
sive and even predatory attacks by C. mutica. Increased numbers of C. mutica intro-
duced to substratum supporting the native C. linearis resulted in increased mortality
and/or displacement of C. linearis. These results suggest that the competitively
superior C. mutica could have a negative impact on native caprellids in its introduced
habitat.

Caprellids are important trophic links in food webs and prey for numerous
predatory fishes and invertebrates in coastal waters (Caine 1987, 1989, 1991b;
Holbrook and Schmitt 1992; Kvenseth et al. 2003). Laboratory-based feeding trials
revealed that the shore crab Carcinus maenas and the goldsinny wrasse Ctenolabrus
rupestris (native predators), which are both known to feed upon amphipod crusta-
ceans, selectively fed on large individuals of C. mutica rather than on small indi-
viduals and consumed more caprellids in near-bottom benthic habitats compared
with habitats close to the sea surface (Boos 2009). Artificial structures, widely
isolated from natural near-bottom habitats, may serve as refuges from predators in
the field supporting dense populations of C. mutica, while benthic predation pres-
sure restricts mass occurrences and the spread of the non-native species into natural
habitats. Generally, low abundances have been found in natural near-bottom habi-
tats compared with artificial structures directed away from the seabed. In addition,
there is support from field studies on the west coast of Scotland, which suggested
that at least the green shore crab, Carcinus maenas, was affecting the populations
of Caprella mutica in natural kelp beds adjacent to source populations found in
artificial habitats (e.g., fish farms) (Shucksmith 2007).

3 Distribution and Dispersal

3.1 Current Distribution

Caprella mutica has become successfully established throughout the temperate
northern hemisphere and in New Zealand in the southern hemisphere (Table 1;
Fig. 5). It achieved a global distribution in just 30 years (1973-2003) and has con-
tinued to increase its range on all coastlines since that time. The first introduction
records of C. mutica were during the 1970s from the Pacific coast of the United
States (Carlton 1979). Since then, new populations have been described from the
Pacific and Atlantic coasts of the United States and Canada (Carlton 1979; Marelli
1981; Cohen and Carlton 1995; Cohen et al. 1998; Cohen et al. 2002; MIT Sea
Grant 2003; USGS 2005; Frey et al. 2009; B. Sainte-Marie; pers. comm. 2005), and
from Alaska (Ashton et al. 2008a). In the mid-1990s, the first European populations
of C. mutica were found in the Netherlands (Platvoet et al. 1995). In the following
years, occurrences from Norway, Germany, Belgium, Ireland and Scotland were
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Fig. 5 Current global distribution of Caprella mutica indicated by ‘x’ and black solid lines.
Underlined text labels show the native distribution; normal text labels show locations and dates of
first record on each coastline. According to suitable temperature conditions (0°C winter minimum
to 25°C summer maximum), the potential range of C. mutica is indicated by grey solid lines
(modified after Ashton 2006). See text for detailed explanation

reported (Heilscher 2000; ICES 2003; Tierney et al. 2004; Willis et al. 2004;
Buschbaum and Gutow 2005; Ashton et al. 2007b). The only location in the south-
ern hemisphere is New Zealand, where C. mutica has been found since 2002 (Inglis
et al. 2006; Willis et al. 2009).

3.2 Dispersal Vectors

Long-distance introductions of C. mutica are most likely a consequence of
increased global and local shipping traffic (transit in ballast water or on fouled boat
hulls) as well as of co-transports of introduced aquaculture organisms such as the
Pacific Oyster Crassostrea gigas, native to the Sea of Japan (Takeuchi and
Sawamoto 1998; Cohen and Carlton 1995; Gollasch et al. 2002; Tierney et al. 2004;
Ashton et al. 2006). Because of the various routes, vectors and introduction events,
which may have been responsible, it has not been possible to establish the exact
route which C. mutica followed into Europe (Ashton et al. 2008b).

Once established in a new location, smaller boats (including aquaculture crafts,
fishing boats and recreational boats) enable C. mutica to continue to spread to new
habitats (secondary dispersal). C. mutica individuals have been observed on static
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or dry-docked small crafts in Europe and on the West coast of North America
(Ashton, pers. obs.). The association with small crafts enables C. mutica to disperse
beyond the locations of large commercial ship docks and aquaculture facilities that
receive stock from international suppliers. While it is considered unlikely that these
small crafts are responsible for cross-ocean dispersal, these vectors will continue to
disperse C. mutica away from introduction foci.

Dispersal of species via rafting has long been suggested as a dispersal mechanism
(e.g., Wheeler 1916; Highsmith 1985). Artificial (buoys, ropes, litter) and natural
(macroalgae) floating materials may facilitate the dispersal of different caprellid spe-
cies (Thiel et al. 2003; Astudillo et al. 2009) and C. mutica has been reported attached
to floating macroalgae off the west coast of Scotland (Ashton 2006). Amounts of
floating anthropogenic debris (e.g., styrofoam, plastic and glass bottles, bags, buoys)
are increasing in the world’s oceans and coastal areas (Thiel and Gutow 2005a). In
addition, the dispersal of species associated with floating substrata is a natural process
allowing for range extensions beyond the species’ native borders (Thiel and Gutow
2005b). Thus the efficiency of this dispersal mechanism will be significantly
enhanced on local and global scales. Rafting provides potential for both long- and
short-distance dispersal, but it is unknown how important rafting is to the global or
local distribution of C. mutica. The most abundant populations have only been
observed on artificial structures, suggesting human-mediated dispersal mechanisms
(albeit most search effort has also been focussed on these structures compared to
natural habitats). Natural dispersal is also likely responsible for the very local distri-
bution of C. mutica. Small numbers have been observed up to 1 km from a source
population, which may have been due to natural drift as individuals have been found
swimming free for short distances (M. Janke, pers. comm. 2007). This free swimming
dispersal mechanism may be responsible for the introduction of C. mutica into natural
habitats adjacent to source populations located on artificial structures.

3.3 Future Spread

Most of the recorded sightings of introduced populations of C. mutica are from the
northern hemisphere. Based on annual seawater temperatures in the species’ native
and introduced range, and its absence from areas with comparable temperatures
(Schevschenko et al. 2004; NOAA/ National Weather Service 2009), C. mutica is
expected to expand its known European and global range (Fig. 5). When trying to
predict a potential range expansion, the physiological ability to reproduce at a cer-
tain thermal range can be used to estimate distributional limits. According to life
history traits of C. mutica observed at different temperatures presented in Sect. 2.2,
the ability of hatchlings to survive and mature at low temperatures will limit the
establishment of sustainable year-round populations. Winter periods of less than
4 months at approx. 4°C are required, as this was the maximum laboratory survival
time recorded for C. mutica hatchlings at this temperature. Periods of temperatures
below 4°C must be of even shorter duration. In addition, summer periods of at least
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2 months at 10°C are needed for the hatchlings to reach maturity. Once individuals
have reached maturity, reproduction is possible even at lower temperatures (Boos
2009). Areas with low temperatures that would limit C. mutica may be found along
the Arctic Circle, including European coastlines of Iceland, the northern coast of
Norway and northwestern coastlines of Russia. Depending on the location, summer
temperatures along the Artic Circle are reported to fluctuate between 4°C and 15°C
(Freiwald and Henrich 1994; NOAA/National Weather Service 2009). In the
warmer of these regions, e.g. the northern coastlines of Norway warmed by the Gulf
Stream, temperatures around 10°C or greater may last 2.5 months on average and
would, therefore, allow maturation in C. mutica. However, if a subsequent decrease
in temperature to less than 4°C persists for too long (>4 months), adult females may
not survive for repeated reproduction and hatched juveniles will not mature before
perishing. If populations were to establish in these regions, they may be more prone
to regular extinction events and recruitment will strongly rely on repeated introduc-
tions as opposed to self-sustaining populations. The Arctic Circle may be used as a
proxy for the thermal limit to the establishment of C. mutica, and it is considered
highly unlikely that C. mutica will establish beyond this border in Arctic regions in
the near future, as prevailing summer water temperatures in the Arctic do not exceed
4°C (NOAA/National Weather Service 2009). With global warming, however,
average seawater surface temperatures are expected to rise between 1.8 and 4.0°C
by the year 2100 (Bates et al. 2008). This would alter the potential future range of
C. mutica. More so, as the warming arctic areas will experience longer ice-free
periods during summer (Zhang et al. 1998; Fyfe et al. 1999; Kerr 2002a), enabling
shipping passages along northern sea routes and opening pathways for potential
introductions (Rahmstorf and Ganopolski 1999; Kerr 2002b).

Caprella mutica is known to be tolerant of climatic conditions found in many
parts of Europe and may indeed survive at wide thermal ranges. It is not yet known
whether populations of C. mutica can persist permanently at temperatures of 25°C
and higher and no information on survival of reared hatchlings at these temperatures
is available. Laboratory studies have shown increased mortality of adult C. mutica at
temperatures exceeding 20°C and subsequent difficulties and/or failures inreproducing
(Ashton et al. 2007a, Boos 2009). This could suggest that C. mutica may be limited
from invading areas with high summer temperatures (>25°C), for example the
Mediterranean Sea (NOAA/ National Weather Service 2009). However, the fact that
C. mutica has not been reported from the Mediterranean Sea does not necessarily
imply their inability to settle in this area. More so, as C. mutica is also apparently
absent from adjacent areas with suitable temperature conditions such as the French
and Iberian Atlantic coastlines. Similarly, recent surveys of caprellid species’ distri-
butions in Chile (Thiel et al. 2003), Tasmania (Guerra-Garcia and Takeuchi 2004)
and South Africa (C. Griffiths, pers. comm. 2009), all with areas of suitable tempera-
ture conditions, have not reported C. mutica either (Fig. 5). It is also possible that the
range of C. mutica is already greater than that described to date. Inconspicuousness
due to small population sizes in certain habitats, seasonal variation in population
dynamics, absence of taxonomic expertise and incomplete coverage of habitat during
surveys are all reasons why C. mutica may be present but not yet reported. The range
expansion of C. mutica is, therefore, considered an on-going process.
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4 Risk Assessment and Potential Management Options

Some of the most common characteristics found in successful marine crustacean
invaders include life history traits such as rapid growth, early maturation, short
generation times and high fecundity as well as broad environmental tolerance and
rapid dispersal (Williamson and Fitter 1996; Alpert et al. 2000). In addition, non-
native species appear to be successful in regions with environmental conditions
similar to where they originate (Van der Velde et al. 2000).

Within Europe, C. mutica has successfully established and extended its range
throughout the North Sea, Celtic Sea and English Channel coasts over the last
15 years and it is highly likely that it will continue to spread on a European and
global scale. Caprella mutica is an aggressive species, outcompeting native caprellid
amphipods for space and its presence in these native communities is of some concern.
The overall absence of the native European C. linearis, formerly inhabiting artificial
structures in areas of human activity at Helgoland in the German Bight (North Sea),
is hypothesized to be the result of interspecific competition with the non-native con-
gener C. mutica. While interspecific competition on disturbed artificial habitats may
endanger the persistence of local populations of C. linearis, natural benthic habitats
may provide sufficient space and suitable substratum, allowing for habitat segregation
and coexistence between the two species in the same area. In addition, populations
of C. mutica in near-bottom natural habitats were found to be strongly controlled by
benthic predators, whereas reduced predation pressure on artificial structures allowed
for high population densities and competitive superiority. However, as populations of
C. linearis generally occur in patchy distribution and are subject to strong annual
fluctuations, the displacement of C. linearis from artificial structures may have per-
manent effects on the overall persistence of populations of C. linearis in European
coastal waters and this species may, therefore, be at higher risk than previously
assumed. However, more detailed information is needed on annual and seasonal
population dynamics of the native C. linearis.

Whilst the wider environmental implications of C. mutica have not yet been
confirmed, it is likely that it will have an important impact on benthic and plankton
communities, particularly during the summer months when population densities are
at their highest (Cook et al. 2009). On a more positive note, lipid studies have
shown that C. mutica will consume fish farm derived particulate material (Cook
et al. 2009), and may, therefore, actually reduce the environmental impact of the
farm on the surrounding benthic environment (Black 1998). This, however, requires
further investigation.

Caprella mutica is highly adaptable and tolerant of a wide range of environmental
conditions, including highly disturbed (e.g., ports/marinas) and organically enriched
sites (e.g., finfish farms). With the increasing development of our coastlines, it is
highly likely that the provision of suitable substrata within European coastal waters
will continue to rise and to provide a series of ‘stepping stones’ to enable the further
spread of this species. Sites that are less favourable to this species, though, are
water bodies with significant riverine input (e.g., estuaries, heads of sea-loch
systems, enclosed marinas/ harbours) where salinity fluctuates between 3 and 35 psu
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on a regular basis (Ashton 2006). It is not known how tolerant C. mutica is to
reduced levels of dissolved oxygen, but breeding activity of Caprella equilibra was
found to decrease at higher temperatures and in oxygen deficient waters (Sconfietti
and Luparia 1995). Caprellids are known to survive in ballast tanks (Gollasch et al.
2002), and are, therefore, presumably tolerant to the conditions experienced during
trans-oceanic passages. C. mutica is intolerant to aerial exposure during summer
months and will die within an hour of emergence from water (Cook, pers. obs.).
However, cool and damp conditions typically found in anchor lockers or bundles of
mooring lines and fish farm netting are likely to prolong their survival out of water
for up to 7 h (Boos and Cook, pers. obs.).

Marine invertebrates have been shown to accumulate toxic butyltins (BT), which
have been extensively used as industrial wood preservatives and antifouling agents
in paints applied to boats and aquaculture nets since the 1960s (Takahashi et al.
1999). In polluted harbours near Otsuchi Port, Japan, C. mutica were found to have
accumulated BTs, with significantly higher portions of tributyltins (TBT) than
other caprellid and gammarid amphipod species from similar habitats (Takahashi
et al. 1999). Low capacity to degrade TBTs and, thus, enhanced risk of contamina-
tion and accumulation may pose a risk to other species at higher trophic levels when
feeding on C. mutica. While comparably high concentrations of TBTs can still be
traced in Japanese waters, regulations have enforced restrictions of TBT in most
western European countries in the 1990s and its use has been banned in many
countries since 2008. Therefore, effects of accumulated TBTs in trophic cascades
may be comparably low in modern-day European marine environments.

One of the most prominent characteristics related to the invasion success of
C. mutica is the species’ predominant occurrence on artificial structures in areas of
human activity. Here, populations increased exponentially over short time periods
(<3 months) suggesting that these habitats may act as source points for further dis-
persal. While often serving as first point of entry in marine non-natives (Carlton and
Geller 1993; Ruiz et al. 1997; Bax et al. 2002; Floerl et al. 2005), such habitats are
generally subject to frequent anthropogenic disturbances. These include boating
activities, marina related construction work and aquaculture or offshore wind farm
operations (Ruiz et al. 1997; Vitousek et al. 1997; Byers 2002a; Floerl et al. 2005),
leading to temporarily enhanced availability of resources including space and food
in these habitats (Davis et al. 2000). Non-native species such as C. mutica, often
showing wide phenotypic plasticity and rapid adaptation to environmental change
(Sakai et al. 2001), may be superior at colonizing and establishing populations in
temporarily disturbed (anthropogenic) habitats (Parker et al. 1993; Carlton 2000).
It is expected, however, that refuges in spatially diverse and species-rich natural
benthic habitats will reduce the probability of competitive encounters (Roda et al.
2000; Jackson et al. 2001; Byers 2002b) and promote co-existence of C. mutica and
native congeneric species (Shucksmith 2007).

No studies have looked at the impact of C. mutica on the economy to date. In
the summer months, high densities of this species have been known to block water
intakes on the pumps for the feeding system on caged finfish sites. Furthermore,
they have settled on mussel lines on the west coast of Scotland and Canada, which



The Japanese Skeleton Shrimp Caprella mutica (Crustacea, Amphipoda) 149

should have been covered with juvenile mussels (Mytilus edulis) (Sainte-Marie and
Cook pers. obs). Unfortunately, no studies have been performed to date to show
whether there is a relationship between the abundance of caprellids and the lack of
juvenile mussels. Preliminary studies, however, suggest that other reasons, such as
strong freshwater influence or natural predators may have been responsible for
the lack of juvenile mussels, and the presence of C. mutica was a consequence of
free settlement space (Boos, pers. obs.). There may also be an economic ‘cost’ to
the aquaculture industry, through having to clean the caprellids (which form a
major part of the fouling biomass in the summer months) from the cage nets but
this has not been calculated to date. The economic cost to the shipping and recre-
ational boating community could also be quite high in the future if this species, and
other hull fouling species, have to be disposed of to landfill rather than to the
marine environment; the current practice in many European countries.

No efforts to eradicate C. mutica from established sites have been attempted to
date. As population densities of this species are very high during the summer
months, efforts to control C. mutica, if necessary, are more likely to succeed over
the winter months, when growth and reproduction rates are at their minimum and
population densities are at their lowest. Control methods, using freshwater, aerial
exposure, traps and/or pheromones have not been tested as yet. However, it is likely
that the former two methods would be the most promising for this and other non-
native marine invertebrates. There is no known disease selective for C. mutica,
although a parasitic copepod has been found within the brood pouch of certain
caprellids, which mimics the morphology of the eggs (R. Huys pers. comm. 2009).
Further investigations on the impact that this parasite may have on the success of
C. mutica in colonising new habitats requires further investigation. There are no
biocides that are selective for this species. In contrast to potential risk or negative
impacts, Woods (2009) suggested the use of caprellid amphipods as a potential
marine finfish aquaculture resource. Its high and overall availability on artificial
structures, broad environmental tolerance and opportunistic feeding behaviour could
give C. mutica promising economic value for future aquaculture management.

5 Conclusions

During the past 40 years, Caprella mutica has become established along numerous
coastal areas worldwide. Where introduced, C. mutica is typically associated with
areas of human activity. Anthropogenic vectors such as shipping traffic, recre-
ational boating and aquaculture activities provide efficient dispersal mechanisms
for C. mutica, which lacks a planktonic larval stage. This species typically inhabits
artificial structures, reflecting its ability to colonize instable, fluctuating
environments. High reproductive output, rapid growth, early maturation and short
generation times may have significantly contributed to the successful establishment
of C. mutica outside its native range. In addition, the wide environmental toler-
ances of C. mutica, as well as its omnivorous feeding behaviour, provide excellent
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prerequisites for colonizing a variety of different microhabitats. The comparably
large body size, as well as its highly aggressive behaviour may also give this spe-
cies an advantage in interference competition with other species. Efficient and rapid
dispersal, decreased predation pressure and competitive superiority of C. mutica
inhabiting artificial structures may have contributed to the establishment of dense
populations. In addition, C. mutica has life history traits, such as the ability to
reproduce at low temperatures, the enhanced survivorship of winter hatchlings and
the high reproductive activity during summer, which have enabled it to successfully
adapt to seawater temperatures in Europe. The variable establishment success of
C. mutica at different European locations does not diminish the potential risk of
further range expansion. Yet, the invasion success of C. mutica in European coastal
areas is determined by the presence of suitable habitats providing reduced risk of
predation. Only on artificial structures does C. mutica meet conditions which
allow for the establishment of high population densities.

While this knowledge may provide encouragement for control and management
actions, the ongoing human globalisation (Perrings et al. 2005) and particularly
ever-increasing number of anthropogenic constructions in marine and estuarine
environments (e.g., offshore wind parks, maricultures and boating harbours) pro-
vide an increasing number of ‘invasion opportunities’ for C. mutica and non-native
species in general along all coastal zones of the world (Carlton and Geller 1993;
Wilhelmsson and Malm 2008).
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Barnacle Invasions: Introduced, Cryptogenic,
and Range Expanding Cirripedia of North
and South America

James T. Carlton, William A. Newman, and Fabio Bettini Pitombo

Abstract Barnacles are some of the most conspicuous and well-known ship fouling
organisms in the world and thus many species no doubt owe parts of their modern
distribution to human-mediated translocations over the past several centuries.
Reviewed here, as a window into global patterns, are the introduced, cryptogenic,
and range expanding barnacles of the Atlantic and Pacific coasts of North and South
America. Five species of thoracic barnacles have invaded the Pacific coasts of
the Americas: Amphibalanus improvisus, A. eburneus, and A. subalbidus, all from
the Atlantic, and A. amphitrite and A. reticulatus from the Indo-West Pacific. Seven
species have invaded the Atlantic coasts of the Americas; six of these are from the
Pacific: A. amphitrite and A. reticulatus (shared as invaders with the Pacific coast),
and Balanus trigonus, B. glandula, Striatobalanus amaryllis, and Megabalanus
coccopoma. The Western North Atlantic A. subalbidus has invaded the Western
South Atlantic. Striking are the few barnacle invasions that have occurred on the
Pacific coast of South America and these species (A. improvisus, A. amphitrite and
A. reticulatus) are reported only from northernmost locations (Ecuador, Colombia,
and Peru). For the first 100 years (1853-1955) two species, A. amphitrite and
A. improvisus, constituted the majority of invasion events in the Americas, the
sole exception being the arrival of the Pacific Balanus trigonus in the 1860s and
1870s in the Atlantic. After 1955, the first records of invasions of A. reticulatus,
A. eburneus, B. glandula, M. coccopoma, and S. amaryllis appear, an increased
diversity of introductions in close concert with general observations of increasing
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invasions globally of marine organisms after World War II. Known since the 1970s
in Brazil, M. coccopoma appears to be responding to warming northern latitudes
and has expanded to North Carolina as of 2005. The native Western Atlantic
barnacle Chthamalus fragilis arrived in New England in the 1890s, a range expan-
sion perhaps facilitated by an earlier coastal warming period concomitant with
the decline in abundance of its colder-water competitor Semibalanus balanoides,
although the latter also appears to have expanded south on the North American
Atlantic coast in the twentieth century due to increased habitat availability.
Chthamalus is predicted to move north, and Semibalanus is predicted to return to its
historical range, both due to continued warming. In turn, the native Eastern North
Pacific barnacle Tetraclita rubescens is expanding north due to coastal warming as
well. Future invasion scenarios include increased introductions facilitated through
a newly expanded Panama Canal, the potential arrival of Austrominius modestus
on the North American Atlantic coast (despite its failure to do so throughout the
last half of the twentieth century), and the arrival on the warmer North and Central
American Pacific coasts of Chthamalus proteus.

Keywords Cirripedia « Barnacles o Invasive e Introduced o Range expansion
e Climate change ¢ Balanus o Amphibalanus * Megabalanus « Loxothylacus
o Austrominius o Chthamalus e« Tetraclita « Semibalanus e Fistulobalanus
e Paraconcavus e Striatobalanus

1 Introduction

Barnacles are some of the most conspicuous fouling organisms in the world, known
to all who are familiar with the common marine life on boat hulls or pier pilings.
Barnacles are often equally common on commercial shellfish, such as oysters, and
as such, along with their proclivity to be transported by ships, are subject to being
introduced to new regions of the world through maritime commerce. No global
review of alien barnacles is available, although many species, at least, no doubt owe
parts of their modern distribution to human-mediated translocations over the past
several centuries. While Hosie and Ahyong (2008) stated that known cases of
barnacle introductions worldwide “are surprisingly few” the opposite is actually the
case for the Americas alone, as documented here.

Nineteenth and early-twentieth century cirripedologists and other workers were
well aware of the role of ships in coastal, transoceanic, and interoceanic (intercon-
tinental) dispersal of barnacles (Darwin 1854; Pilsbry 1916; see also Bishop 1951;
Kiihl 1963; Carlton 2011). Harrington and Griffin (1897) noted that a barnacle,
identified as “Balanus tintinnabulum” was “so effective in covering the keels of
ships, plying between Puget Sound and the Orient, that the bottoms must be scraped
after every four voyages”. Pilsbry (1909), in a paper on the barnacles of Peru,
speculated that “Balanus tintinnabulum” was “probably derived from an oriental
center”, noting that it was “one of the most abundant forms carried on ship bottoms.
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Whether it reached the west coast of South America by natural means, or was
carried there by commerce has not been ascertained. If it proves to be wanting in
Pleistocene or Pliocene deposits of the west coast, the theory of recent introduction
may safely be held”. While we now know that Pilsbry was working with the native
Pacific South American Megabalanus concinnus (Darwin, 1854) (Henry and
McLaughlin 1986), important here is his awareness of the potential for human-
mediated modifications of barnacle distributions, as well as the value of the fossil
record in helping to resolve barnacle biogeography. In the same paper, Pilsbry
noted the presence of Lepas anatifera on the bottoms of local vessels, known
as lanchas (launches), which were used as lighters at the Chincha Islands for
embarking guano.

Reviewed here, as a preliminary window into global patterns, are the alien
(introduced) thoracic (and one rhizocephalan) barnacle on the Atlantic and Pacific
coasts of North and South America. Also considered are examples of intracontinental
range expansions and introductions within the Pacific and Atlantic Oceans, and
noted are several species previously referred to as introductions that are considered
either questionable records or native taxa.

2 Vectors That Transport Barnacles Across
and Between Oceans

Numerous human-mediated or human-influenced vectors are known to transport liv-
ing barnacles into regions where they do not or did not previously occur (Tables 1 and
2). Examples are presented of such vectors where transport of balanomorph barnacles
has been documented (Table 1) as well as examples of species involved in such epi-
sodes (Table 2). Neither table is exhaustive, but all major vectors are shown in
Table 1: these include fouling and ballast transport on a wide variety of sea-going
vessels, the movement or detachment of buoys, commercial movements of living
organisms with attached barnacles, and human-generated debris on the ocean surface.
While balanomorph barnacles can drift on “natural” substrates such as tree limbs,
drifting plastic persists far longer than natural substrates, is often more abundant than
natural substrates, and is present where natural substrates are often rare, such as in the
Antarctic and Arctic (Barnes and Milner 2005). Not shown on the table are two addi-
tional vectors that may have transported or do transport barnacles, but for which we
have not yet found direct evidence of barnacle transport: the movement for centuries
of shore rocks for ballast (Carlton 2007) and the movement of marina floats (pon-
toons) (Carlton 2001: 11). Both are highly probable barnacle habitats.

Table 2 presents a sample of 46 species (excluding subspecies) associated
with seven vectors, sufficient to suggest some broad potential patterns. Four
families are represented: Chthamalidae (Chthamalus, Euraphia), Tetraclitidae
(Epopella, Newmanella, Tesseropora, Tetraclita), Archaecobalanidae (Austrominius,
Hesperibalanus, Semibalanus, Solidobalanus, Striatobalanus) and Balanidae
(Amphibalanus, Balanus, Austromegabalanus, Fistulobalanus, Megabalanus,
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Table 1 Documented human-mediated transport vectors of balanomorph barnacles

@ External fouling on vessel (Ship, platform, drydock) hulls or other
surfaces
(A) Cargo, cruise, research, fishing, barge, tug, replica, and military vessels
(B) Recreational vessels
(C) Derelict vessels towed between oceans
(D) Semisubmersible oil platforms and drill vessels
(E) Floating dry docks

(II) Internal fouling in vessel sea chests or sea water pipe systems
(A) Sea chests
(B) Sea water pipe systems

(III) Ballast tanks or ballasted cargo holds
(A) Plankton: nauplii and cyprids
(B) Fouling: juvenile or adult barnacles

(IV) Buoys
(A) On navigation buoys(moved from one site to another)
(B) On aquaculture buoys (detached and floating at sea)

(V)  Commerce: seafood, mariculture, fish egg harvesting, marine biosupply
(A) Live seafood
(1) Lobster shipments: on seaweed packed as dunnage
(ii) Oyster shipments
(B) Mariculture: commercial oysters for open-sea planting
(C) Opyster shell transplants (for cultch)
(D) Fish egg harvesting: in kelp transplanted for herring egg industry
(E) Marine biosupply shipments

(VI) Habitat-ecosystem restoration projects
(A) Oyster shell transplants (for restoration)

(VII) Other human-influenced or human-mediated vectors
(A) On drifting plastic or other anthropogenic materials
(B) On marking-tracking tags on marine animals
(i) On migratory birds
(ii) On fish

Notomegabalanus, Perforatus). Nearly 75% of the species in Table 2 are balanids,
and, of these, fully two-thirds are amphibalanines or megabalanines. Of no small
interest is that approximately one-quarter (11) of the species shown in Table 2 have
been introduced on the Atlantic or Pacific coasts of Americas, as detailed below.

Common species appearing in many shipping records are Amphibalanus amphi-
trite, A. eburneus, A. improvisus, A. reticulatus, Balanus trigonus, and Megabalanus
tintinnabulum (Table 2). Not surprisingly, these species have all been introduced to
new regions around the world. Associated with the widest range of vectors are
Amphibalanus amphitrite and A. improvisus.

Certain species, such as Balanus crenatus, are considered to be naturally distributed
over broad ranges, and yet are also associated with global transport mechanisms
such as shipping (Table 2). In these cases, cryptic patterns of invasions may be
buried within seemingly natural distributions; we predict that careful assessment of
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Table 2 Examples of balanomorph barnacle species transported on human-mediated vectors

Barnacle species® associated with

Vector vector (nomenclature updated)  Reference

(I) External fouling on vessel (ship, platform, drydock) hulls or other surfaces
(A) Cargo, research, fishing, barge, tug, replica, and military vessels (numerous papers

document ship-borne barnacle transport; a few examples are listed here:)

West Africa, India, China
==>England
Bengal and China ==> England

England ==> Africa ==> Patagonia

==> England

Indo-Pacific ==> Ireland

San Francisco ==> Hong Kong
==>Java ==> India ==>
Philadelphia

West Indies ==> Massachusetts

Germany (vessels arriving from
the Atlantic, Indian, and Pacific
Oceans)

Atlantic coast of the United States
(military vessels arriving from
the Atlantic, Indian, and Pacific
QOceans)

England ==> Netherlands

New Zealand ==> Panama Canal
==> England

South Africa (regional vessels and
some overseas traffic)

Japan/Korea ==> Australia

South Pacific/West Pacific ==>
Puget Sound (Washington)

Megabalanus tintinnabulum

Megabalanus coccopoma
Megabalanus tintinnabulum
Austromegabalanus psittacus
Megabalanus tintinnabulum
Megabalanus zebra
Megabalanus occator
Megabalanus tintinnabulum
Tetraclita squamosa patellaris
Newmanella radiata
Amphibalanus amphitrite
Amphibalanus improvisus
Balanus crenatus
Austromegabalanus psittacus
Megabalanus tintinnabulum
Amphibalanus amphitrite
Amphibalanus eburneus
Amphibalanus improvisus
Balanus crenatus
Megabalanus tintinnabulum
Megabalanus tulipiformis
Amphibalanus improvisus
Austrominius modestus
Amphibalanus amphitrite
Austrominius modestus
Balanus trigonus
Amphibalanus amphitrite
Austromegabalanus cylindricus
Balanus trigonus
Notomegabalanus algicola
Fistulobalanus albicostatus
Megabalanus tintinnabulum
Megabalanus volcano
Amphibalanus amphitrite
Megabalanus rosa
Megabalanus tintinnabulum
Megabalanus volcano
Striatobalanus amaryllis

Darwin (1854)
Darwin (1854)
Darwin (1854)
Pilsbry (1916)
Pilsbry (1916)
Pilsbry (1916)

Hentschel (1923)

Visscher (1928)

Bishop (1947)

Bishop (1947)

Millard (1952)

Allen (1953)

Eyerdam (1959)°

(continued)
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Vector

Barnacle species® associated with

vector (nomenclature updated)  Reference

New Zealand (coastal and some
overseas traffic)

Far Eastern seas north of The
Japan Sea

Adriatic Sea (coastal and some
overseas traffic)

China (coastal traffic)

China (coastal traffic in Daya Bay)

California coast (Oregon ==>
California)

Western Pacific: Russian shipping
lines on routes from Bering Sea
to Vietnam

Hawaiian Islands <==> California
Hawaiian Islands: interisland
barges/tugs

Amphibalanus amphitrite Skerman (1960)
Amphibalanus cirratus
Austromegabalanus decorus
Austrominius modestus
Balanus trigonus
Euraphia hembeli
Solidobalanus auricoma
Balanus balanus
Balanus crenatus
Balanus rostratus
Chthamalus dalli
Semibalanus balanoides
calcaratus
Semibalanus cariosus
Hesperibalanus hesperius
Amphibalanus amphitrite
Amphibalanus eburneus
Tetraclita squamosa
Amphibalanus amphitrite
Fistulobalanus kondakovi
Amphibalanus amphitrite
Amphibalanus cirratus
Balanus trigonus
Chthamalus sinensis
Megabalanus tintinnabulum
Balanus crenatus

Rudyakova (1967)

Igic (1968)

Huang et al. (1979)

Yan and Huang
(1993)

Carlton and Hodder
(1995)

Amphibalanus amphitrite Zvyagintsev (2000)

Amphibalanus eburneus

Amphibalanus improvisus

Amphibalanus reticulatus

Balanus crenatus

Balanus rostratus

Balanus trigonus

Fistulobalanus albicostatus

Megabalanus rosa

Megabalanus tintinnabulum

Semibalanus cariosus

Godwin (2003)¢
Godwin et al. (2004)

Chthamalus proteus
Amphibalanus amphitrite
Amphibalanus reticulatus
Chthamalus proteus
Euraphia hembeli
Megabalanus tanagrae
Tesseropora pacifica

(continued)
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Table 2 (continued)

Vector

Barnacle species® associated with

vector (nomenclature updated)

Reference

(B)

©

D)

(B

Marshall Islands ==> Hawaiian

Islands

Southern Ocean (south of
Australia)

Recreational vessels

New England coast

(Maine <==> Long Is Sound)

Japan ==> Hawaii

California ==> Mexico ==> Hawaii

Galapagos ==> Hawaii

Euraphia hembeli
Tesseropora pacifica
Amphibalanus amphitrite
Austrominius modestus

Amphibalanus improvisus

Amphibalanus eburneus
Amphibalanus amphitrite
Amphibalanus eburneus
Amphibalanus reticulatus
Amphibalanus amphitrite
Balanus trigonus
Chthamalus proteus
Megabalanus californicus
Megabalanus peninsularis

Derelict vessels towed between oceans
California ==> Panama Canal ==> Amphibalanus improvisus

Texas

Semisubmersible oil platforms and drill vessels

Japan ==> New Zealand

Brazil

Brazil ==> Tristan da Cunha

Floating dry docks
Hawaiian Islands ==> Guam

China ==> Korea ==> Puerto Rico

==> Maine

Amphibalanus amphitrite
Amphibalanus improvisus
Amphibalanus reticulatus
Amphibalanus variegatus
Fistulobalanus albicostatus
Megabalanus rosa
Megabalanus volcano
Tetraclita squamosa japonica
Balanus trigonus
Megabalanus coccopoma®
Megabalanus tintinnabulum
Balanus sp.

Megabalanus tintinnabulum
Tetraclita sp.

Amphibalanus eburneus
Amphibalanus reticulatus
Chthamalus proteus
Chthamalus sp.
Megabalanus volcano
Megabalanus zebra

Godwin et al. (2004)

Lewis et al. (2005)

Carlton, Kapoor,
Mintz

(unpubl.)
Godwin et al. (2004)

Godwin et al. (2004)

Godwin et al. (2004)

Davidson et al.
(2008a)

Foster and Willan
(1979)

Farrapeira (2006)

Wanless et al. (2010)

DeFelice (1999);
see also, Paulay
etal. (2002): 414

M. Bowen, 2001,
pers. comm.

(continued)
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Vector

Barnacle species* associated with
vector (nomenclature updated)

Reference

(IT) Internal fouling in vessel sea chests or sea water pipe systems

(A) Sea chests
Southeastern Australia

(B) Sea water pipe systems
“Orient” ==> San Francisco Bay

Amphibalanus cirratus
Austrominius modestus

Amphibalanus amphitrite

(IIT) Ballast tanks or ballasted cargo holds

(A) Plankton: nauplii and cyprids
Massachusetts
Europe ==> Great Lakes
Japan ==> Oregon

Black Sea/Turkey/Adriatic Sea ==>
Adriatic Sea

Asia ==> Puget Sound, Washington

Vladivostok, Russia: vessels sailing
on Russia-Japan and Russia-
China routes

Fouling: juvenile or adult barnacles

Japan ==> Oregon

B)

Washington <==> California
Germany (coastal and overseas
traffic)

(IV) Buoys®

Semibalanus balanoides
Austrominius modestus
Amphibalanus spp.?;

unidentified species
unidentified species

unidentified species
Balanus crenatus

Amphibalanus sp. (settled during
11 day voyage)
Balanus sp.
Amphibalanus amphitrite
Amphibalanus cirratus
Amphibalanus eburneus
Amphibalanus improvisus
Amphibalanus reticulatus
Amphibalanus variegatus
Austromegabalanus campbelli
Austrominius modestus
Balanus balanus
Balanus crenatus
Balanus trigonus
Fistulobalanus kondakovi
Epopella simplex
Megabalanus tintinnabulum
Perforatus perforatus
Semibalanus balanoides
Striatobalanus amaryllis

(A) On navigation buoys (moved from one site to another)

California coast ==> Salton Sea CA

Amphibalanus amphitrite

Coutts et al. (2003)

Newman (1963)

Carlton (1985)
Carlton (1985)
Carlton and Geller
(1993);
Carlton (unpubl.)
David et al. (2007)

Cordell et al. (2009)

Zvyagintsev et al.
(2009)

Carlton (unpubl.)

Carlton (unpubl.)

Gollasch et al.
(2002)¢

See herein

(continued)
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Table 2 (continued)

Barnacle species® associated with

Vector vector (nomenclature updated)  Reference
(B) On aquaculture buoys (detached and floating at sea)
Chile, coastal waters Austromegabalanus psittacus Astudillo et al.
(2009)

V)
A)

(B)

Commerce: seafood, mariculture, fish egg harvesting, marine biosupply

Live seafood
(i) Lobster shipments: on/in seaweed packed as dunnage

New England ==> California Amphibalanus venustus Miller (1969)

(i1) Oyster shipments

Puget Sound ==> Connecticut Balanus crenatus Carlton,
Mohammad,
Huynh
(unpubl.)

Puget Sound ==>Washington, D.C. Balanus glandula* Carlton (unpubl.)

Mariculture: commercial oysters for open-sea planting

Japan ==> California Fistulobalanus albicostatus

Japan ==> France Amphibalanus amphitrite
Amphibalanus improvisus

Fistulobalanus albicostatus

Bonnot (1935)
and Henry and
McLaughlin
(1975)¢

Gruet et al. (1976)

(C) Oyster shell transplants (for cultch)
California Balanus glandula Cohen and Zabin
Chthamalus dalli (2009)
(D) Fish egg harvesting: in kelp transplanted for herring egg industry
Southern California ==> Oregon  Megabalanus californicus" Carlton 1992,
p- 35 (as
“barnacles”);
Carlton
(unpubl.)
(E) Marine biosupply shipments: phoretic species
California ==> Connecticut Balanus trigonus' Carlton,
Megabalanus californicus' Mohammad,
Huynh
(unpubl.)

(VI) Habitat-ecosystem restoration projects

(V)

Opyster shell transplants (for restoration)
California Balanus glandula
Chthamalus dalli

(VII) Other human-influenced or — mediated vectors
(A) On drifting plastic or other anthropogenic materials (see text discussion)

North Atlantic: Shetland Islands  Austrominius modestus

Arctic and sub-Arctic Semibalanus balanoides

Cohen and Zabin
(2009)

Barnes and Milner
(2005)

Barnes and Milner
(2005)

(continued)
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Table 2 (continued)

Barnacle species® associated with

Vector vector (nomenclature updated)  Reference
Spain ==> Wales Perforatus perforatus Rees and
Southward
(2008)

(B) On marking-tracking tags on marine animals’

(i) On migratory birds*

Africa ==> Finland, Norway Fistulobalanus albicostatus Tottrup et al.
(2010)

Fistulobalanus pallidus

(ii) On fish'

New Zealand Austromegabalanus decorus Jones and Foster
(1978)

Key: ==> one-way traffic, <==> two-way traftic

*With the exception of Vector VI-A (oyster shell transplants), listed are only those species found
alive at the end of the noted voyage, transit, or incident. Species are listed twice in one instance:
Vector V-C and VI-A, as the same incident applies to two distinct vectors

®Eyerdam (1959) believed the vessel sampled came from the Hawaiian or Marshall Islands, an
origin mistakenly repeated by Carlton (1987: 454, Table 1); while the bivalves could be from
the Hawaiian Islands, the barnacles on the vessel do not occur in the Hawaiian or Marshall
Islands, but rather are found in the Western, South and/or Indo-Pacific, as the bivalves do
as well

¢ Chthamalus proteus: on ocean-going barges that had departed the Hawaiian Islands, sailed to
California and the Pacific Northwest, and were still alive on the same barges when they returned
to Honolulu Harbour

4From species list referred to as “Table A1” in Gollasch et al. (2002), available at: http://www.
corpi.ku.lt/nemo/aqua_app_gollasch.pdf (accessed July 20, 2010), not the website provided in
Gollasch et al. 2002: 224. For detailed vessel origin and other data, see Lenz et al. (2000)
¢Intertidal and subtidal barnacles are common on navigation and other buoys (Pilsbry 1916;
Gray 1940; WHOI 1952; Fradette and Bourget 1980; Bourget et al. 2003; Knott 2006), which
when and if dislodged may transport their fouling communities along coastlines; see espe-
cially Kerckhof and Cattrijsse (2001) for a description of the cirriped fauna on buoys on the
Belgian coast

fBalanus glandula survived 13 days out of water (from oyster harvest in Puget Sound until
re-submergence in seawater in a laboratory nearly 2 weeks later in Connecticut)

2Of interest is that Bonnot (1935) found Fistulobalanus albicostatus on a shipment of Pacific
oysters (Crassostrea gigas) planted in Elkhorn Slough, Monterey Bay, California in 1930,
while Henry and McLaughlin (1975: 109, 114) reported a single species collected from
“Ostrea sp.” (almost certainly Crassostrea gigas) 225 km to the south of Elkhorn Slough in
Morro Bay, California. These records suggest that F. albicostatus was likely released on a
regular basis into oystering bays from California to Canada throughout the twentieth century;
no established populations are known. Gruet et al. (1976) similarly reported it transported on
C. gigas to France

"Epizoic on crab Pugettia producta amongst kelp Macrocystis

iBarnacles on stalked seasquirts (Styela) shipped from biosupply company

A further example of barnacle transport on tagged animals is provided by Reisinger et al. (2010),
who reported Lepas australis on tags (satellite-relay data loggers) on elephant seals in the
Southern Ocean

¥On plastic leg rings on the Lesser Black-backed Gull Larus fuscus

'On plastic tag attached to a trevally (Caranx georgianus) collected in New Zealand


http://www.corpi.ku.lt/nemo/aqua_app_gollasch.pdf
http://www.corpi.ku.lt/nemo/aqua_app_gollasch.pdf
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the fossil record, combined with molecular genetic work, will reveal that some
portions of seemingly cosmopolitan or near-cosmopolitan distributions will be
found to be due to modifications in the past few hundred years. Where the fossil
record supports wide distributions prehistorically, it may nevertheless be that extensive
genetic mixing has occurred.

3 Introduced and Cryptogenic Cirripedia of the Americas

Treated here are case histories of 17 species of barnacles (Tables 3 and 4): five species
have been introduced to the Pacific coasts of the Americas, and seven species have
been introduced to the North and South American Atlantic coasts (Tables 3 and 4; Fig. 1).
Several species are considered cryptogenic (species for which clear evidence of being

Table 3 Summary of Barnacle species treated herein and their status on the Pacific and Atlantic
coasts of North and South America

Pacific coasts

Atlantic coasts

Introduced
Amphibalanus amphitrite
Amphibalanus eburneus
Amphibalanus improvisus
Amphibalanus reticulatus
Amphibalanus subalbidus

Cryptogenic
Balanus calidus/Balanus spongicola

Establishment uncertain:

Panama canal locks:

Balanus calidus

Fistulobalanus pallidus

Range expansions of native species

Introduced

Amphibalanus amphitrite
Amphibalanus reticulatus
Balanus glandula

Balanus trigonus
Megabalanus coccopoma
Striatobalanus amaryllis
Loxothylacus panopaei
South America:
Amphibalanus subalbidus
Cryptogenic
Western—Eastern Atlantic:
Fistulobalanus pallidus
Megabalanus tintinnabulum
Western Atlantic: South America:
Amphibalanus eburneus
Amphibalanus improvisus

Range expansions of native species

Tetraclita rubescens (South ==> North) Chthamalus fragilis (South ==> North)

Semibalanus balanoides (North ==> South)

Temporary range expansions of native species Temporary range expansions of native species

Megabalanus coccopoma (South ==> North) North of Cape Hatteras:

Megabalanus californicus (South ==> North) Amphibalanus subalbidus (South ==> North)
South of Cape Hatteras:

Semibalanus balanoides (North ==> South)
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Table 4 Introduced barnacles (Cirripedia) of North and South America: Origins and summary

of sites and timing of introduction

Species Origin

Introduced to (selected first records):(date
of first record, location)

Amphibalanus amphitrite Indo-Pacific
(Darwin, 1854)

Amphibalanus eburneus  Northwest Atlantic

(Gould, 1841)

Amphibalanus improvisus Northwest Atlantic
(Darwin, 1854)

Amphibalanus reticulatus Indo-Pacific
(Utinomi, 1967)

Amphibalanus subalbidus Northwest Atlantic

EP:

1914 California (Henry and McLaughlin 1975)

1946 Gulf of California (Ibid.)

1960 Mexico (Ibid.)

1974 Balboa, Panama (Spivey 1976)

1999 Peru (Pitombo unpubl.)

WA:

1940 Brazil (de Oliveira 1941)

1952 Bermuda; Gulf of Mexico (Ibid.)

1955 North Carolina (Ibid.; see text for date)

1966 Argentina (Bastida 1969)

EP:

1959 Gulf of California (Henry and
McLaughlin 1975)

1963 Mexico (Ibid.)

1964 Panama (Newman 1964)

2000 California (Cohen et al. 2005)

EP:

<1854 Ecuador and West Colombia
(Darwin 1854)

1853 California (San Francisco) (Carlton and
Zullo 1969)

1889 Gulf of California (Henry and
McLaughlin 1975)

EP:

1984 Mexico (Laguna 1985)

1998 Gulf of California (Gomez-Daglio and
Gonzalez 2006)

2000 Panama (Cohen 2006)

WA:

1956 Puerto Rico (Henry and McLaughlin 1975)

1965 Trinidad (Henry and McLaughlin 1975)

1969 Florida (east coast) (Moore et al. 1974)

[within Brazil, north to south; see text for
references:]

1990 Pernambuco State

1992 Bahia State

1996 Rio de Janeiro State

2004 Parana State

EP:

1989 Gulf of California (Van Syoc 1992)

WA (South America):

1994 Paraiba (Young 1994)

2004 Pernanbuco (Farrapeira et al. 2007)

(continued)
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Table 4 (continued)

Introduced to (selected first records):(date

Species Origin of first record, location)
Balanus glandula Eastern Pacific WA:
Darwin, 1854 1974 Argentina (Bastida et al. 1980)
Balanus trigonus Pacific WA (see Table 2 for references)
Darwin, 1854 1864 Brazil

1879 West Indies
1961 Florida (east coast); North Carolina
Megabalanus coccopoma Indo-Pacific WA:
(Darwin, 1854) 1974 Brazil (Lacombe and Monteiro 1974)
2001 Gulf of Mexico (Perreault 2004)
2005 North Carolina (Knott 2006)
Striatobalanus amaryllis  Indo-Pacific WA:
(Darwin, 1854) [within Brazil, north to south; see text for
references:]
1982 Piaui State
1990 Pernambuco State
1992 Bahia State
2005 Parana State
Loxothylacus panopaei Northwest Atlantic WA:
(Gissler, 1884) 1964 Chesapeake Bay (Van Engel et al. 1966)
1983 North Carolina (Hines et al. 1997)
2004 Florida (Kruse et al. 2011)
Cryptogenic species, such as Amphibalanus improvisus and A. eburneus on the South American
Atlantic coast, are not included here
Abbreviations: WA Western Atlantic Ocean (North, Central, and South America, including the
Gulf of Mexico and Caribbean), EP Eastern Pacific Ocean (North, Central, and South America,
including the Gulf of California and the Galapagos Islands)

native or introduced is absent), and examples of permanent and temporary range
expansions of native species on both Atlantic and Pacific shores are discussed.

While Ferreira et al. (2009) reported that three species of barnacles were intro-
duced to the Brazilian coast (to which we add two species, Amphibalanus amphi-
trite and A. subalbidus), Farrapeira (2010) reports 25 alien species of barnacles in
Brazil. Her list includes many species known only from the Western Atlantic
Ocean, parasitic taxa (Sacculina hirsuta), symbiotic and commensal species (such
as Platylepas spp. and Octolasmis spp.), and coral-embedded species (such as
Ceratoconcha spp., Lithotrya dorsalis). While authors of this present study agree
with Farrapeira (2010) that many invasions may have occurred in the early days of
sail, long before the first distributional records are available, Farrapeira (2010)
notes that many of the species she lists as non-native to Brazil are capable of natural
rafting or are “wide-ranging symbionts of mobile hosts”. Farrapeira (2010)
attempted to assign the “original distribution” of species in part based upon a
taxon’s type locality, but type localities do not necessarily indicate a species’ origin,
nor do they imply that dispersal occurred from that site. The treatment of previous
workers is retained, and consequently this study regards most of the “exotic”
species of Farrapeira as native to Atlantic South America.
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North America Pacific
1853 improvisus
1914 amphitrite
2000  eburneus

Gulf of California
1889 improvisus
1946 amphitrite
1959 eburneus

1989  subalbidus
1998  reticulatus

Mexican Pacific
1960  amphitrite
1963 eburneus

1984  reticulatus

Pacific Panama (including
Pacific-side locks of Canal)
1964 eburneus

1974 amphitrite

2000  reticulatus

1955
1961
1969
2005

North America Atlantic

amphitrite
trigonus

reticulatus
coccopoma

Gulf of Mexico/Caribbean

1879 trigonus
1952 amphitrite
1956  reticulatus
2001 coccopoma

South America Pacific
<1854 improvisus
1999  amphitrite
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South America Atlantic
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1940
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trigonus
amphitrite
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amaryllis
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Fig. 1 Distribution and chronological appearance of introduced thoracic barnacles on the Pacific
and Atlantic coasts of North and South America. Base map from http://www.kontree.com/world/

americas/index_files/America_blank_map.png

4 Balanomorpha: Balanidae: Amphibalaninae

4.1 Status of Amphibalanus eburneus and Amphibalanus
improvisus on the Atlantic Coast of South America

Young (1995: 249) proposed that Amphibalanus eburneus was native to the North
Atlantic Ocean and was introduced to Atlantic South America, noting that on the
Southwestern Atlantic coast it has “a very restricted distribution usually being
found [in] polluted bays with harbors.” Henry and McLaughlin (1975) record no
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specimens from the Atlantic coast of South America. Young (1994) cited
Luederwaldt (1919) as the first record of A. eburneus for Brazil, in a mangrove
community at Santos, Sdo Paulo State. de Oliveira (1941, as Balanus amphitrite
niveus, in part: see Henry 1974; Henry and McLaughlin 1975) appears to be the
next to report it from Brazil, based upon collections made circa 1937-1940 in
Guanabara Bay, Rio de Janeiro. In 2006 it was found on test panels in a mussel farm
in Santa Catarina State, South Brazil (Cangussu et al. 2007) and in 2006 it was also
reported in estuarine areas in northeast Brazil (Farrapeira 2006).

Orensanz et al. (2002) proposed that Amphibalanus improvisus may be crypto-
genic in Uruguay and Argentina, in both of which countries Darwin (1854) found
it in 1833 on the voyage of the Beagle. Neves and da Rocha (2008) list it as cryp-
togenic in Brazil. The west coast of South America had been visited regularly by
North Atlantic vessels since the 1500s, making introduction of both A. eburneus
and A. improvisus possible.

As the fossil record of these species on the Atlantic coast of South America
requires review (for example, Tavora et al. 2005, who identify A. eburneus and
A. improvisus from the “Eomiocene” of Brazil based only on shells and not oper-
cular valves; they also note earlier reports of both species from the South American
fossil record), both species are provisionally regarded as cryptogenic on the South
American Atlantic coast. Regardless, noted here is that, at the least, extensive
genetic mixing may well have occurred between North and South Atlantic stocks
as a result of movement on ship hulls.

Farrapeira (2010) reviews the distribution of both species in northeast Brazil.

4.2 Amphibalanus amphitrite (Darwin, 1854)

There are no modern surveys of the amphibalanine barnacles of North American
estuaries and bays. It would thus not be surprising to find that other pink-striped
species have invaded but remain confounded with A. amphitrite. For example, a
re-examination of populations of A. amphitrite from southern California to South
America may reveal the cryptic presence of A. venustus, as well as additional
populations of Amphibalanus reticulatus, discussed below.

PACIFIC This Indo-Pacific (“Near East”, Zullo 1966b) warm-water species has
been transported by ships for centuries, making its aboriginal distribution throughout
the Indian Ocean and the Western Pacific Ocean difficult to determine (cf. Kiihl
1963). It has been found in the Mediterranean at an archaeological site of the
“Carthaginian naval base near Tunis” in North Africa, dated to the second century
B.C., or more than 2,000 years ago (Southward 1998: 23; Wirtz et al. 2006),
although the provenance of the vessels that may have brought it to that naval base
is not known. Amphibalanus amphitrite appeared in the Northeastern Pacific in the
years around World War I. It now occurs from the Los Angeles, California area
(Cohen et al. 2005) to Panama (Henry and McLaughlin 1975); an additional
isolated, but locally abundant population exists in San Francisco Bay, California.
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The earliest collections are 1914 from Los Angeles Harbour (Henry and McLaughlin
1975, as Balanus amphitrite saltonensis) and 1919 from the San Diego area
(La Jolla, Henry and McLaughlin 1975); Zullo et al. (1972) reported it in the San
Diego area as well, based upon collections made in 1921 and 1927.

Establishment on the summer-warm margins of San Francisco Bay by 1938
(Carlton 1979a; not 1929, as given in Mooi et al. 2007) may have been from either
overseas shipping or secondary dispersal from southern California; Rogers (1949)
described San Francisco Bay populations as the subspecies Balanus amphitrite
herzi and B. a. franciscanus, both synonyms of A. amphitrite.

The earliest record from the Gulf of California is 1946; the first record from
western Mexico, at Acapulco, is 1960 (Henry and McLaughlin 1975). Ross (1962)
reported it living on the native barnacle Tetraclita squamosa stalactifera in 1957 at
San Carlos, Sonora, Gulf of California. Henry (1960) reported specimens collected
in 1959 at Guaymas in the Gulf of California, and speculated that the failure of
Steinbeck and Ricketts (1940) to find this species in 1940 (although A. improvisus
was collected by them at that time) may be evidence that it was introduced after
between 1940. Gomez-Daglio and Gonzalez (2006) found it at La Paz (1998-1999)
from the intertidal zone to 40 m, including on red mangrove bark and prop roots
and embedded in the gorgonians Muricea sp. and Lophogorgia spp. Amphibalanus
amphitrite was first collected at La Punta, Lima, Peru, in 1999, in an embayment
on artificial rock, establishing its southernmost range to date.

Whether A. amphitrite populations at Balboa, at the Pacific entrance of the
Panama Canal, (1) represent direct transport through the Panama Canal from
Atlantic populations (Cohen 2006), (2) are derived from southern expansion of
earlier populations established to the north in Mexico, or (3) represent a separate
introduction from the Western Pacific, may be resolvable by genetic analyses.
Spivey (1976) first reported specimens at Balboa based upon 1974 collections,
where it was associated with five other barnacle species.

Henry (1960) noted that A. amphitrite co-occurred with Chthamalus fissus and
Tetraclita squamosa in the Gulf of California. Henry and McLaughlin (1975) note
its association with seven additional species of barnacles from California to
Mexico. Newman (1967) documented the distributional ecology, osmoregulatory
and feeding physiology, and desiccation tolerance of this species and A. improvisus,
in San Francisco Bay.

In World War II (WWII) this species was transported accidentally to a large
inland saline lake, the Salton Sea, in the Colorado Desert of southern California.
The Sea was created in 1905 by flooding of the Salton Basin by the Colorado River;
in the decades that followed, many salt water species were introduced accidentally
or intentionally. It was introduced “when buoys from San Diego Bay used to mark
seaplane lanes were hastily transported there” (Newman and Abbott 1980), not by
ballast water as stated by Tattrup et al. (2010). The barnacles were abundant by
1944 (Hilton 1945), and they remain abundant in the hypersaline (43—44 psu)
waters of the Sea, so much so that some beaches in the Sea are composed almost
entirely of barnacle shells, resulting in perhaps the only shores in the world created
by an introduced species.
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Although having been transported from the coast to an inland location only
about 5 years earlier, Rogers (1949) described the Salton Sea population as a new
subspecies, Balanus amphitrite saltonensis, arguing that the “orifice is proportion-
ately much larger, the radii are somewhat broader, the adductor pit on the scutum
is almost lacking and the intermediate ridge is usually more prominent” than typical
A. amphitrite.

While generally treated as a synonym of the stem species, B. a. saltonensis was
retained as a valid subspecies by Henry and McLaughlin (1975), who distinguished
B. a. saltonensis from B. amphitrite amphitrite by the former having parietal tubes
usually with transverse septa (typically absent in the stem species), inner lamina
with strong flat ribs (weak to moderate ribs in B. amphitrite amphitrite), and the
tergum usually with the spur greater than its own width from the basiscutal angle
(vs. in B. amphitrite amphitrite, the tergum’s spur being less than its own width
from the basiscutal angle). They accompanied this diagnosis with an analysis of
15 morphological characters: the statistical difference between B. amphitrite sal-
tonensis and B. amphitrite amphitrite largely rested upon six ratios of four tergal
measurements. Henry and McLaughlin identified material collected from coastal
waters in Southern California (Wilmington Harbor 1914) as this “subspecies” as
well, and noted that a Bermuda population of A. amphitrite, also existing in a highly
restricted environment, was morphologically similar. Flowerdew (1985), how-
ever, concluded that B. amphitrite saltonensis was genetically identical and
thus synonymous with B. amphitrite amphitrite. In 1990, R. Van Syoc transferred
newly settled “salfonensis” barnacles from the Salton Sea to San Diego, where they
grew into morphometrically-matching typical coastal populations of B. a. amphitrite
barnacles (Van Syoc 1992).

Raimondi (1992) re-examined the question of whether Salton Sea population had
diverged from the stem stock. He noted that while Flowerdew (1985) had concluded
that there was no “significant genetic differentiation” between coastal and Salton Sea
populations (based upon the observation that the values of genetic identity (I) and
genetic distance (D) indices were in the range of variation expected for conspecific
populations), the implication that no evolutionary divergence had occurred between
the populations was not correct (because nonsignificant I and D values simply
demonstrate that there is no divergence for the tested alleles). Raimondi determined
experimentally that differences between the two populations disappeared when reared
under similar environmental conditions, as had Van Syoc (1992).

Remarkably, however, while adult plasticity indicated that the populations
appeared identical, rapid larval evolution has taken place through selection
(Raimondi 1992): Salton Sea cyprids are unpigmented (cyprids from coastal popu-
lations in Mission Bay, near San Diego, are green-brown), Salton Sea nauplii take
longer to become cyprids than do individuals from Mission Bay, and Salton Sea
cyprids are larger than those from Mission Bay. These differences persisted after
two generations in the laboratory, indicating that they were underlain by genetic
variation.

Raimondi proposed several hypotheses for the processes that may have driven
selection for these traits: for example, he speculated that pigmentation may have



176 J.T. Carlton et al.

been lost by Salton Sea cyprids because the potential for damage by ultraviolet
radiation (harmful to many marine organisms) was much lower in the Sea’s highly
turbid waters.

Simpson and Hurlbert (1998) examined the effects of high salinity on the
growth, mortality, and shell strength of A. amphitrite in the Salton Sea: barnacles
at higher salinities were shorter and had thicker walls relative to their diameters,
potentially increasing their structural stability. They predicted that A. amphitrite
will begin to show a marked decline in abundance when salinities reach 50 psu, and
will become extinct when the salinity becomes 70-80 psu, leading to the interesting
situation of the eventual loss of a distinct, albeit relatively new, genetic lineage.

ATLANTIC Zullo (1966a) reviewed the biogeographic, historic, and palaconto-
logical evidence for the prior absence of A. amphitrite in the Atlantic theatre.
Amphibalanus amphitrite arrived in England during WWII (Bishop 1947). It also
arrived in the Western Atlantic in the mid-twentieth century, likely as a result of the
massive increase in global shipping associated with World War II in the early 1940s
and the years that followed. It was first collected in the Northwest Atlantic in 1952
both in Bermuda (Henry 1958, as Balanus amphitrite hawaiiensis; date from Henry
and McLaughlin 1975) and on the Florida west coast (Henry and McLaughlin
1975). It was collected in 1955 in Beaufort, North Carolina (Henry and McLaughlin
1975; date from National Museum of Natural History Invertebrate Zoology (USNM
97625) on-line collection database, retrieved April 2010), and in 1957 in Curacao
(Henry and McLaughlin 1975). The record of “late 1940s” in the Western Atlantic
in Cohen (2006) appears to be based upon an interpretation of A. amphitrite being
a post-WWII invasion.

Paul Fofonoff (Smithsonian Environmental Research Center) alerted us to the
existence of one specimen of A. amphitrite in the Smithsonian Institution (National
Museum of Natural History) collected in 1931 by J P Visscher at the Dry Tortugas,
Florida Keys, in the Gulf of Mexico (USNM catalog number 155404, record
accessed August 2010). While of interest, the date of arrival of A. amphitrite in the
western Atlantic is not reset as 1931, 21 years before the next record, based upon
this one specimen. Visscher was for many years involved in the surveying and
collection of fouling organisms from ships’ bottoms (e.g., Visscher 1928, and
through the 1930s and 1940s: http://siarchives.si.edu/findingaids/FARU7239.htm
[accessed August 2010]), and, absent any collection details (the authors of the
present are moved by the improbability of Visscher finding a single individual in
the wild at the Dry Tortugas), the authors here speculate that the specimen in question
may have come from the hull of a visiting vessel.

The fact that it was found to be so widespread (North Carolina, Bermuda, Gulf
of Mexico, and in the southern Caribbean off Venezuela) between 1952 and 1957
suggests that study of museum material of barnacled oysters and other shells will
reveal earlier records. Indeed, by at least 1956 it was “the most abundant fouling
organism in the inter-tidal region of Beaufort, North Carolina” (Costlow and
Bookhout 1958). Zullo (1966a) suggested that Hedgpeth’s (1950) report of Balanus
amphitrite niveus from the Port Aransas jetties in Texas referred to A. amphitrite,
rather than A. venustus. Whitten et al. (1950) and Hedgpeth (1950) reported upon
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the collections made at Port Aransas between 1938 and 1947, but the exact date of
collections of B. a. niveus was not recorded.

Zullo (1966a: 233) noted that the initial invasion of A. amphitrite in the western
Atlantic went unnoticed, and that A. amphitrite “has often been misidentified as
B. a. niveus”. It is thus possible that the Balanus amphitrite niveus [= Amphibalanus
venustus] of Weiss (1948), in a study of fouling in Biscayne Bay, Miami, on the east
coast of Florida, based upon collections commencing in 1942, as well as the
“Balanus amphitrite” of Moore and Frue (1959, who although referring to their
material as B. amphitrite, subsumed “all its subspecies together”, including niveus),
based upon collections made in 1952 and later, also in Biscayne Bay, both included
the true A. amphitrite, as well as A. venustus. Moore et al. (1974), in a study of
long-term changes in settlement of barnacles in the Miami area, referred to their
material as Balanus amphitrite sensu lato, and thus may have confounded
A. amphitrite and A. venustus. The same may be true of McDougall’s fouling
community studies in 1941-1942 at Beaufort, North Carolina, which also reported
Balanus amphitrite niveus (McDougall 1943). Gittings et al. (1986: 29) review its
occurrence as of the 1980s in the Gulf of Mexico.

Amphibalanus amphitrite occurs from Cape Hatteras south to Argentina
(Orensanz et al. 2002, who review the earlier literature from Patagonia, and who
mistakenly note that Newman (1979), rather than Richards (1968), reported it from
Plio-Pleistocene sediments off the Argentina shelf). It was first collected on the
Atlantic coast of South America in 1940, where de Oliveira (1941) identified it as
Darwin’s var. communis (which was also being confused with A. venustus). He
described two “varieties” (subspecies) of A. amphitrite, fluminensis and aeratus,
both later synonymized with A. amphitrite by Henry and McLaughlin (1975).
Bastida (1969) reported it from Argentina in 1966. Neves and da Rocha (2008)
record it as cryptogenic in Brazil, but it is in fact not native to the Atlantic Ocean.
Young (1994) and Farrapeira (2010) provide detailed records for Brazil.

Southward (1986) reported that in Bermuda it was “uncommon, represented by
a few large individuals at low tide or sublittoral inshore”.

Although generally regarded as having established, reproducing populations
only south of Cape Hatteras (Zullo 1966a, 1979), A. amphitrite may be one of the
many species now moving north along the North American Atlantic coast.
Previously absent as a permanent resident of Chesapeake Bay (Kennedy and
DiCosimo 1983), it may now be established there (Ruiz et al. 2000), but longer
term data, including in situ studies on gametogenesis and larval production, will be
required to verify this. Although found regularly on panels at Norfolk, Virginia, at
the mouth of Chesapeake Bay, between 2000 and 2004 (Fofonoff et al. 2010), it is
possible that these individuals represent summer recruits from the south (Costlow
and Bookhout (1958) showed that larval life was 10 days or longer, a sufficient
length of time for potential recruits to be brought north by coastal currents). It was
found earlier, in 1967, at Lynnhaven, Virginia, in Chesapeake Bay (Henry and
McLaughlin 1975), and was reported by Van Engel (1972) as occasionally appearing
in the lower Chesapeake in the same era as well.

Amphibalanus amphitrite occasionally recruits further north to southern New
England as well. Verrill et al. (1873) noted that in Massachusetts this species was
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“found upon the bottoms of ships, but probably does not live long after arriving
upon our coast”. Zullo (1966a: 234) noted that living individuals were found on
pilings on the south shore of Cape Cod in 1962, and suggested that they “probably
represented the spat of shipborne individuals carried north from warmer waters”
(see also Zullo 1963, 1979: 2, 25). Amphibalanus amphitrite appears to be a regular,
albeit uncommon, element of Long Island Sound fouling communities by mid
to late summer (J. T. Carlton, 1990, Mystic River Estuary, pers. obs.; R. Whitlatch,
2000, pers. comm.).

Henry (1958) noted that A. amphitrite co-occurs in Bermuda with Chthamalus
stellatus thompsoni; Henry and McLaughlin (1975) note its co-occurrence with
Chthamalus fragilis, Amphibalanus eburneus, A. improvisus, A. subalbidus, and
B. crenatus at various stations from Virginia to Brazil. Ross (1962: 14), in a paper
on Pacific barnacles, reported on his observations, of an unstated date, of A. amphi-
trite in Florida, where he noted that it occurred between “mean sea level and 0.5-1
fathom” [1.8 m]. On the Atlantic coast of Florida Ross described it as a “common
fouling organism in competition” with A. improvisus, A. eburneus, and A. venustus;
on the Gulf coast of Florida he found it to be rare in “unprotected, open-sea habitats”.
Zullo and Lang (1978) reported that in South Carolina A. amphitrite is “common
in middle and lower intertidal zone on rocks and pilings. Less abundant at immediate
subtidal zone on rocks and pilings”. Farrapeira (2008) examined the distribution of
A. amphitrite, A. improvisus, and A. reticulatus along an estuarine mangrove gradient
in Brazil, with all three species occurring in both polyhaline and mesohaline
portions of the system. Spivak et al. (1975), Calcagno et al. (1997, 1998) and Lopez
Gappa et al. (1997) investigated growth, production, and population dynamics of
A. amphitrite in Argentina.

Lang (1979) reported that “at North Inlet [near Georgetown, South Carolina]
A. amphitrite is a common intertidal species, generally situated between upper
intertidal Chthamalus fragilis and lower intertidal A. eburneus on wood pilings”.
Whether C. fragilis extended into the midlittoral before the arrival of A. amphitrite
has not been investigated.

Boudreaux et al. (2009) asked whether the introduction of A. amphitrite on the
Atlantic coast of Florida had a negative impact on the abundance of the native
oyster Crassostrea virginica. They found that a general increase since prehistoric
times (as documented by barnacle abundance in native American shell middens) in
barnacle numbers that included both the native Amphibalanus eburneus and
A. amphitrite reduces oyster settlement, but that there was no species-specific
difference relative to reducing growth and survival of oysters.

4.3 Amphibalanus eburneus (Gould, 1841)

PACIFIC Matsui et al. (1964: 142) predicted that this barnacle would “eventually
become established in west American waters”; in an addendum in the same paper,
Newman (1964) was then able to report its collection in April 1964 at the Pacific end
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of the Panama Canal, at Balboa. Henry and McLaughlin (1975) extended the first
collection records in the Eastern Pacific to 1959 (Guaymas, Mexico, in the Gulf of
California) and 1963 (Manzanillo Lagoon, West Mexico); all of these records, in
concert, suggest introduction in the years following WWIIL. That A. eburneus, a spe-
cies native to the Northwestern Atlantic Ocean, had been arriving in the Eastern
Pacific is indicated by its presence on a ship’s bottom in dry dock at Hunter’s Point,
about 1938, in San Francisco Bay (Carlton 1979b). Now well-established on the
piers at Mazatlan and in nearby lagoons (Henry and McLaughlin 1975; Paez-Osuna
et al. 1999; Salgado-Barragan and Hendrickx 2002), it remained unreported outside
of Mexico until 2000, when a well-established population was discovered in
Colorado Lagoon, in Long Beach, in southern California (Cohen et al. 2005).

4.4 Amphibalanus improvisus (Darwin, 1854)

PACIFIC This Northwest Atlantic barnacle is one of the earliest documented
invasions of any marine species on the Pacific coast of both North and South
America. It was collected in 1853 in San Francisco Bay (Carlton and Zullo
1969), only a few years after the start (1849) of the “Gold Rush” that brought
hundreds of ships from the Atlantic Ocean (and elsewhere) to California. These
ships were often abandoned, providing a striking opportunity for colonization by
Atlantic fouling organisms. Mooi et al. (2007) indicated that A. improvisus was
introduced with commercial oyster shipments from the Atlantic, but these did
not commence until after 1869. Zullo and Miller (1986) argued for its Western
Atlantic origin, noting the lack of verified fossils in the Eastern Atlantic and
Mediterranean.

On the North American Pacific coast, A. improvisus occurs from central
California to British Columbia (Carlton 1979a). There are occasional records of it
in southern California as far south as San Diego Bay (Carlton 1979a; Newman
1979), but these are sporadic and do not represent established populations, perhaps
due to the seasonal and arid nature of estuarine conditions there (Newman 1979).
It resumes established populations from the Gulf of California (1889 collections) to
Peru (1926 collections: Henry and McLaughlin 1975), with Darwin (1854) reporting
material from Guayaquil, Ecuador and western Colombia based upon specimens in
the Cuming and British Museum collections, which may date from the earlier
1800s. The port of Guayaquil was founded in 1535 by the Spanish, and thus it is
likely that A. improvisus became established in the Pacific Ocean long before Gold
Rush ships brought it in the 1850s to San Francisco.

In passing, note that A. improvisus was not first described from hull fouling, as
stated by Hosie and Ahyong (2008); no type or type locality was designated by
Darwin. Newman (1967) documented the distributional ecology and osmoregu-
latory physiology of this species in San Francisco Bay. Amphibalanus improvisus
has been found in the freshwater Delta Mendota irrigation canals in central
California (Zullo et al. 1972), in concert with reports of adult A. improvisus in fresh
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water in other parts of the world (Carlton 1979a). It occurs at the mouth of the
Columbia River, in Astoria, Oregon, on the native crayfish Pacifastacus trowbridgii
(Miller 1965). Nonetheless, it is apparently not as well adapted to freshwater as
Amphibalanus subalbidus (Poirrier and Partridge 1979; Dineen and Hines 1992).

4.5 Amphibalanus reticulatus (Utinomi, 1967)

This Indo-West Pacific species had been confounded with Amphibalanus amphi-
trite by Darwin (1854), and had subsequently been reported under that name as
well as other names (such as communis and variegatus in the amphitrite-series)
(Henry and McLaughlin 1975). It was distinguished as a distinct taxon (a nomen
novum) with a type locality of Japan, by Utinomi (1967). Its specific origins in the
broad Indo-Pacific theatre remain obscure, as it is likely to have been widely
dispersed by ships within the Indian and Pacific Oceans centuries before the first
barnacle collections were made by naturalists and professional zoologists.

PACIFIC Amphibalanus reticulatus was first collected in the Northeastern Pacific
in 1984 at Mazatlan, in Western Mexico (Laguna 1985, 1990). Gomez-Daglio and
Gonzalez (2006) report it from La Paz, in the Gulf of California, based upon
1998-1999 collections, on intertidal rocks and on Megabalanus peninsularis. It
was next collected in 2000 at the Pacific entrance to the Panama Canal (Cohen
2006). Gomez-Daglio and Gonzalez (2006) report it from Ecuador, but Pitombo
and Ross (2002: 107, Figure 3.) listed it as questionable, and its presence in
Ecuador is not verified.

ATLANTIC Determination of early records in the western Atlantic awaited its
recognition as a distinct species in 1967. In hindsight, the earliest collections appear
to be from Puerto Rico in 1956 (Henry and McLaughlin 1975), with more wide-
spread recognition not commencing until the 1970s, after the name reticulatus was
proposed (Moore et al. 1974; Southward 1975; Zullo and Lang 1978; Spivey 1979:
506-507).

In concert with the mid-1950s record in Puerto Rico, Spivey (1979) suggested
that the Balanus amphitrite reported in the 1950s from Louisiana oil platforms by
Gunter and Geyer (1955) may have been Amphibalanus reticulatus, based upon
subsequent studies in 1972 by Thomas (1975) of the same platforms, where only
A. reticulatus was found. While Gunter and Geyer’s material may have been
A. reticulatus, it may also be that A. amphitrite was replaced on the platforms
by A. reticulatus.

Amphibalanus reticulatus was found in 1962 “on a ship in the harbor at
Charleston, South Carolina” (Moore et al. 1974, based upon an unpublished record
by D. P. Henry). Gittings et al. (1986) report this record as simply the “east coast of the
United States”, also based upon an unpublished communication from D. P. Henry
(Britton and Morton 1989, report this date as the “first Western Atlantic record”, a
mis-interpretation of the statement in Gittings et al. 1986, that it was first found on
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the east coast of the United States in 1962). While it is tempting to take 1962 as the
first North American Atlantic coast record, the provenance of the ship is not reported,
and thus if it became fouled in South Carolina is not known. Rather, the first clear
record appears to be that of Moore et al. (1974) who found it in February 1969 on
experimental panels at Miami Beach, on the east coast of Florida. In the Gulf of
Mexico, the first records are 1972, on pilings and platforms in Louisiana (Thomas
1975; Spivey 1979) and in 1976 in Apalachee Bay, Florida (Spivey 1979) (the report
of a Gulf of Mexico record in 1952 in Cohen 2006, appears to be a typographical
error for 1972). Gittings et al. (1986) review its 1980s-era distribution in the Gulf of
Mexico. Spivey (1976) reported it from the Caribbean end of the Panama Canal,
based on 1974 material. No clear picture of the direction or timing of spread can be
deduced from these records.

In South America, it was found at Maraca Bay, Trinidad in 1965 (Henry and
McLaughlin 1975) and Young and Campos (1988) reported the first material
from Atlantic Colombia, based on 1986 collections on vermetid shells.
Amphibalanus reticulatus has apparently been expanding south since its first
colonization along the Colombian-Trinidad shores. Absent from northeast Brazil
as of 1984 (Young 1995), it was found sequentially, north to south, at Recife
(Pernambuco) in 1990 (Farrapeira-Assungdo 1990), at Todos os Santos Bay
(Bahia) in 1992 (Young 1995), in Rio de Janeiro in 1996 (Ferreira et al. 2009:
469) or 1997 (Neves and da Rocha 2008: 629, based upon a pers. comm. to those
authors in 2005 by FBP) and in 2004 in Parangua Bay (Neves et al. 2007; Neves
and da Rocha 2008). The report by Southward and Newman (1977) of its earlier
presence in northeast Brazil thus may be in error. Farrapeira (2010) reviews its
distribution in northeast Brazil.

Thomas 1975 (fide Spivey 1979) reported that A. reticulatus was “the most
abundant barnacle and dominant fouling species found on submerged platform
structures” on the Louisiana coast, “where B. eburneus and B. improvisus also
occur”’. Henry and McLaughlin (1975: 195) note that A. reticulatus “appears, at
least in some parts of south Florida, to be replacing B. a. amphitrite; whereas, in
Japanese waters the reverse situation has occurred” (citing Utinomi 1967, 1970,
“Prior to World War 11, B. reticulatus was more prevalent than B. a. amphitrite in
Japanese bays and harbours but now is apparently not found on the Japan Sea coast;
it occurs in stenohaline habitats only.”). Farrapeira (2010) suggests that A. reticulatus
has displaced A. amphitrite in northeast Brazil, in marine and estuarine environ-
ments. Zabin (2009) experimentally demonstrated that the Caribbean barnacle
Chthamalus proteus, introduced in the 1990s to the Hawaiian Islands, can outcompete
A. reticulatus (itself earlier introduced to Hawaii) via substrate pre-emption in a
zone of overlap.

In the southern United States, Gittings et al. (1986) describe the distributional
ecology as follows: “In the clearer, warmer water areas of the Gulf of Mexico off
Mexico and Florida, B. a. amphitrite dominates the fouling community. Between
Panama City, Florida and Port Aransas, Texas, B. reticulatus may largely exclude
B. a. amphitrite. In the northwestern Gulf, B. improvisus dominates the near-
shore fouling assemblage during the coldest portion of the year (January to March),
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while B. reticulatus dominates during the summer and fall”. Similarly, Britton and
Morton (1989) described A. reticulatus in the southern U.S.: “Since the mid-1970s,
it has attained a position of dominance in the clear-water biofouling communi-
ties attached to offshore drilling platforms from central Louisiana to eastern Texas
(George and Thomas 1979). Within its natural range, B. reticulatus is an intertidal
species on natural rocky shores, but it has apparently encountered difficulty in
becoming established on the unnatural rock substrata along northern Gulf shores”.

Ferreira et al. (2009) report densities on hard substrates in Sepetiba Bay (state
of Rio de Janeiro), Brazil up to 4,410/m?2.

4.6 Amphibalanus subalbidus (Henry, 1974)

PACIFIC The Western Atlantic Amphibalanus subalbidus was discovered in 1989
in an arm of the Colorado River Delta, including the Rio Hardy and a normally dry
lake known as Laguna Salada (Van Syoc 1992) at the head of the Gulf of California.
Laguna Salada floods during exceptionally heavy rainfall, such as that of the El
Nino of 1983-1984, especially when the rainfall coincides with high tides in the
Gulf. The lake subsequently dries out exposing previously drowned chaparral; it
was on such an occasion the trunks and branches were found to be partially
encrusted with barnacles. Van Syoc (1992) suggested that the Mio-Pliocene species
Balanus canabus Zullo and Buising, 1989, from the proto-Colorado River Delta,
was a junior synonym of Amphibalanus subalbidus and that the population in
Laguna Salada represented a natural relict Pacific population of this otherwise
Atlantic species. However, B. canabus can be morphologically distinguished from
A. subalbidus and therefore Pitombo (2004), in his revision of the Balaninae, made
them subspecies of Amphibalanus; A. s. subalbidus and A. s. canabus respectively.
The extant Mexican Pacific population of A. subalbidus is here regarded as intro-
duced, probably from the Gulf of Mexico, perhaps in connection with shrimp
mariculture operations directly across the Delta in Sonora. Amphibalanus subalbidus
ranges from Chesapeake Bay (Henry and McLaughlin 1975) to the Gulf of Mexico
(Gittings et al. 1986; Gittings 2009) and Trinidad (Henry 1974), with introduced
populations in Brazil (below). It is a distinctive estuarine, oligohaline species
(Poirrier and Partridge 1979; Dineen and Hines 1992), although not recognized as
such until fairly late.

ATLANTIC While Southward and Newman (1977) did not list A. subalbidus for
northeast Brazil, Young (1994) subsequently listed it for Paraiba State, “found
rarely in the Rio Paraiba do Norte estuary attached to small rocks”. The collection
date is considered to be 1992 or earlier (based on Young’s having submitted his
manuscript in January 1993). Farrapeira et al. (2007) note collections from 2004 to
2006 in the Port of Recife, Pernambuco. Farrapeira (2010) proposed that
Amphibalanus subalbidus was introduced to Brazil, a designation with which the
present study concurs.
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4.7 Fistulobalanus pallidus (Darwin, 1854)

ATLANTIC The history of this Atlantic species (with outlier, and probably
introduced, populations in the Indian Ocean) remains uncertain, due to long-term
confusion with other amphibalanine species and its late recognition as a full species
(Henry and McLaughlin 1975). Whether native to the Eastern or Western Atlantic
remains unknown (Zullo 1984), and it is tempting to suggest that this species may
owe its amphiatlantic distribution to the Atlantic slave-trade era, which peaked in
the 1700s and 1800s. While the earliest records appear to be 1948 collections from
Surinam (Henry and McLaughlin 1975), exploration of older barnacle-covered
substrates in museums, such as oysters, may uncover older material. Henry and
McLaughlin (1975) report specimens from Venezuela (1963) and French Guiana
(no date, but collected by H. G. Stubbings, and thus likely in the 1940s—1960s era).
It is not reported from the Gulf of Mexico (Gittings et al. 1986; Britton and Morton
1989; Gittings 2009). Its present range in the Western Atlantic is the Caribbean to
Suriname; the record of F. pallidus from Brazil (Lacombe and Monteiro 1974) is in
fact F. citerosum (Young 1994).

This species is here tentatively regarded as cryptogenic in the American fauna
(see also Orensanz et al. 2002).

PACIFIC Fistulobalanus pallidus was found in the Panama Canal in the Miraflores
Locks on the Pacific Ocean side in 1972 (Jones and Dawson 1973) and in 1974
(Spivey 1976). Whether it occurs at present in the Canal is not known.

5 Balanomorpha: Balanidae: Balaninae

5.1 Balanus glandula Darwin, 1854

ATLANTIC The well-known Northeastern Pacific Balanus glandula is thought
to have appeared in the late 1960s or early 1970s in Argentina (the crediting of E.
Spivak for its occurrence in Rio de Janeiro, Brazil, by Newman and Ross (1976)
being a lapsus), where exposed rocky intertidal shores were notable for the (for-
mer) absence of intertidal barnacles (Spivak and L’Hoste 1976; Bastida et al.
1980). The first date of actual identified specimens in hand appears to be 1974
(Bastida et al. 1980); the date “1970” as a “first record” in Schwindt (2007:
Figure 5), citing Spivak and L’Hoste (1976) as the source, is an estimate and not
based upon actual specimens collected in 1970 (E. Schwindt, pers. comm. 2010).
It subsequently appeared in Japan (Kado 2003) and in South Africa (Simon-
Blecher et al. 2008).

Balanus glandula now occurs along the entire Argentinean coastline, from San
Clemente del Tuyu in the north to Rio Grande in the south (Schwindt 2007), yielding
an estimated rate of spread of 244 km/year between 1974 and 2004. Densities reach
nearly 20,000 barnacles/m?2, twice the densities reported on the North American
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Pacific coast (Elias and Vallarino 2001). A number of workers have examined
abundance (larval and adult), recruitment patterns, population dynamics, and
observed or predicted changes in community structure in Argentina (Vallarino
and Elias 1997; Rico et al. 2001; Elias and Vallarino 2001; Hoffmeyer 2004; Rico
and Gappa 2006; Bertness et al. 2006; Hidalgo et al. 2007; Penchaszadeh et al.
2007; Schwindt 2007; Schwindt et al. 2009; Savoya and Schwindt 2010).

It appears that in the Mar del Plata region, B. glandula has displaced the native
mussel Brachidontes rodriguezi on the exposed coast in the high intertidal, and
Amphibalanus amphitrite, which appeared only a few years earlier in Argentina,
from sheltered port areas (Vallarino and Elias 1997; Elias and Vallarino 2001). At
Puntas Pardelas, densities of the native snail Siphonaria lessoni have decreased
significantly; Siphonaria “dominated” upper midlittoral shores in the 1960s, where
B. glandula is now abundant (Cuevas et al. 2006). Predators include the carcino-
phagous Olrog’s gull (Larus atlanticus) (Delhey et al. 2001) and the seastar
Anasterias minuta (Gil and Zaixso 2008).

Geller et al. (2008) established, using molecular markers, that the Argentinean
populations came from California (as opposed to a new invasion of B. glandula in
Japan that came from the Alaska/Puget Sound region).

5.2 Balanus trigonus (Darwin, 1854)

ATLANTIC Werner (1967) and Zullo (1992a) reviewed the history of this Pacific
species in the Atlantic basin, where it now occurs from North Carolina (Zullo
1992a) to Argentina (Spivak et al. 1975; Young 1994) and abundantly throughout
the Gulf of Mexico (Gittings 1985); Farrapeira (2010) reviews its distribution in
northeast Brazil. Although in retrospect the historical record is now reasonably
clear, the invasion of B. trigonus into the Atlantic illustrates the challenges of
reconstructing the history of many potentially ship-borne species prior to the 1900s.
The chronology of Atlantic collections of B. trigonus reported in Werner’s and
Zullo’s papers and figures are corrected and expanded here (Table 5). Balanus
trigonus, a distinctive and easily recognized species, was collected no later than
1864 in southern Brazil by Miiller (1867, 1868) who, in a pattern characteristic of
the nomenclatural history of many alien species (Carlton 2009), inadvertently
re-named it as a new taxon (Balanus armatus). Miiller (1867) questioned whether
his new species was different from B. trigonus, but felt compelled to describe it as
new, in part because B. trigonus was previously unknown from the Atlantic.

It was next found in 1879 on the hull of a vessel arriving in Massachusetts from
the West Indies (Pilsbry 1916; Zullo 1992a, mistook this report as possibly applying
to a vessel from the Pacific Ocean, noting that the oysters (Ostrea folium) reported
on the ship’s hull was a Pacific species: however, in Pilsbry’s time, that name was
used for the native Caribbean oyster, Dendostrea frons). Henry (1954) reported it
from the Gulf of Mexico, leading Zullo (1992a) to use and plot that date in his
paper for that region. However, Henry’s record was based upon collections made at
Albatross Station 2411 in 1885, at a depth of 49 m, 88.5 km off of the west coast
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Table 5 Records of Balanus trigonus in the Atlantic Ocean (excluding the Mediterranean Sea).
National Museum of Natural History invertebrate zoology (USNM catalogue numbers) on-line

collection database retrieved April 2010

Collection
date Location Reference and notes
1864 Brazil: Desterro (now Miiller (1867, Balanus armatus n.sp. = B. trigonus);
Floriandpolis), Santa Miiller (1868, the translation); Miiller paper is
Catarina Island signed February 1865, and we thus take 1864 as
the latest possible date of collections
1879 West Indies Pilsbry (1916): USNM 21550, specimens from hull
a whaling ship returning from the West Indies
1885 Gulf of Mexico: West USNM 79267: Albatross station 2411, depth 49 m,
Florida Shelf 88.5 km west of Fort Myers, Florida (18 March
1885)
1887 Azores Gruvel (1920), fide Zullo (1992)
1897 Brazil: Rio Grande do Sul USNM 59192
<1897 Brazil: Rio de Janeiro Weltner (1897); labels bear no collection date
(see text)
<1897 West Africa (Guinea) Weltner (1897)
<1897 Madeira Weltner (1897); labels bear no collection date
(see text)
<1897 Delaware: Delaware River Weltner (1897); labels bear no collection date
(see text)
<1905 West Africa (Congo: Gruvel (1905)
Loango)
1909 West Africa (Mauritania) Gruvel (1912) fide Zullo (1992)
1909 West Africa (Angola) Gruvel (1912) fide Zullo (1992)
1935 Colombia: Gorgona Is. ~ USNM 85966 (Velero 11l Allan Hancock
Expedition)
1936 Venezuela: several Nilsson-Cantell (1939) fide Werner 1967
locations
1936? Colombia: Bahia de Nilsson-Cantell (1939) fide Young and Campos 1988
Cartagna
to La Guajira
1939 Colombia: Bahia Honda USNM 85956; Cornwall (1958:. 83, as “Batia
Columbia”)
1939 Venezuela: Coche and USNM 85954, 95953 (Velero III Allan Hancock
Cubagua Islands Expedition)
1961 Florida: Miami Moore and McPherson (1963)
1961 North Carolina: off Core ~ Williams et al. (1964) 33 km east of Cape Lookout,
Banks 31-36 m; in a bed of scallops
1963 Guyana (British Guiana), Werner (1967), R/V Oregon Cruise 84

French Guiana, Brazil
1966-1967 Panama: Caribbean coast:

Limon Bay

<1967 Jamaica

1971 Panama, Caribbean coast:
Galeta

Bayer et al. (1970)

1. M. Goodbody, pers. comm. to
W. E. Werner (Werner 1967)
Henry and McLaughlin (1975: 167, at A. venustus)

(continued)
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Table 5 (continued)

Collection
date Location Reference and notes
1974 Panama: Caribbean Spivey (1976: 48)
coast: Manzanillo
Bay at Fort
Randolph
1977 South Carolina USNM 174799 and other lots, South Atlantic
Benchmark Program (BLM/MMS)
1980 Georgia USNM 190132: BLM/MMS collections
1987 Mississippi USNM 1009464

of Florida (D. P. Henry, pers. comm. to W. E. Werner in 1967). Zullo (1992a) states
that Henry (1954) “reported it from the carapace of a deep water crab in the Gulf
of Mexico”, but this is a lapsus, as no such statement appears in Henry’s paper;
crabs, however, were collected at that Albatross station (Rathbun 1918).

Gruvel (1920) reported B. trigonus from the Azores based upon 1887 material.
Weltner (1897) next reported specimens from Brazil (Rio de Janeiro), Madeira,
West Africa (Guinea), and Delaware. The Delaware material was collected along with
Amphibalanus improvisus on mussel (Mytilus) shells (Weltner 1897); no further
details are available, and B. trigonus has not subsequently been reported as estab-
lished in the Delaware or Chesapeake regions. The specimen labels of the material
from Rio de Janeiro, Guinea, and Delaware in the Berlin Museum do not have
collection dates (C. O. Coleman, email correspondence, January and July 2010),
and thus these collections can only be interpreted as being no later than 1897.
However, USNM material (59192, collection data base accessed April 2010) from
Rio Grande do Sul, Brazil, was collected in 1897.

Balanus trigonus was thus detected between the 1860s and 1890s across much
of the North and South Atlantic Oceans, suggestive of an introduction no later than
the 1850s followed by fairly rapid acquisition and entrainment in Atlantic ship fouling
communities. Zullo (1992a) noted that B. trigonus arrived in the Atlantic prior to
the opening of either the Suez Canal (1869) or the Panama Canal (1914). Zullo
suggested that B. trigonus had first colonized the South Atlantic (via the Capes of
Cape Horn or Good Hope), and was then dispersed by the 1880s into northern
waters by New England and European whalers (accounting in part for its appear-
ance at the Azores and Madeira).

Three lines of additional evidence suggest that B. trigonus is an introduction to
the Atlantic Ocean: (1) It is present in the fossil record of the Pacific, but absent
from Atlantic fossil assemblages (Zullo 1992a), (2) Zullo (1992a) noted that
B. trigonus is commonly associated with Megabalanus tulipiformis and Perforatus
perforatus in the Mediterranean and on the African Atlantic coast, and with
Amphibalanus venustus and Megabalanus antillensis in the Caribbean and western
Atlantic, and that Darwin (1854) listed numerous Atlantic basin localities for these
species that now support populations of B. trigonus as well, but did not find it, and
(3) Darwin (1854) examined many collections taken from ships’ hulls around the
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Atlantic basin, and B. trigonus, a conspicuous and easily recognized species, was
absent in all of the material available to him. By 1879, however, it was being taken
from vessels coming out of the West Indies (Pilsbry 1916), and it is otherwise a
well-known ship fouling organism (Pilsbry 1916; Bishop 1947; WHOI 1952;
Millard 1952; Skerman 1960; Relini 1968, see also additional records in Table 2).

Starting in the 1960s B. trigonus began to be reported from the southeast Atlantic
coast of the United States (Table 5). Zullo (1992a) suggested that this apparently late
appearance “may be related to the lack of major southern ports where the salinities
are high enough to allow colonization by B. trigonus”. He further noted that in the
1960s Balanus calidus was abundant on the South and North Carolina shelves, but
by the 1970s (Table 5) and 1980s, in numerous federal government collections of
barnacles from the inner to outer shelves, “B. trigonus occurred in high densities on
all types of substrata ... (but) B. calidus was found only rarely, and only empty shells
were observed”. Zullo suggested that B. trigonus may be “extending its range along
the Atlantic coast at the expense of B. calidus”, but also suggested that the decrease
in B. calidus may simply be fluctuations in its population density. This study further
suggests that it may be that yet to be determined environmental conditions were
changing along the southeast Atlantic coast in the 1970s and 1980s that favoured
B. trigonus over B. calidus, rather than the two species undergoing competition.
However, if the arrival of B. trigonus on the southeast coast was due to changes in
the nearshore ocean (that also led to the decrease of B. calidus), then it could be
expected that other members of the marine biota would be decreasing or increasing
as well in the same era, and a search of the literature for similar phenomena amongst
other taxa (plant or animal) in this region would be of interest in this regard. It is
tempting to suggest that the warm-water B. trigonus was responding to increasingly
warmer temperatures in the twentieth century along the American Atlantic coast, but
B. calidus is also a warm-water species and so would not be expected to have
declined due to increased ocean temperatures.

Balanus trigonus is regularly carried north of Cape Hatteras on sea turtles. In the
summer B. trigonus occurs as far north as Cape Cod, arriving on specimens of
Chelonibia and Platylepas attached to marine turtles (Zullo and Bleakney 1966).
Indeed, the presence of B. trigonus on about 10% of immature loggerhead turtles
has been used to corroborate the northward movement of turtles into Chesapeake
Bay, based on the absence of B. trigonus north of Cape Hatteras, and reconstructed
from O and ,C profiles from barnacle shells (Killingley and Lutcavage 1983).

Balanus trigonus is now common in the open ocean off the southeast coast
(Werner 1967; Williams et al. 1984; Zullo 1992a). While open ocean subtidal
invasions are known around the world (Carlton 2002; Preisler et al. 2009), they
are less frequently recognized in part because of the assumption that invasions are
generally restricted to ports and harbours. Williams et al. (1984) found it to be the
only barnacle settling on experimental panels in 27-30 m depth near Beaufort,
North Carolina. In the adjacent rock outcrop community B. trigonus (averaging 409
barnacles per m?) and the octocoral Titanideum frauenfeldii were the most common
species. The sea urchin Arbacia punctulata appeared to be the major predator on
B. trigonus; summer sediment scour further contributed to barnacle mortality.
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Gittings et al. (1986) noted that “in the Gulf of Mexico it is now widespread in
both turbid and clear waters, although it is seldom the principal fouler of manmade
structures in turbid waters. In clear waters off the southwestern coast of Florida, it
may also be the dominant biofouling species”. Spivak et al. (1975) reported on
aspects of its biology and ecology in Argentina; Garcia and Moreno (1998) studied
the recruitment, growth, and mortality of B. trigonus in Colombia.

5.3 Balanus calidus Pilsbry, 1916 and Balanus spongicola
Brown, 1844

PACIFIC Balanus calidus occurs in the Western Atlantic Ocean from North
Carolina to the West Indies, including the Gulf of Mexico (Newman and Ross 1976;
Zullo 1979). Spivey (1979: 46) reported a population at the Pacific end of the Panama
Canal, “in the lower (seaward) end of the lower east chamber of Miraflores Locks,
12 m below minimum water level”, in 1974 (as discussed below, it is not treated here
as an established invasion of the Canal, pending more modern-day records). Zullo
(1986: 60, 1991: 182, 189) next reported living specimens of B. calidus from the
Galapagos Islands, at three stations, intertidally and subtidally, based upon 1964
collections. He also tentatively referred one Quaternary-aged shell (without opercular
valves) to B. calidus, from limestone on Isla Santa Cruz (Zullo 1986), but later simply
stated that B. calidus occurred in the fossil record on the Islands (Zullo 1991).
Transport through the Panama Canal (as evidenced by its earlier report in Miraflores
Locks) by vessels, and in particular by recreational boats visiting the Galapagos
(Zullo 1991) could have introduced B. calidus to the Islands.

Laguna (1985), however, questioned Spivey’s record of B. calidus from the
Panama Canal, suggesting that it was “probably B. cf. ? spongicola’. Balanus calidus
is considered here as cryptogenic on the Galapagos Islands, and further note that
genetic studies may be required to determine the species involved.

6 Balanomorpha: Balanidae: Megabalaninae

6.1 Megabalanus coccopoma (Darwin, 1854)

ATLANTIC This barnacle, native to the tropical Eastern Pacific (Newman and
McConnaughey 1987), and recently appearing in Japan and Australia (Yamaguchi
et al. 2009), was first recorded on the South American Atlantic coast in 1974 on the
southern coast of Brazil in Guanabara Bay at Rio de Janeiro (Lacombe and
Monteiro 1974). Young (1994) did not find M. coccopoma in the earlier collections
of Luederwaldt (1929) in Sdo Paulo state (Sdo Sebastido), and concluded that its
arrival in Brazil must have occurred after Luederwaldt’s work.
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Megabalanus coccopoma is now commonly found on exposed rocky shores of
southeast Brazil, from Espirito Santo to Rio Grande do Sul States (Young 1994).
Silveira et al. (2006) reported it on offshore structures off the north coast of Brazil,
in Rio Grande do Norte state, in 2004. Farrapeira (2010) reviews its distribution in
northeast Brazil.

Perreault (2004) reported that it had arrived in Louisiana, in the northern Gulf of
Mexico, by 2001; Celis et al. (2007) record its presence in Mexico as of 2005. It
subsequently appeared in South Carolina in 2005 (Knott 2006), and was then
detected in 2006 both to the south in Georgia (Gilg et al. 2010) and to the north in
North Carolina (Knott 2006). Its movement north in the beginning of the twenty-
first century is in concert with the northward movement, apparently climate-
mediated, of a number of other marine invertebrates, as discussed below.

Newman and McConnaughey (1987) reported the temporary colonization of the
San Diego, California, area by M. coccopoma following the El Nino-Southern
Oscillation (ENSO) event of 1982—-1983. Similarly, they note that Megabalanus
californicus was collected well north of its usual northern limit (Monterey Bay,
California, at 37° N) in 1939 (near Humboldt Bay, at 41° N; Zullo 1968) and in
1980-1981 on Cordell Bank (at 38° N), the latter records broadly also associated
with ENSO eras. Of interest is an earlier report by Cornwall (1955: 2) of a ship
from California with Megabalanus californicus on its hull which arrived in 1925 in
British Columbia. The ship “stood for some time off William Head, Vancouver
Island ... After a few weeks young specimens of [M. californicus] were found growing
on the rocks at Weir’s Beach, but they did not persist”.

Silveira et al. (2006) state that in Brazil “it is competing in the southeast with
M. tintinnabulum, which has a lower population density than” M. coccopoma.

6.2 Megabalanus tintinnabulum (Linnaeus, 1758)

ATLANTIC The global historical biogeography of this barnacle, which has a
tortured taxonomic history, remains to be worked out, requiring a synthesis of the
fossil record, historical collections, and genetic studies. It occurs in the Western
Atlantic from at least Florida to Uruguay (Henry and McLaughlin 1975: 61; Young
1994), and is common throughout the northern Gulf of Mexico (Gittings et al.
1986). The genus Megabalanus, including M. tintinnabulum, may originate in the
Pacific, but even after monographic treatment, Henry and McLaughlin (1975) could
do no better than describe the distribution of M. tintinnabulum as “worldwide”.
Laguna’s (1985) report of it from central West Mexico has not been confirmed
(Pitombo and Ross 2002; Pitombo 2010), and subsequently he himself (Laguna
1990) does not mention the species. In referring to both M. tintinnabulum sensu
stricto and its “varieties” (some now considered synonyms and some now regarded
as “good” species), Darwin (1854) noted that this barnacle was one of the most
common ship fouling organisms, and suspected that it owed at least parts of its
distribution to the history of shipping: “It is attached in wonderful numbers to
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ships’ bottoms arriving at our ports, from West Africa, the West Indies, the East
Indian Archipelago, and China” (Darwin 1854: 200). It was already present in the
Atlantic by Darwin’s time, but this reveals little of its history, as European vessels
had been returning from the Pacific for the previous 300 years. It has been reported
from the Tertiary and Quaternary of Europe and Atlantic South America (Newman
and Ross 1976), but these reports either pre-date modern revisionary work of the
group (Henry and McLaughlin 1986), or are often based only upon shells (Tavora
et al. 2005) and not opercular valves.

Pilsbry (1916) described Western Atlantic populations as Balanus tintinnabulum
antillensis, with a distribution from the West Indies to Rio Janeiro (although he was
uncertain about assigning specimens from Brazil to antillensis). Appearing in the
literature occasionally as Megabalanus antillensis, it was synonymized with
M. tintinnabulum by Henry and McLaughlin (1986), a synonymy that is supported
here (its retention as a full species in Pitombo (2004) was a lapsus). Young (1995)
considered it introduced to the “Southwestern Atlantic”; Ferreira et al. (2009)
treated it as a cryptogenic species in Brazil.

While the authors here hypothesize that Megabalanus tintinnabulum will be
found to be an introduction from the Indo-West Pacific, perhaps as early as the
1500s, into the Atlantic Ocean, and that fossils previously assigned to M. tintin-
nabulum sensu stricto will be found to be members of other taxa (a situation
reminiscent of earlier erroneous reports of Balanus trigonus as fossil in the Atlantic
theatre), pending genetic work from around the world, it is also regarded as cryp-
togenic in the Atlantic Ocean.

7 Balanomorpha: Balanidae: Archaeobalanidae

7.1 Striatobalanus amaryllis (Darwin, 1854)

ATLANTIC This species, like Amphibalanus reticulatus, appears to have a history
of spreading south along the South American coast. Young (1989) reported (as
Chirona (Striatobalanus) amaryllis) finding this Indo-Pacific barnacle intertidally in
Piaui State, Brazil in 1982 (the date of “1987” as the first record in Brazil, as
reported by Neves et al. 2007and Neves and da Rocha 2008 appears to be in error,
as Young 1989 specifically notes August, 1982, as the date of his first collection of
this species in Brazil). Farrapeira-Assuncdo (1990) next reported it in 1990 in
Pernambuco State, Brazil, and Young (1995) found it in 1992 in Bahia State (or 1993
at [Tha do Medo, fide Neves et al. 2005). Neves et al. (2005, 2007) extend the range
south to Paranagua Bay, Brazil, based upon material collected in 2004. Further col-
lections (F. Pitombo) made on natural rocky shores on Paranagua Bay demonstrate
that S. amaryllis continues to spread to natural substrata. Specimens of S. amaryllis
were also found (F. Pitombo, unpubl.) on an oil platform docked in Rio de Janeiro
state. While it is not yet found in this or neighboring states (Espirito Santo and
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Sao Paulo), its presence on platforms sheds light on mechanisms of dispersal and
introduction along the Brazilian coast.

Young (1989, 1994) observed that S. amaryllis is found intertidally in Brazil,
co-occurring with Megabalanus tintinnabulum, but is reported as largely subtidal in
the Indo-Pacific. Neves and da Rocha (2008) report that it co-occurs in Brazil with
Fistulobalanus citerosum. Farrapeira (2010) suggests that S. amaryllis has replaced
the “previous dominant M. tintinnabulum” in northeast Brazil in the low intertidal
and on reefs with lesser wave exposure.

8 Rhizocephala: Sacculinidae

8.1 Loxothylacus panopaei (Gissler, 1884)

ATLANTIC The accidental introduction into Chesapeake Bay in the 1950s of the
pathogen Haplosporidium nelsoni (which causes “MSX” disease in oysters) ironi-
cally led to the introduction in the 1960s of this rhizocephalan parasite. Beginning
in the 1960s, large number of oysters (Crassostrea virginica) were imported into
Chesapeake Bay from the Gulf of Mexico (GOM) to replace disease-ridden oyster
stocks. These oysters contained sacculinid-infected crabs. In 1964 Loxothylacus
panopaei, previously known from the Caribbean and Gulf of Mexico, was found
infecting the native panopeid crab Eurypanopeus depressus (Van Engel et al. 1966)
in Chesapeake Bay. The report of L. panopaei by Newman in McLaughlin et al.
(2005: 369) from Massachusetts in the 1970s, citing Weisbord (1975) is in error;
the distributional records in Weisbord refer to the host crabs, not the parasite.

Since the 1990s, the biology and ecology of Loxothylacus in Eurypanopeus as
well as in another native panopeid, Rhithropanopeus harrisii, have been examined
in Chesapeake Bay (Alvarez et al. 1995; Grosholz and Ruiz 1995; Hines et al.
1997). By 1983, Loxothylacus had reached North Carolina (Hines et al. 1997); by
2004 it had arrived in Edgewater, Florida, just north of what was then thought to be
the endemic range of this parasite, an average expansion rate of 33 km/year (Kruse
and Hare 2007). However, Kruse et al. (2011) have established, using molecular
markers, that the east coast of Florida south of Edgewater is occupied by a different
species than that known from Chesapeake Bay and the GOM, and that the
Chesapeake Bay population did indeed originate from the Gulf of Mexico.

Young (1993) further reported this rhizocephalan to be in Para State in Brazil
in the xanthid crab Panopeus occidentalis. Farrapeira et al. (2008) recorded it
infesting the crab Aratus pisonii in Recife, Pernambuco, Brazil in 2006, and con-
cluded that L. panopaei was a non-indigenous species, speculating that it was
introduced to the Recife area in adult crabs transported in vessel fouling (they
noted that the host crab, A. pisonii, typically found in mangrove communities, has
been found in fouling on coastal vessels in Brazil. Farrapeira (2010) also noted that
Davidson et al. (2008b) had found L. panopaei in the xanthid crab Rhithropanopeus
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harrisii in vessel fouling; however, the derelict vessel in question was a stationary
platform). Loxothylacus panopaei is eurytopic relative to hosts, and thus acquisition
of potentially novel hosts in South America is not surprising. Farrapeira (2010,
Table on p.3) scores L. panopaei as native, but we take this to be a typographical
error given her text discussion. Pending further data, however, on the historical
absence of L. panopaei in crabs along the Brazilian and northern Atlantic South
American coast, and further pending genetic confirmation that it is the northern
hemisphere species L. panopaei, it is treated here as cryptogenic in South America.

9 Intracontinental Range Expansions

9.1 Balanidae: Amphibalanus subalbidus (Henry, 1974)

ATLANTIC Henry and McLaughlin (1975) reported living individuals of
A. subalbidus found in 1972 in Boston, Massachusetts, on tree branches in the
Charles River. There are no records since 1972 north of Maryland (its other-
wise northernmost limit), but this may be due to a lack of exploration of estuarine
barnacles north of Chesapeake Bay, and confusion with other estuarine amphiba-
lanine species, such as A. improvisus and A. eburneus; in fact it is more estuarine
than A. improvisus (Poirrier and Partridge 1979; Dineen and Hines 1992) with
which it may co-occur.

9.2 Chthamalidae: Chthamalus fragilis Darwin, 1854

ATLANTIC Most modern literature on this well-known American Atlantic spe-
cies (Pilsbry 1916; Zullo 1963, 1979; Newman and Ross 1976; Dando and
Southward 1980) fails to mention that this species was not known in New England
until 1898 (Sumner et al. 1913a: 191, footnote a). Wethey (1984: 184) and Carlton
(2002) independently reviewed its curious history north of the mid-Atlantic coast.
Commencing in 1898, it was sequentially recognized in the decade that followed as
common around southern Cape Cod and on the Massachusetts mainland (Table 6).

Table 6 Earliest records (1898—1909) of Chthamalus fragilis north of Chesapeake Bay

Date Location (all in Massachusetts) Authority

1898 Woods Hole M. A. Bigelow in Sumner et al. (1913a)
1906 Woods Hole Sumner (1909: 374), column 1, bottom
1909 Woods Hole region: Sumner (1909) and Sumner et al. (1913a, b)

Penzance Point, Nobska

Point, Nonamasset Is.,

Buzzards Bay
1909 Vineyard Haven Sumner (1909)
1909 New Bedford Sumner (1909)
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A now common species from the north shore of Cape Cod Bay (Zullo 1963;
Carlton 2002) and south, it is inconceivable that it would have been overlooked, as
Sumner (1909) and Sumner et al. (1913a) argued, by several earlier generations of
New England invertebrate zoologists. Chthamalus is not mentioned in the mono-
graphs of Gould (1841), Gould and Binney (1870) or Verrill et al. (1873), nor in
scores of other publications on the invertebrates of the intertidal zone from
Massachusetts to New Jersey in the nineteenth century. It was, historically, well
known as a southern species, occurring from the mid-Atlantic (Chesapeake Bay
area) and south. As Sumner (1909) remarked,

It is surely difficult to explain how this barnacle has been so long overlooked upon our own
Atlantic shores. It is hard to believe that the present species has been habitually confused
with Balanus balanoides by the long succession of field naturalists and systematic zoolo-
gists who have exploited (sic) the shores of New England for over a century.

Sumner noted that Chthamalus and Balanus were so “plainly distinguishable” by
colour and external morphology that the “confusion of the two ... seems incredible”.
Sumner suggested that “An alternative explanation is that Chthamalus has only
recently invaded New England waters ...”, pointing out the recent arrivals of
the European snail Littorina littorea and the Asian sea anemone “Sagartia luciae”
(= Diadumene lineata) as “doubtless the most striking local examples of this
phenomenon”.

Southern New England has been warming since the 1850s, since the cessation
of the climatic minimum (the “Little Ice Age”) (Carlton 2002). This warming
led Wethey (1984) to make the compelling suggestion that Chthamalus was able
to invade New England “as a result of release from competition with Semibalanus
[balanoides] brought about by” increasing coastal temperatures. As Wethey
(1983, 1984) showed, the northern limit of Chthamalus fragilis is controlled by
the southern high-intertidal limit of Semibalanus balanoides: north of Cape Cod,
S. balanoides survives along the entire intertidal gradient, from the high to the
low shore, such that C. fragilis has no refuge from competition. South of Cape
Cod, S. balanoides succumbs in the high intertidal zone due to summer heat,
creating a high-shore refugium from competition for Chthamalus. The exception
to this pattern, as discussed below, is populations of C. fragilis found on the
warm margin of the north shore of Cape Cod. A previously colder southern New
England would, in this model, mimic the conditions that now obtain north of
Cape Cod, and Chthamalus would have been eliminated by competition with
Semibalanus, and thus from New England, until the shores south of Cape Cod
began to warm.

The timing of the northern appearance of C. fragilis in southern New England is
roughly coincident with the movement north of the shore crab Carcinus maenas,
which prior to the end of the nineteenth century was restricted to the south side of
Cape Cod, but began moving north by the 1870s, arriving in the Boston region by
1893 (Carlton and Cohen 2003), further suggestive that a period of coastal warming
had commenced.

Carlton (2002) proposed an alternative (or additive) model. In the last half of
the nineteenth century the European periwinkle snail Littorina littorea was
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moving south down the Atlantic shore, and become common to abundant south of
Cape Cod by the 1880s (Steneck and Carlton 2001). It may thus be that the arrival
of this large, abundant, facultative omnivore (which can consume large numbers
of newly setttled cyprids and recruits of S. balanoides) “altered the uppermost
rocky shores in some manner such as to facilitate the colonization of Chthamalus”
(Carlton 2002).

Regardless of the processes that permitted C. fragilis to colonize New
England, larvae may have arrived either naturally with northbound currents or
adults may have been transported in ship fouling. In this regard, it is of interest
to note that Woods Hole was the home of the Pacific Guano Company from 1863
to 1889, importing product from Europe and South America, and phosphate rock
from South Carolina (Pacific Guano Company 1876; New York Times 1889), the
type locality of C. fragilis (Darwin 1854).

Zullo (1963) noted that C. fragilis was “abundant in the upper intertidal zone
in the warmer water areas of the Cape, such as the coastline along Buzzards
Bay and Vineyard Sound, and ... also ... at Barnstable Harbor [north shore of
Cape Cod], Brewster, and on the northern shores of Martha’s Vineyard”, but it
did not occur north of the Cape Cod Canal. Zullo (1963, 1964) was the first to
report its presence on the southern shore of Cape Cod Bay (the north shore of
Cape Cod). Extensive field surveys in 1984 revealed Chthamalus to occur on
the southern shore of Cape Cod Bay from Sandwich (at the north jetty at the
east end of the Cape Cod Canal) to Provincetown, being particularly abundant
in the regions of Brewster, Orleans, and Wellfleet (J. T. Carlton, unpubl.
observation).

9.3 Archaeobalanidae: Semibalanus balanoides
(Linnaeus, 1758)

ATLANTIC The southern limit of this well-known North Atlantic barnacle
along the Atlantic coast of North America was considered for many years to be
New Jersey (Pilsbry 1916). By the mid-twentieth century, however, S. balanoides
had become well established along the Maryland, Virginia, and North Carolina
coasts (Barnes 1958; Wells et al. 1960). Gordon (1969) referred to S. balanoides
as “newly arrived”, based upon it first being reported south of New Jersey as late
as 1949. It appears that S. balanoides extended its range along the mid-Atlantic
coast since Pilsbry’s time due in part to the vast expansion of hard substrates
(particularly rock jetties) along shores that were primarily originally sand and
mud (Barnes 1958; Wells et al. 1960). Semibalanus balanoides now reaches its
southern limits at Cape Hatteras, with occasional temporary excursions south to
the Beaufort area (Mohammad 1965). With warming conditions, S. balanoides
should now be expected to be retreating north, once again to New Jersey (if not
further north) as its southernmost limit.
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9.4 Tetraclitidae: Tetraclita rubescens (Darwin, 1854)

PACIFIC Connolly and Roughgarden (1998) reported that this distinctive
intertidal barnacle, long known to be rarely north of San Francisco (Newman
1975: 269) had become established 300 km to the north at Cape Mendocino
based upon collections made in 1995 (see also Dawson et al. 2010). It is now not
only common at many sites north of San Francisco where it was historically rare,
but it reached Brookings in southern Oregon by 2007 (Sanford and Swezey
2008). In concert with many other species moving north along the Pacific North
American coast (Barry et al. 1995; Carlton 2000; Sorte et al. 2010), this is regarded
here as a clear example of range expansion facilitated by warming coastal waters.

10 Balanidae Species Removed from Further Consideration

10.1 Paraconcavus pacificus (Pilsbry, 1916)

ATLANTIC Ross (1962: 17) reported specimens of the East Pacific species
Paraconcavus pacificus on the venerid clam Dosinia elegans from the entrance of
Tampa Bay, Florida. Since there were no previous records of this East Pacific
species in the Gulf of Mexico, he inferred that it had been recently introduced there.
Not only has this report apparently been overlooked by subsequent authors citing
him (Newman 1982; Henry and McLaughlin 1975; Spivey 1981; Zullo 1992b), but
neither it nor any other extant member of the genus has been reported from the Gulf
of Mexico. This study considers that the report is questionable enough to be in
error, and it is reported as such here.

10.2 Balanus crenatus Bruguiere, 1789

PACIFIC Mooi et al. (2007) reported this species as introduced to San Francisco
Bay; this appears to be a lapsus, as it is a well-known native species (Cornwall
1951; Zullo 1960, 1966b; Newman 1979).

11 Discussion

11.1 Temporal Patterns

The record of barnacle invasions in the Americas reported here covers a 150 year
period from the 1850s to the early 2000s. There is little doubt that a number of the
“dates of first records” (Table 4, Fig. 1) are artifacts of the timing of exploration
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and collection, and that thorough examination of museum collections, utilizing
fouled barnacle-covered oysters and other shells, will reveal earlier dates for a
number of species.

An analysis of the first known dates of collection for thoracic species over broad
geographic regions (Fig. 1), albeit coarse-grained, reveals some compelling
patterns. For the first 100 years (1853-1955) two species (A. amphitrite and
A. improvisus) constituted the majority of invasion events in the Americas, the sole
exception being the collection of B. trigonus in the 1860s and 1870s in the Atlantic.
After 1955, the first records of invasions of A. reticulatus, A. eburneus, B. glandula,
M. coccopoma, and S. amaryllis appear (excluding the collection of the Atlantic
barnacles F. pallidus and B. calidus in locks on the Pacific side of the Panama
Canal, although these, too, were first detected post-1950s). While, again, certain
artifacts can influence this apparent post-mid-twentieth century rise in barnacle
invasions, an increased diversity of barnacle invasions in the last half of the twentieth
century is in close concert with general observations of increasing invasions globally
of marine invertebrates, fish, and algae after WW II related to vastly expanded
global trade facilitated by more, larger, and faster ships.

Carlton and Cohen (2003) noted that the appearance of the Atlantic A. improvisus
on the California coast in the 1850s and of the Pacific B. trigonus on the Brazilian
coast in the 1860s also fell within a well-known global pulse of invasions related to
an earlier surge of shipping. They observed that “with the advent of clipper ships
as a mainstay, the California and Australian Gold Rushes altered global shipping
patterns for over a decade” (1849-1861). The opening of the Suez Canal in 1869
then altered shipping patterns again, forcing Atlantic-based clipper ships out of the
China tea trade (the Red Sea/Suez Canal being more suited to steam than sail) and
into the Australian wool trade. It was during these decades that many long-distance
sailing records were set: in 1866, for example, three ships sailed 25,000 km in
99 days during the “Great Tea Race” between China and London (Carlton and
Cohen 2003). This present study predicts that analyses of global barnacle invasion
patterns, outside of the Americas, will reveal that introductions surged between the
1850s and 1870s, in addition to a post-WWII global surge.

11.2 Temporal Patterns: Post-Discovery Spreading

The collection of species sequentially over time in one direction or another (north
or south of their original discovery sites, or east or west in bodies of water such as
the Gulf of Mexico) could suggest that a given species is moving in one direction.
Pitfalls abound in the analyses of such apparent patterns, including (1) that the species
may already be widespread upon first detection, and the pattern of discovery may
only coincidentally be in one direction or other, depending upon the history of
subsequent investigators and investigations; (2) the site of first discovery may not
be where the species was first introduced and became established; (3) once intro-
duced, a species may naturally begin to spread (in any direction) until it reaches its
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physiological limits (Carlton 2000), although the spread may appear unidirectional,
depending upon vectors, local hydrographic conditions, (again) exploration history,
et cetera, and (4) spread may be compounded by (and thus confused with) multiple
separate introductions. Relative to the latter, for example, Roman (2006) demon-
strated that while the shore crab Carcinus maenas appeared to have moved north
along the Canadian Maritimes to the Gulf of St. Lawrence, the northernmost
populations in fact represented a distinct genetic stock introduced independently
“on top” of the southern populations. Vector history and availability may also play
an important role; Zullo (1992a) thus suggested that the Pacific barnacle B. trigonus
was first brought to the South Atlantic Ocean and then dispersed north along
whaling ship routes.

These caveats noted, of particular interest relative to climatic warming scenarios
are species that, having been established in a region for a relatively long time then
begin to appear in more northern locations (in the northern hemisphere) or more
southern locations (in the southern hemisphere). Carlton (2000) reviews a series of
alternative hypotheses that would account for such movements, independent of
climate change.

Certain patterns of apparent chronological, directional histories can be detected
in Table 4. This study cautions against calculating invasion rates (km/year) until
data documenting site-by-site prior absence are available. While there are clear
patterns of spread, such as the records of A. reticulatus and S. amaryllis in Brazil
and B. glandula in Argentina, all of these based upon documented prior absences,
whether any of these sequences represent responses to climate change remains
unclear. In the Pacific, A. eburneus was first reported in a fairly tight cluster of
years (1959, 1963, 1964) from the Gulf of California, Mexico, and Panama, and
then a long gap precedes its northward detection (2000) in southern California.
Amphibalanus eburneus, however, is not an obligatory warm-water species requiring
warming conditions to colonize a new area, so this northward range expansion is
not necessarily climate-related.

Amphibalanus reticulatus similarly is detected on the Pacific coast first in
Mexico (1984) and then to the north (Table 4), but this, too, could represent simply
long-term dispersal along the coast, as suggested by its collection to the south in
Panama (2000). However, the Panama population could also represent an indepen-
dent introduction, perhaps through the Panama Canal or from the Indo-West
Pacific, not related to the earlier northern occurrences.

Similar patterns obtain for the rest of the species shown in Table 4, where while
there appear to be clear patterns of unidirectional spreading, these may represent
the expected dispersal of species, rather than response to warming conditions in
either hemisphere. One exception may be the arrival of Megabalanus coccopoma
on the southern Atlantic coast of the United States, where this species, known since
the early 1970s in Brazil, was found in the Gulf of Mexico in 2001, and has since
colonized the coasts of Georgia, South Carolina, and North Carolina, apparently
only since about 2005. Carlton (2010), noting the appearances along the southern
Atlantic coast of the United States of a suite of taxa with warmer-water affinities,
referred to this phenomenon as “Caribbean Creep”.
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To determine whether the southward spread of both Amphibalanus reticulatus
and Striatobalanus amaryllis from northern to southern Brazil, and the spread of
Amphibalanus amphitrite from Brazil to Argentina, are linked to warming condi-
tions will require a comparison of these species’ minimal temperature requirements
for gametogenesis, larval survival, and settlement, compared to increased tempera-
tures in these lower latitudes. This said, the long delay in moving south along the
South American coast by A. amphitrite is compelling, relative to climate warming
that would permit it to move into Argentina.

While the data in hand do not yet substantiate climate-mediated range expan-
sions for most of the species dealt with here, the authors of this present study
predict, as discussed below, that we are likely on the doorstep of such range shifts.

11.3 Temporal-Geographic Patterns

There are few general temporal-spatial patterns, save for an apparent 32 year lacuna
in any barnacle invasions on the Pacific coast of the Americas (A. amphitrite
collected in 1914 in southern California, followed by its collection in 1946 in
the Gulf of California). Throughout the nineteenth to twenty-first centuries barnacle
invasions alternate on both Atlantic and Pacific American shores (Fig. 1, Table 4).

This said, one notable pattern, revealed by a comparison of Fig. 1 with site and
time data in Table 4, is that no alien barnacle species has first colonized North
America north of latitude 34°. The first records of the Indo-West Pacific barnacle
A. amphitrite are in Los Angeles (34° N), in 1914, and in Beaufort, North Carolina
(34° N), in 1955. No barnacle species from overseas has ever made landfall on the
Atlantic coast north of North Carolina or on the Pacific coast north of southern
California (amongst those species native to North America, B. improvisus colonizes
San Francisco Bay (37° N) in the late 1840s or early 1850s). Whether native to
North America or elsewhere, no new barnacle invasions first make landfall in the
Pacific Northwest, or New England. Why in particular no Western Pacific species
have first appeared in Pacific Northwest waters is not clear, especially given the
long history of transplantation of Japanese oysters to Oregon, Washington and
British Columbia. And, as Ruiz et al. (2009) note, there are few barnacle invasions
north of California: only A. improvisus occurs in Oregon, California, and British
Columbia, and no introductions are yet known in Alaska.

11.4 Geographic Patterns: Diversity and Origins

Five species of thoracic barnacles have invaded the Pacific coasts of the Americas:
A. improvisus, A. eburneus, and A. subalbidus, all from the Atlantic, and A. amphitrite
and A. reticulatus from the Indo-West Pacific. Seven species have invaded the
Atlantic coasts of the Americas, and six are from the Pacific Ocean: A. amphitrite and
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A. reticulatus (shared as invaders with the Pacific coast), and B. trigonus, B. glandula,
S. amaryllis, and M. coccopoma. The Northwest Atlantic A. subalbidus has invaded
the Southwest Atlantic. While the Western Pacific has contributed species to the
Eastern Pacific, there are no clear examples of the mirror image of the Eastern
Atlantic contributing species to the Western Atlantic, unless the cryptogenic
F. pallidus falls in this category.

11.5 Geographic Patterns: Regional Diversity of Invaders

In general, no one region has gained significantly more alien barnacles than other
regions (Fig. 1). Striking, however, are the few barnacle invasions that have
occurred on the Pacific coast of South America (Pitombo and Ross 2002; Castilla
et al. 2005; Pitombo 2010), and, indeed, these species (A. improvisus, A. amphitrite
and A. reticulatus) are reported only from northernmost locations (Ecuador,
Colombia, and Peru). The genera Amphibalanus and Fistulobalanus contain
species associated with brackish environments. The arid environment of the Chilean
coast thus may not facilitate colonization by estuarine barnacles, reminiscent of the
apparent inability of the estuarine Amphibalanus improvisus to become established
in the arid estuaries of southern California. In addition, the high diversity shores of
Chile may present a strongly competitive environment for more stenohaline species
of barnacles.

11.6 Galapagos Islands

Zullo (1991) felt that the tropical Eastern Pacific Megabalanus coccopoma had
been introduced to the Galapagos Islands by visiting ships based upon its absence
there in 1964; it appears to have been first collected on pier pilings at Baltra Island
in 1966 (USNM 243980; Smithsonian Institution data base accessed July 2010).
While Carlton (1988) and Zullo (1991) speculated that A. amphitrite, A. eburneus,
A. improvisus, and A. reticulatus were likely candidates for introduction to the
Islands or were already present there, these species have not yet been reported from
the Galapagos, nor are any alien barnacles from the Western Pacific or the Atlantic
known solely from the Galapagos Islands.

11.7 The Panama Canal

Cohen (2006) has reviewed the history of the Panama Canal relative to permitting
or inhibiting marine and estuarine invasions to the Pacific or Atlantic Oceans.
Spivey (1976) reported on the barnacles of the Panama Canal; his records of
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Amphibalanus reticulatus (at the Caribbean end) and of Amphibalanus amphitrite
(at the Pacific end) are noted above. In addition, Fistulobalanus pallidus was found
in the Panama Canal in the Miraflores Locks on the Pacific Ocean side in 1972
(Jones and Dawson 1973) and in 1974 (Spivey 1976). It is not treated here as an
established invasion in the Canal; while it may still be present, the records are more
than 35 years old, and there are no recent reports. Similarly, Spivey (1979: 46)
reported a population of Balanus calidus at the Pacific end of the Panama Canal,
“in the lower (seaward) end of the lower east chamber of Miraflores Locks, 12 m
below minimum water level”, based upon collections in 1974. Pending more modern
reports, it is not treated here as an established invasion (and, as noted above, there
are doubts about the identification of this species).

That the freshwater Gatun Lake in the middle of the Panama Canal is a permeable
barrier to marine and brackish-water species has long been noted. As noted in
Table 2, Bishop (1947) found Amphibalanus amphitrite, Balanus trigonus, and
Austrominius modestus alive on a vessel arriving in England from New Zealand that
had transited the Panama Canal. Menzies (1968) experimentally found that two
species of Atlantic barnacles (“Chthamalus sp.” and “Balanus sp.”) survived the
transit through freshwater of the Canal. Davidson et al. (2008a) found that
Amphibalanus improvisus arrived alive in Texas on a vessel towed from San
Francisco Bay through the Panama Canal.

The Panama Canal is now being enlarged, with the goal of doubling transit
capacity (more ship traffic and more tonnage) by 2014, along with accommodating
larger (wider) ships (Zubieta 2010). The major aspects of this work include widening
and deepening the Canal’s entrances at both the Atlantic and Pacific ends, as well
as the navigational channel in Gatun Lake. The authors of this study predict that
this larger Canal will lead to increased invasions through the Canal, as well as into
the brackish waters of Miraflores Lock.

11.8 Future Invasions

One of the hallmarks of invasion ecology is that the next invasion is often
impossible to predict. That said, we note that two well-known invaders can be
expected on American shores, if they are not already present. Austrominius modestus
(= Elminius modestus), an Australian-New Zealand native that colonized Europe
after WWII (Bishop 1947; see O’Riordan et al. 2009; Buckeridge and Newman
2010; Gomes-Filho et al. 2010; Witte et al. 2010 for an entrée into the earlier litera-
ture), remains a candidate for colonization of Atlantic American shores; its failure
to do so, at least as a result of transport from Europe, for more than 60 years, is not
a predictor of the probability of its future invasion. Hedgpeth (1968) speculated that
the “ecological catholicity of the native barnacle Balanus glandula on the Pacific
coast of North America may inhibit the establishment of Elminius modestus”, but
whether competitive processes or other factors have so far led to its failure to appear
in the Americas remains unclear. The Caribbean Chthamalus proteus invaded the
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Pacific Ocean in the 1990s (see Carlton and Eldredge 2009, for a review of the
literature), and has been found on ships going back-and-forth between Hawaii and
the North American Pacific coast (Table 2); indeed, it would not be surprising to
find that C. proteus is already present on the American Pacific coasts. While
Austrominius can be (or should be) readily recognized on American shores, detecting
C. proteus amongst native chthamalids in, for example, the southern California and
the Panamic regions, will require detailed studies.

Finally, this study suggests that many more barnacle species, both native and
introduced, are likely to move north in North America and south in South America
with a warming world. As discussed here, examples may already be in hand:
Chthamalus fragilis, Amphibalanus amphitrite, Balanus trigonus, and Megabalanus
coccopoma in the Northwest Atlantic, Amphibalanus amphitrite in the Southwest
Atlantic, and Tetraclita rubescens may have, may now be, or are responding to
warmer coastlines. Among many potential examples, the authors of this review thus
expect Amphibalanus amphitrite and Balanus trigonus to continue to move north
on the Atlantic American coast, and Amphibalanus reticulatus to continue to move
north on the Pacific American coast. Among many native species to be watched for,
Amphibalanus eburneus is likely to move north into Maine; in turn, this study
expects the cooler-water Semibalanus balanoides to begin to retreat, perhaps even
re-establishing its once southern limit at New Jersey, if not further north. Barnacles,
amongst the most conspicuous and easily collected shallow-water invertebrates,
and with an extensive fossil, archaeological, and historical record, should prove to
be global models for monitoring a changing ocean.
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Marine Crustacean Invasions in North
America: A Synthesis of Historical Records
and Documented Impacts

Gregory Ruiz, Paul Fofonoff, Brian Steves, and Alisha Dahlstrom

Abstract We examine the history and relative importance of marine crustacean
invasions for North America. Nearly 400 non-native species of invertebrates
and algae have established populations in marine and estuarine waters of North
America. Of these documented invasions, 28% are crustaceans, contributing the
largest number of species of any taxonomic group. Crustaceans also dominate
non-native species richness on each coast of North America, but there are strong
differences in the total number of non-native species and in their taxonomic dis-
tribution among coasts. Crustaceans contribute prominently to the current knowl-
edge base about marine invasions, due both to the large number (proportion) of
documented introductions and also the extent of research on the group; they are
thus a potentially important model for understanding marine biological invasions
in general. Using an analysis of available literature, we evaluate what is known
about the impacts of 108 non-native crustaceans in North America. Ecological and
economic impacts are reported for many (28%) of these species, but they are rarely
well documented, resulting in low certainty about the magnitude, spatial scale, and
temporal scale of effects.

1 Introduction

Biological invasions by crustaceans are a conspicuous feature of coastal marine
ecosystems throughout the world. This prominence results from a combination of
multiple factors, including the relatively large body size and good taxonomic
(and biogeographic) resolution that exists for many species compared to some other
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taxonomic groups (Cohen and Carlton 1995; Carlton 1996; Ruiz et al. 2000). In addition,
crustacean invaders can often achieve high abundances, further increasing the likeli-
hood of detection and observation. All of these attributes are exemplified by many crab
and barnacle species that are frequently recognized introductions, such as the European
shore crab Carcinus maenas and the Chinese mitten crab Eriocheir sinensis.

It is therefore no surprise that crustaceans are among the most studied of all
marine invaders and often comprise a large proportion of the documented non-
native species in well-studied regions of the world (Cohen and Carlton 1995; Reise
et al. 1999; Orensanz et al. 2002; Bouley and Kimmerer 2006; Hewitt et al. 2004;
Galil 2008). Research on non-native species of crustaceans spans a wide range of
topics, from population dynamics and evolutionary biology to community ecology
and economic consequences (Vermeij 1982; Seeley 1986; Grosholz et al. 2000;
Talley et al. 2001; Lohrer and Whitlach 2002; Floyd and Williams 2004; Hollebone
and Hay 2008). Given the scope and extent of this past work, crustaceans provide an
important model for understanding invasion patterns and processes.

In this chapter, we present a brief overview of the current state of knowledge
about crustacean invasions for marine and estuarine waters of North America,
excluding Mexico. We synthesized and analyzed occurrence records for marine
species to identify non-native species that have been documented in North America,
evaluating species considered to have established populations. The results were
documented in a database (NEMESIS 2009) and used to characterize (a) the identity,
distribution, and native region for non-native crustaceans documented among the
Atlantic, Pacific, and Gulf coasts of North America, (b) the relative importance of
crustaceans to overall non-native species richness documented for each coast, and
(c) the impacts (effects) that have been reported for North America.

2 Taxonomic and Geographic Distribution
of Non-native Crustaceans

We identified 108 non-native species crustaceans that were classified as having
established populations in marine and estuarine (tidal) waters of North America,
including the continental United States and Canada (Appendix 1). As noted in pre-
vious analyses (Ruiz et al. 2000), crustaceans make the single largest contribution
of any taxonomic group to the number of documented non-native species in North
America. In our current analysis, we classified 381 non-native species of inverte-
brates and algae (i.e., excluding vertebrates and vascular plants) as having estab-
lished populations in tidal waters of North America. Thus, crustaceans comprised
28% of this total non-native species richness on a continental scale.

The largest contribution of non-native crustaceans came from amphipods, pro-
viding 30% of documented crustacean invasions in North America (Fig. 1). Three
other groups each contributed strongly to the total species richness: isopods (21%),
decapods (14%), and copepods (13%). Other groups of crustaceans each contributed
less than 10% of the total species, with barnacles, mysids, and ostracods providing
the most (7%, 6%, and 5%, respectively; Fig. 1).
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Fig. 1 Taxonomic distribution of non-native crustaceans in tidal (marine and estuarine) waters of
North America. Shown are the numbers of species in each taxonomic group classified as non-
native and established in North America

2.1 Number of Species by Coast

There are strong differences in the total number of non-native species among the
three coasts of North America (Fig. 2). Far more non-native species have been
documented for the West coast than the other two coasts, when considering estab-
lished populations of invertebrates and algae. Despite such a disparity in overall
numbers, the relative contribution of crustaceans to totals on each coast is similar:
42% of non-native species on the West coast, 33% on the Gulf coast, and 31% on
the East coast (Fig. 2). Nonetheless, 75% of all non-native crustaceans are known
from the West coast alone, and far fewer are documented on the Gulf coast (13%)
and East coast (33%), with some species shared among coasts (Appendix 1).

Several factors may contribute to this disparity in the total number of non-native
crustaceans and other taxa documented among coasts. One of these involves the
quality of the historical record and knowledge about biogeography, both of which
differ by coast. Marine biological studies on the East and Gulf Coasts began in the
early-mid-1800s, centuries after the beginning of extensive European trade and
shipping (1500s—1600s, Carlton 2003). Due to this long gap, many species may
have invaded the Atlantic coast of North America before the biota were catalogued
(Carlton 2003). In contrast, biological collections and studies began on the West
Coast in the late 1800s, only few decades after the beginning of extensive settlement
and shipping (mid-1800s, Carlton 1979), although we note that the West coast, too,
experienced early contact (beginning in the 1500s) with European shipping. Such
geographic differences in relative timing of events may greatly affect the ability to
detect non-native species (Ruiz et al. 2000).
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Fig. 2 Proportion of non-native species for each coast of North America that are crustaceans.
Bars indicate total number of invertebrate and algal species that are classified as non-native and
established in tidal waters on each coast; shaded areas indicate numbers (proportions) that are
crustaceans

Specific characteristics of species transfer mechanisms have also affected
observed differences in non-native species richness among coasts in at least
two ways. Both the magnitude and geographic source(s) of species transferred
by human means have clearly differed among coasts, affecting the species pool
and the number of propagules (individuals) delivered. This variation is perhaps
most pronounced for oyster transfers and their associated biota. Massive num-
bers of oysters were transferred to the West coast, first from eastern North
America (the Eastern Oyster, Crassostrea virginica) and then from Asia
(Pacific Oyster, C. gigas), resulting in a large number of invasions by associ-
ated biota (Carlton 1979; Cohen and Carlton 1995; Miller et al. 2007). In con-
trast, transplants of oysters to the East and Gulf coasts from other global
regions have been very limited in scale, occurring later in time with more care
to prevent movement of associated species (Loosanoff 1955; Hidu and Lavoie
1991). Some transfers of native oysters (C. virginica) along the Atlantic coast
have resulted in introductions (e.g., Loxothylacus panopaei, from the Gulf of
Mexico to Chesapeake Bay, Hines et al. 1997). Nonetheless, while oyster intro-
ductions have been a major source of invasions to the West Coast of North
America, relatively few species are attributed to this mechanism on the East or
Gulf Coast.

As with oysters, strong differences in commercial shipping have contributed
to variation in non-native species richness among coasts, especially with respect
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to source region. For example, in recent time, most overseas ship arrivals to the
West coast came from ports in Asia and other Pacific Rim countries, but those
to the East and Gulf coasts have been mainly from Atlantic ports (NBIC 2009).
Independent of potential differences in the magnitude (number of species and
densities) of organism transfers among regions, the different origin of vessel
traffic indicates that a different pool of species is delivered to each coast of
North America. This said, exceptions to this general pattern occur, and may
deliver notable species to the “opposite” coast, such as the Asian shore crab
Hemigrapsus sanguineus that invaded the East coast in the 1980s (Lohrer and
Whitlatch 2002).

Although there are conspicuous differences in the supply of propagules
among coasts, it is also possible that these geographic regions differ in suscep-
tibility to invasions. It has been suggested that West coast estuaries are more
susceptible to invasions than those elsewhere because of disturbance or a depau-
perate native fauna (Cohen and Carlton 1998). This hypothesis remains to be
tested in a way that controls for many of the other confounding factors or differ-
ences among locations (Ruiz et al. 1999, 2000).

It has also been suggested that the West coast is relatively susceptible to inva-
sions, especially from Asia, due to climatic regime (Vermeij 1991; Chapman 2000).
In the north-temperate zone, the eastern shores of oceans (Europe, western North
America) have marine-dominated climates, with milder winters and summers,
while the western shores (Asia, eastern North America) have continental-dominated
climates, with a wider temperature range. Species that have evolved in the latter
regions (Northwest Atlantic, Northwest Pacific) may be superior colonists, while
species native to marine-dominated climates (Northeast Atlantic, Northeast Pacific)
may have difficulty surviving the wide temperature range in continental climates.
Chapman (2000) considers this an explanation for a west-to-east pattern of inva-
sions for peracarid crustaceans in North America, and Carlton (1999) has found a
similar pattern in molluscs.

2.2 Salinity Distribution of Species by Coast

For each coast, the majority of the non-native crustaceans in our analyses occur in
marine waters, ranging from 65% to 78% (Appendix 1). A small subset of species
is restricted to tidal freshwater reaches of estuaries on each coast, exhibiting a very
narrow range (15-16% of the crustaceans) among coasts. The West coast has more
than twice the frequency of brackish water specialists (18% of species) than the
East or Gulf coasts (5% and 8%, respectively). This difference results largely from
the greater number of copepods and mysids that have colonized brackish water on
the West coast compared to other coasts, where these groups were relatively rare
(see below for further discussion).
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2.3 Taxonomic Distribution by Coast

A striking difference exists among coasts in the relative frequency of different
taxonomic groups within the non-native crustaceans (Fig. 3). On the West coast, a
disproportionately large percentage of the total is comprised of amphipods (35%)
and copepods (17%) compared to the other coasts. In contrast, amphipods contribute
7% and 17% of the non-native crustaceans for the Gulf and East coast, and copepods
were 0% and 3% of the totals for these respective coasts. Mysids are also more
prevalent on the West coast (five species, 6% of crustaceans) compared to the Gulf
coast (none) and East coast (one species or 3%).

For copepods and mysids, the differences among coasts are attributed in large
part to invasions from Asia. The estuarine copepod and mysid fauna of the coast of
Asia includes a substantial contribution from a diverse fauna, adapted to low-
salinity brackish waters, many of which range into temperate waters. Fourteen of
these species (ten copepods, four mysids) have been introduced to West Coast estu-
aries in ballast water (Cohen and Carlton 1995; Orsi and Ohtsuka 1999; Bollens
et al. 2002; Modlin 2007; Cordell et al. 2008), representing 71% of copepod intro-
ductions and 80% of mysid introductions to this coast. In contrast, only one cope-
pod and one mysid are known introductions to the Gulf and East coasts combined
(Appendix 1).

The paucity of copepod invasions for the entire Atlantic coast is especially sur-
prising, given the magnitude of shipping and ballast water discharge at major ports
along this coast (NBIC 2009). Although ballast water is considered the source for
most copepod invasion along the West coast, a similar signal is completely lacking
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Fig. 3 Contribution of different taxonomic groups to non-native crustaceans for each coast of
North America. Shown are the numbers of species in the respective taxonomic groups that are
considered non-native and established in tidal waters on each coast



Marine Crustacean Invasions in North America 221

for the East and Gulf coast, where the only reported invasion is a freshwater parasitic
copepod on fish (Lernaea cyprinacea). Moreover, the only documented non-native
marine zooplankton species established on the East Coast is the European mysid
Praunus flexuosus (Wigley 1963).

Based on past and current shipping patterns, most overseas ship arrivals and bal-
last discharge to the East coast have come from Europe, whereas that to the West
coast has been from Asia (NBIC 2009; Ruiz, 2005). It is noteworthy that the
copepod fauna of Europe is considered relatively low in diversity, with many cir-
cumpolar and amphi-oceanic species and species complexes (Frost 1989; Bradford
1976; Lee 2000). While many of the copepods introduced to West coast estuaries
from Asia are morphologically distinct and easily recognized (Orsi and Ohtsuka
1999), the species pool in Europe reaching the East Coast via ballast water of ships
is more similar morphologically to the native fauna (Fofonoff and Ruiz, 2003). It is
possible that some early introductions of European copepods have been overlooked,
especially if species complexes disguise a richer biota than is presently
recognized.

For amphipods, some of the same issues appear important in the observed dis-
parity among coasts. Asia was an important source (native region) for amphipods
on the West coast, and so was the Atlantic, resulting from transfers by oysters and
ships (Cohen and Carlton 1995; NEMESIS 2009). Atlantic and Asian amphipods
arriving on the West Coast appear to have often been morphological distinct and
readily recognized from native biota (Carlton 1979; Chapman 1988, 2007). In con-
trast, a number of amphipod species, especially those building tubes on solid sur-
faces (e.g., Corophiinae, Jassa marmorata; Ampithoe valida; Erichthonius
brasiliensis) are found on both sides of the Atlantic (Lincoln 1979; Conlan 1990;
Bousfield and Hoover 1997). It is likely that some early introductions of European
fouling-community amphipods to the East Coast have been overlooked, since they
could have happened centuries before the onset of biological studies.

More generally, the frequency differences observed for taxonomic groups among
coasts results from variation in (a) the historical supply of propagules, (b) suscepti-
bility to invasions, and (c) detection of non-native species. The relative importance
of each of these is still under debate for crustaceans and all other taxa, as discussed
above (see Sect. 2.1). The patterns observed for copepods and other ballast-mediated
invasions serve to further underscore the importance of propagule source in con-
straining the species pool and taxonomic resolution. There is also the suggestion that
the biota from some regions may be superior colonists, such as species arriving from
Asia to the West coast of North America (Vermeij 1991, 1996; Chapman 2000).

2.4 Native Region by Coast

In considering the native region of crustaceans on a broad-scale (Fig. 4), most spe-
cies are from Asia and the western Pacific, ranging from 41% to 62% of all crusta-
ceans per coast. North America itself is the second largest native region for crustacean
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Fig. 4 Contribution of different native regions to non-native crustaceans for each coast of North
America. Shown are the numbers of species from the respective broad-scale native regions that are
considered non-native and established in tidal waters on each coast

invasions, contributing 21-32% of species with the vast majority on each coast
from western Atlantic coast. The eastern Atlantic (including Eurasia and Africa)
was the third largest native region for all three coasts of North America, being
greatest for the East coast (19% of species) and lower for the Gulf and West coasts
(8% and 4%, respectively). The native region for the residual species was classified
as other, including other regions and those of unknown origin.

While the prominence of Asia and western Atlantic reflect the history of ship-
ping and oyster transfers (as discussed above), the contribution of Asia across all
regions is somewhat surprising when considering the historical and current trade
patterns. For the East coast, this results from the combination of direct introduc-
tions as well as secondary introductions via Europe. The latter is illustrated by the
recent introduction of the Chinese mitten crab Eriocheir sinensis to the East coast,
where genetic data suggest Europe as the likely source population (Ruiz unpubl.
data).

3 Impacts of Non-native Crustaceans

For all of North America, an impact was reported to occur in marine and estuarine
waters for 30 of the 108 crustacean species, representing 28% of all species
(Appendix 1). Here, we recorded an impact if there was a significant change attrib-
uted to the non-native species, causing either (a) a detectable change in composition
or population size(s) of resident species or (b) economic impact, including effects
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Fig. 5 Percent of non-native species in each crustacean group that are reported to have impacts
in tidal waters of North America. See Fig. 1 for total number of species in each group

on fisheries resources, agricultural products, infrastructure (e.g., docks, piers, dams,
water supply), power plants, shipping, and recreation. As a first analysis, we considered
impact as a binary condition, which was either reported or not reported, regardless
of information type and impact magnitude (addressed separately below) or whether
explicitly tested.

Considering only marine and estuarine waters of North America, some type of
impact was reported most frequently for introduced barnacles (75% of species),
copepods (57%), and decapods (33%) (Fig. 5; see also Appendix 1). Impacts
were reported for 17-19% of the amphipod, isopod, and mysid species. No
impacts were reported for cladocerans, ostracods, or other species of crustaceans.

When expanding our analysis to include the same non-native species in non-tidal
freshwater (i.e., lakes and rivers), another six species have been reported to have
impacts, including five in North America and one on another continent (Appendix 1).
These included three species of decapods, two species of amphipods, and one spe-
cies of cladoceran. As such impacts were not reported for marine and estuarine
waters, we have excluded them from further analyses.

3.1 Impact Type

Figure 6 shows the frequency of impact types reported for tidal waters of North
America for all 108 non-native crustacean species. Slightly over 10% of species
were reported to have competition or economic impacts. Approximately 5% of spe-
cies were reported to have effects as a result of predation (including herbivory),
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Fig. 6 Frequency of impact types reported for crustaceans in tidal waters of North America.
Shown are the percent of species reported to have impacts in seven broad impact categories
(T & E = threatened and endangered). Species may be included in more than one category

providing a food/prey resource, or altering habitat. Effects on host populations by
parasitism was reported for 3% of species, and effects on threatened or endangered
(T & E) species were reported for 3% of species. These categories were not mutu-
ally exclusive, in that more than one impact type was reported for 13 of the 30
species with reported impacts (Appendix 1). Although we also considered changes
in ecosystem processes (e.g., nutrient cycling) as a possible impact category, none
of the crustaceans were reported to have a significant impact of this type.

3.2 Information Type and Effect Magnitude

Most of the impacts reported were based upon qualitative observation, correlated
changes associated with the arrival or abundance of a non-native species, or
changes inferred from understanding the ecology of a species (Appendix 2). For
seven (23%) of the 30 species with reported impacts, impact assessments were
based on laboratory or field experiments. The latter included three decapods
(Carcinus maenas, Hemigrapsus sanguineus, Petrolisthes armatus) and a single
species each of amphipod, isopod, barnacle, and copepod (Microdeutopus gryllo-
talpa, Sphaeroma quoianum, Loxothylacus panopaei, Tortanus dextrilobatus,
respectively).

We estimated the effect size or magnitude for each of the species with reported
impacts, and approximately half (14) of the 30 species were considered to cause
change(s) in excess of 50% in other resident populations or to have economic effects.
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This was a coarse-level assessment, in which we estimated the magnitude of
changes by impact type that were reported in the literature. Our goal was to gain
some indication of the perceived effect size by classifying observed changes into
one of five categories of increasing effect size (see Appendix 2; this is an initial
application of methods being developed by Dahlstrom). Thus, this is not a precise
measure but instead a rough index of reported effect size, on some spatial and tem-
poral scale (see Conclusions).

For some species, the actual effect size was not explicitly stated. In some of
these cases, we generated an estimate based on information provided. In other
cases, there was simply too little information to obtain a reasonable estimate, and
these were classified as “undescribed or unassessed”, occurring for 10 of the 30
species. This does not mean that the species is considered to have an insignificant
impact, only that that effect magnitude was elusive. This situation is perhaps best
illustrated by barnacles, many of which are known to have significant economic
impact as biofouling organisms, affecting vessels (e.g., increased fuel consumption,
hull maintenance) and water intake systems in North America and elsewhere.
While the local effect of barnacles on an individual vessel or power plant can be
severe, the impacts are often caused by a broader community of species that include
barnacles, and effects are occurring on a global scale. Our ability to examine such
partial contributions or cumulative effects was limited in the current classification
scheme.

3.3 Certainty

We used a categorical index to assess the strength of inference about the magnitude
of reported impacts. Our approach relied on information type (above), and certainty
or confidence in reported estimates of effect magnitude was considered low in the
absence of quantitative data or when the ability to partition effects among multiple
(confounding) factors was limited. We assigned a certainty score from 1 to 3 (low
to high) for each reported effect magnitude x impact type, for the 30 species in
which an impact was reported (Appendix 3).

At the present time, the level of certainty or confidence about the effect magni-
tude of non-native crustaceans is very limited. We classified 8 (27%) of the 30
species as having a high level of certainty about the reported effect magnitude for
at least one of the impact types. This included primarily species for which there
were quantitative experimental data that evaluated ecological effects (three deca-
pods, one copepod, one amphipod) and those which caused conspicuous erosion or
destruction of docks (three isopods). All other species were classified as having low
certainty about the reported effect magnitude for all impact types.

This analysis does not imply that these effect magnitudes are incorrect or did not
occur, but only that the information available is too limited to have confidence in
these reports. Assigning impacts to an individual invading species is especially dif-
ficult when environmental conditions, species assemblages, and foodwebs are all
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undergoing changes driven by multiple causes. Observed changes that are coincident
or correlated with invasion dynamics are clearly useful, but the ability to attribute
cause of a single factor is confounded by the many other changes that are occurring
(Ruiz et al. 1999).

This complexity is illustrated in the fresh and brackish Delta regions of the San
Francisco Bay estuary, where five non-native species of planktonic copepods
(Acartiella sinensis, Pseudodiaptomus forbesi, P. marinus, Tortanus dextrilobatus,
and Limnoithona tetraspina) and two non-native mysids (Hyperacanthomysis longi-
rostris = Acanthomysis bowmani; Orientomysis aspera=A. aspera) appeared and
became abundant or dominant over the course of approximately 7 years, from 1987
to 1993 (Orsi and Walter 1991; Cohen and Carlton 1995; Modlin and Orsi 1997; Orsi
and Ohtsuka 1999). The calanoid copepod Eurytemora affinis, probably an early
introduction to the estuary (Lee 2000; Orsi 2001), had been a dominant mesozoo-
plankter (Ambler et al. 1985) and an important component of the diet of larval and
planktivorous fishes in the Delta (Nobriga 2002; Nobriga and Feyrer 2008; Bryant
and Arnold 2007). Within 2 years of its first detection, P. forbesi had become the
most abundant calanoid in fresh and oligohaline regions of the Delta, while E. affinis
had declined. Similarly, the native mysid Neomysis mercedis, another major prey
item for fishes, had declined and was largely replaced by the two introduced mysids,
H. longirostris and O. aspera, first collected in 1993 (Modlin and Orsi 1997).

The changes in species composition in the plankton coincided with declines in
recruitment of two important fish species, the introduced Striped Bass, Morone
saxatilis, a major game fish in the Bay, and the native, endangered Delta Smelt,
Hypomesus transpacificus. Larvae of striped bass fed selectively on the copepod
E. affinis in experiments, apparently because of superior escape abilities of
P. forbesi (Meng and Orsi 1991). Eurytemora affinis was also considered to be a
higher-quality prey, over P. forbesi, for all stages of the smelt (Moyle et al. 1992;
Nobriga 2002). However, since P. forbesi has become dominant, it is now the pri-
mary copepod in the diet of both fish species (Hobbs et al. 2006; Bryant and Arnold
2007). The replacement of the mysid N. mercedis by the two exotic mysids is also
considered to be adverse for juvenile striped bass, since the introduced mysids are
smaller, and so require more search effort (Nobriga 2002; Feyrer et al. 2003).

At first glance, these drastic changes in species dominance and fish recruitment
might be attributed to superior competitive abilities of the planktonic invaders.
However, they have followed a drastic change in the estuary’s foodweb, caused by
another invader, the Asian brackish-water clam Corbula amurensis, which appeared
in the Bay in 1986, and quickly developed huge biomasses, whose suspension-
feeding drastically decreased phytoplankton biomass and shifted energy and nutri-
ents from the plankton to the benthos (Alpine and Cloern 1992; Nichols et al.
1990). The decrease in phytoplankton and zooplankton biomass, and decreased
planktivorous fish recruitment, has persisted to the present, and has been termed
‘pelagic organism decline’ (Sommer et al. 2007; Baxter et al. 2008).

The replacement of E. affinis by P. forbesi appears to be partly due to the supe-
rior ability of its nauplii to escape the feeding currents of the Asian Clam (Kimmerer
et al. 1994). The role of competition in the species replacement is not clear.
However, P. forbesi did rapidly replace a previous invader, P. inopinus, in the
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Columbia River estuary (Sytsma et al. 2004; Cordell et al. 2008). Similarly, the
mechanism of species replacement of the native mysid N. mercedis by the two
exotic mysids has not been studied. Competition has been suggested, but the invad-
ing mysids may be better adapted to the altered foodweb, or more tolerant to other
environmental changes in this highly disturbed estuary. The invading species main-
tain a much smaller biomass than N. mercedis, probably reflecting the overall
plankton biomass decline (Feyrer et al. 2003).

Thus, ecological impacts of the introduced copepods and mysids in the San
Francisco estuary are reported, and may have a large effect magnitude, but certainty
remains low. The changes in species composition and fish recruitment associated
with the invasions occurred not just in the context of the Corbula invasion, but also
in an environment affected by many anthropogenic disturbances, including pollu-
tion, water diversions, fishing pressure, and natural drought/flood cycles, resulting
in drastic changes in river flow, salinity, suspended sediment, and water quality
(Hobbs et al. 2006; Sommer et al. 2007).

4 Conclusions

In North America, crustaceans constitute a dominant component of the documented
non-native marine diversity, whether considered at the continental scale or on
individual coasts. While we have summarized the relative importance (percent
contribution) of crustaceans to the recorded non-native diversity, as well as the
contributions of different crustacean groups to these spatial scales, we advise some
caution in interpreting these results. Certainly many invasions have gone unde-
tected, creating the potential for strong biases in the available record, and under-
standing the scale and effects of such biases remain a significant challenge for
invasion biology (Carlton 1996; Ruiz et al. 2000; Hewitt et al. 2004). Nonetheless,
crustaceans provide a significant amount of the available knowledge about inva-
sions in coastal marine systems.

Our analysis indicated that crustaceans not only contribute to the overall spatial
patterns observed but also provide an important barometer for invasion dynamics.
The relative difference in total non-native species richness among coasts was also
reflected in the crustaceans, contributing 31-42% of the total on each coast (Fig. 2).
The invasion record for crustaceans indicates the operation and importance of dif-
ferent transfer mechanisms in space and time. This record appears to have been
particularly sensitive for detection of ballast-mediated introductions on the West
coast, signaling the increased trade with Asia and delivery of low-salinity ballast
water over the past few decades. The observed pattern for ballast introductions
raises interesting hypotheses about the importance of source(s) and why a similar
spike in ballast water introductions is not evident along the East and Gulf coasts,
especially for copepods and mysids. In short, the crustaceans provide a good model
for testing ideas about coastal invasions.

This study found that significant impacts were reported within tidal marine and
estuarine waters of North America for at least 28% of the 108 non-native crustacean
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species documented here, spanning a range of impact types. Importantly, this analysis
does not imply that the other species have no impact or even that effects of species
are restricted to those observed. We have merely attempted to characterize effects that
were observed at some spatial and temporal scale.

While impacts from crustacean invasions occur in North America, and some are
well documented (e.g., effects of predation, biofouling, boring, and erosion), it is
particularly challenging to understand the magnitude and spatial scale of
effects. For most cases (72% of species with reported impacts), there was a low
level of certainty about the magnitude of effects reported at some scale, due largely
to (a) the lack of quantitative data and (b) the potential confounding effects of many
other factors associated with observed changes.

Use of quantitative experiments can help address the issue of certainty in many
cases, but the spatial and temporal extent of impacts still remains difficult to esti-
mate in the field. Most experiments or studies are conducted over relatively small
spatial and temporal scales. However, the application of these results to broader
scales is poorly understood, because effects are expected to vary in both space and
time, due to changes in population characteristics, local conditions, and scale-
dependent processes (Diamond 1986; Parker et al. 1999; Ruiz et al. 1999).

The issues of variation and scale are not new or unique to the analysis of inva-
sion impacts. While various approaches can be considered to integrate or repre-
sent effects across a species range (e.g., Parker et al. 1999), each requires an
adequate foundation of measures that appears to be limited at the present time,
even for those species where impacts are known. This is illustrated by the
European crab Carcinus maenas, one of the best studied invaders with well-
documented impacts in multiple geographic regions. For example, it is evident
that the crab has caused significant population and community effects as an intro-
duced predator in eastern North America, western North America, and Australia
in a wide range of habitats (Glude 1955; Grosholz et al. 2000; Walton et al. 2002;
Ross et al. 2004; Trussell et al. 2004; Griffen and Byers 2009; Kimbro et al.
2009). There are unusually good quantitative estimates in many of these cases,
but most are limited in spatial scale and do not assess geographic variation. Yet,
such measures are needed to evaluate the full scope of identified effects across a
geographic range.

Overall, increasing quantitative measures for non-native species impacts is a
high priority for invasion ecology. While invaders are a conspicuous and growing
component of marine and estuarine communities (Cohen and Carlton 1998; Ruiz
et al. 2000), there are many critical gaps in our understanding of ecological and
economic effects for most species. In advancing research to address these gaps, it
would be particularly useful to implement approaches that address the issues of
spatial and temporal variation. Selecting a few species for standardized measures
and experiments across multiple locations would be most valuable and an obvious
next step in this direction. Crustaceans offer an excellent model for this purpose,
due to (a) clear impacts that have been documented for some species, (b) the wide-
spread nature of many non-native species (both within North America and globally),
and (c) the extensive background knowledge about the biology and ecology of
many groups (e.g., crabs and barnacles). In addition, past studies demonstrate
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that many species are conducive to experimental manipulations that quantify the
magnitude of effects and can be replicated in space and time.

Acknowledgements We thank Bella Galil and Paul Clark for the opportunity to contribute to this
volume and also for their encouragement and patience in production. We thank Jim Carlton for
critical insights in compiling NEMESIS and exploring these data over many years. We thank
Stacey Havard for assistance with the references. Portions of this research were supported by the
Maryland Sea Grant Program, National Sea Grant Program, and Smithsonian Institution.

Appendix 1

Classification of distribution and impact type for non-native species of crustaceans
considered established in tidal (marine and estuarine) waters of North America.
Information included is as follows:

(a) Taxonomic Group and Species is provided for each crustacean classified as
non-native and established in North America.

(b) Coast indicates which of the three North American coasts (P)acific, (A)tlantic,
or (G)ulf; asterisk (*) indicates native to part of the coast indicated; (Cr)ypto-
genic indicates cryptogenic to Atlantic and Gulf coasts.

(c) Salinity Range characterizes known salinity distribution of the species as either
Marine (M), Brackish Specialist (B), Freshwater (F), or Catadromous (C).

(d) Impact Type indicates the type of impact reported separately for each species in
each of three habitat regions, including (1) marine and estuarine waters of North
America, (2) freshwater inland lakes and rivers in North America, and (3) other
global regions where the species has been introduced (i.e., not including the native
region). For each of these habitat regions, the impact type is classified broadly into
the following categories: P =effect(s) through predation including herbivory,
C =effects through competition, X = effects through parasitism, F = effects as food
or prey, H =effects through habitat alteration, T = effects on threatened or endan-
gered species, and E=economic effects on fisheries resources, agricultural products,
infrastructure (e.g., docks, piers, dams, water supply), powerplants, shipping, and
recreation. Occurrence of each impact type is indicated in individual columns for the
marine and estuarine region and combined into one column for the other two habitat
regions. An impact was recorded for any of these categories only if it was reported
to result in a significant change(s) in a target population, community, or economic
resource. The final column (SUM) indicates the number of impact types reported in
North America.

For a-c above, data and associated references are summarized in our database
(available in NEMESIS 2009). For references on impact type on each species, see
Appendix 3. Note that impact references are not an exhaustive list for all species;
in cases where multiple sources demonstrated the same type of impact, a subset was
selected that included quantitative measures with highest levels for effect magnitude
and certainty (see text and Appendices 2 and 3). Additional references are available in
NEMESIS (2009) and upon request.
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Taxonomic group
and species

Salinity
range

Impact type

North America

Marine and estuarine

PIC|X|F|H|T

Fresh

Other
global

regions |Sum

Cladocera
Daphnia lumholtzi
Ilyocryptus agilis
Copepoda-Harpacticoida
Harpacticella
paradoxa
Copepoda-Calanoidea
Acartiella sinensis
Sinocalanus doerrii
Pseudodiaptomus
forbesi
Pseudodiaptomus
inopinus
Pseudodiaptomus
marinus
Eurytemora affinis
(A subclade)
Tortanus
dextrilobatus
Copepoda-Cyclopoida
Lernaea cyprinacea
Mpytilicola orientalis
Pseudomyicola
ostreae
Limnoithona sinensis
Limnoithona
tetraspina
Oithona davisae
Cirripedia-Rhizocephala
Loxothylacus
panopaei
Cirripedia-Thoracica
Amphibalanus
amphitrite
Amphibalanus
eburneus
Amphibalanus
improvisus
Amphibalanus
reticulatus
Balanus trigonus
Chthamalus fragilis
Megabalanus
coccopoma
Ostracoda
Eusarsiella zostericola
Aspidoconcha
limnoriae
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Taxonomic group
and species

Coast

Salinity
range

Impact type

North America

Marine and estuarine

PIC|X|F|H|T

Fresh

Other
global
regions

Redekea californica
Spinileberis
quadriaculeata
Kotoracythere
inconspicua
Leptostraca
Epinebalia sp A.
Mysidacea
Deltamysis
holmgquistae
Hyperacanthomysis
longirostris
Neomysis japonica
Orientomysis aspera
Orientomysis
hwanhaiensis
Praunus flexuosus
Cumacea
Nippoleucon
hinumensis
Isopoda
Asellus hilgendorfi
Caecidotea racovitzai
Caecijaera horvathi
Dynoides dentisinus
Eurylana arcuata
Gnorimosphaeroma
rayi
lais californica
lais floridana
laniropsis sp.
Ligia exotica
Ligia oceanica
Limnoria pfefferi
Limnoria
quadripunctata
Limnoria tripunctata
Paracerceis sculpta
Paradella dianae
Paranthura japonica
Pseudosphaeroma
campbellensis
Sphaeroma quoianum
Sphaeroma terebrans
Sphaeroma walkeri
Synidotea laevidorsalis
Uromunna sp. A
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Impact type

North America

Marine and estuarine Other

Taxonomic group Salinity global
and species Coast range |P|C|X|F|H|T|E |Fresh |regions |[Sum

Tanaidacea
Sinelobus cf. stanfordi
Amphipoda-Gammaridea
Abludomelita rylovae
Ampelisca abdita
Ampithoe longimana
Ampithoe valida
Aoroides secunda
Chelura terebrans
Crangonyx floridanus
Crangonyx
pseudogracilis
Echinogammarus
ischnus
Eochelidium miraculum
Eochelidium sp. A
Gammarus daiberi
Gammarus tigrinus
Gitanopsis sp.
Grandidierella
Jjaponica
Incisocalliope
derzhavini
Jassa marmorata
Melita nitida
Microdeutopus
gryllotalpa
Monocorophium P (Cr)
acherusicum
Monocorophium P (Cr)
insidiosum
Monocorophium uenoi
Paracorophium lucasi
Paradexamine sp.
Corophium alienense
Corophium
heteroceratum
Stenothoe valida
Transorchestia
enigmatica
Amphipoda-Caprellidea
Caprella drepanochir | P*
Caprella mutica A; P
Caprella scaura A;G; P
Caprella simia P
Decapoda-Anomura
Petrolisthes armatus A*
Upogebia affinis A
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Taxonomic group
and species

Coast

Salinity
range

Impact type

North America

Marine and estuarine

P|C

X

H

T

Fresh

Other
global
regions

Sum

Decapoda-Astacoidea
Orconectes virilis
Pacifastacus

leniusculus
Procambarus clarkii

Decapoda-Caridea
Exopalaemon modestus
Macrobrachium

olfersii
Palaemon
macrodactylus

Decapoda-Brachyura
Carcinus maenas
Charybdis hellerii
Eriocheir sinensis
Eurypanopeus

depressus
Hemigrapsus
sanguineus
Platychirograpsus
spectabilis
Rhithropanopeus
harrisii

A; P
P*

F
F
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Appendix 2

Classification of information type and effect magnitude for non-native species of
crustaceans considered established in tidal (marine and estuarine) waters of North
America. Information included is as follows:

(a) Taxonomic Group and Species is provided for each crustacean classified as

non-native and established in North America.

(b) Information Type indicates the quality of information source that reported an

impact. Information type was classified as one of the following: 1=qualitative
information (including best professional judgment); 2 =presence/absence data that
indicate a measureable change associated with the occurrence of the non-native
species; 3=mechanistic or autoecological data that infer impact has occurred;
4=correlative data that demonstrates a quantitative relationship between the
invader (presence or abundance) and an effect; S=controlled laboratory
experiment(s); 6=controlled field experiment(s). Information type is shown for the
same categories and format as outlined above (see Impact Type); MAX indicates
the highest numerical value recorded for Information Type for North America.

(continued on page xx)
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(c) Effect Magnitude indicates an estimate of the reported effect size or magni-
tude. The magnitude was estimated from the original source(s) for each Impact
Type and classified as one of the following: O =undescribed or unassessed (in
cases where a significant impact is reported); 1=an effect of <10% change;
2 =an effect of 10-50% change; 3 =an effect of 50-75% change; 4 =an effect of
>75% change. Information type is shown for the same categories and format
as outlined above (see Impact Type); MAX indicates the highest numerical
value recorded for Effect Magnitude for North America.

For references associated with impact characteristics of each species, see
Appendix 3. Note that impact references are not an exhaustive list for all species;
in cases where multiple sources demonstrated the same type of impact, a subset was
selected that included quantitative measures with highest levels for effect magni-
tude and certainty (see text and Appendices 2 and 3). Additional references are
available in NEMESIS (2009) and upon request.

Appendix 3

Classification of certainty that observed effects were caused by the respective
non-native species of crustaceans considered established in tidal (marine and
estuarine) waters of North America. Information included is as follows:

(a) Taxonomic Group and Species is provided for each crustacean classified as
non-native and established in North America.

(b) Certainty provides a qualitative and categorical index of the strength of infer-
ence about impact magnitude reported. This is derived from the information
type, where certainty or confidence in available impact estimates is considered
low in the absence of quantitative estimates or the ability to partition effects
among multiple (confounding) factors. Values are: 1 =low, 2=medium, 3 =high.
Information type is shown for the same categories and format as outlined
above (see Impact Type); MAX indicates the highest numerical value recorded
for Certainty for North America.

(c) Impact References shows the source(s) of information used to generate the
above information matrix. Note that impact references are not an exhaustive
list for all species; in cases where multiple sources demonstrated the same
type of impact, a subset was selected that included quantitative measures
with highest levels for effect magnitude and certainty (see text and Appendices
2 and 3). Additional references are available in NEMESIS (2009) and upon
request.
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Taxonomic group &
species

Certainty

North America

Marine and estuarine

Fresh

Other
global
regions

Max

Impact references
(N. American
marine-estuarine
in bold)

Cladocera
Daphnia lumholtzi

Ilyocryptus agilis
Copepoda-Harpacticoida
Harpacticella paradoxa
Copepoda-Calanoidea
Acartiella sinensis
Sinocalanus doerrii
Pseudodiaptomus
forbesi

Pseudodiaptomus
inopinus

Pseudodiaptomus
marinus

Eurytemora affinis
(A subclade)

Tortanus dextrilobatus

Copepoda-Cyclopoida
Lernaea cyprinacea

Mpytilicola orientalis

Pseudomyicola ostreae
Limnoithona sinensis
Limnoithona tetraspina

Oithona davisae

P|C|X|F|H|T|E
1 1

1 1 1
1
1 1 1
3

1

1

1

Swaffar and O’Brien
1996; Kolar and
‘Wahl 1998; Johnson
and Havel 2001

Meng and Orsi 1991
Meng and Orsi
1991; Orsi and
Walter 1991; Baxter
et al. 2008; Sytsma
et al. 2004; Cordell
et al. 2008

Fleminger and
Kramer 1988
Ambler et al. 1985;
Meng and Orsi
1991; Bryant and
Arnold 2007
Hooff and Bollens
2004

Haley and Winn
1959; Tidd and
Shields 1963,
Hoffman 1967;
Khalifa and Post
1976

Odlaug 1946;
Katkansky et al.
1967; Steele and
Mulcahy 2006

Bouley and
Kimmerer 2006;
Cordell et al. 2008

(continued)
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Certainty

North America

Impact references

. - Other (N. American
Taxonomic group & Marine and estuarine global marine-estuarine
species P|C|X|F|H|T|E |Fresh |regions | Max |in bold)
Cirripedia-Rhizocephala
Loxothylacus panopaei 1 1 |Alvarez et al. 1995;
Hines et al. 1997;
Kruse and Hare
2007
Cirripedia-Thoracica
Amphibalanus 1 1 1 1 |Visscher 1927;
amphitrite Moore and Frue
1959; Sutherland
and Karlson
1977; Bros 1987;
Zvyagintsev 2003;
Boudreaux et al.
2009;
Amphibalanus 1 1 1 |Visscher 1927;
eburneus Moore and Frue
1959;
Amphibalanus 1 1-3 1 |Vuorinen et al.
improvisus 1986; Zvyagintsev
2003; Diirr and
Wahl 2004; Kotta
et al. 2007
Amphibalanus 1 1 1 | Utinomi 1970;
reticulatus Moore et al. 1974
Balanus trigonus 1 1 1 |Zevina 1988
Chthamalus fragilis 0
Megabalanus 0
coccopoma
Ostracoda
Eusarsiella zostericola 0
Aspidoconcha limnoriae 0
Redekea californica 0
Spinileberis 0
quadriaculeata
Kotoracythere 0
inconspicua
Leptostraca
Epinebalia sp A. 0
Mysidacea
Deltamysis holmquistae 0
Hyperacanthomysis 1 1 1 |Feyrer et al. 2003;
longirostris Nobriga and
Feyrer 2008
Neomysis japonica 0
Orientomysis aspera 0 [Nobriga and
Feyrer 2008

(continued)



242

G. Ruiz et al.

Certainty

North America

Impact references

: - Other (N. American
Taxonomic group & Marine and estuarine global marine-estuarine
species P|C|X|F|H|T|E |Fresh |regions | Max |in bold)
Orientomysis 0
hwanhaiensis
Praunus flexuosus 0
Cumacea
Nippoleucon hinumensis 0
Isopoda
Asellus hilgendorfi 0
Caecidotea racovitzai 0
Caecijaera horvathi 0
Dynoides dentisinus 0
Eurylana arcuata 0
Gnorimosphaeroma rayi 0
lais californica 0
lais floridana 0
laniropsis sp. 0
Ligia exotica 0
Ligia oceanica 0
Limnoria pfefferi 0
Limnoria 3 3 3 |Eltringham and
quadripunctata Hockley 1967,
Coughlan 1977;
Carlton 1979;
Cohen and
Carlton 1995
Limnoria tripunctata 3 3 3 |Eltringham and
Hockley 1967;
Coughlan 1977;
Carlton 1979;
Quayle 1992;
Cohen and
Carlton 1995
Paracerceis sculpta 0
Paradella dianae 0
Paranthura japonica 0
Pseudosphaeroma 0
campbellensis
Sphaeroma quoianum 3 3 3 |Talley et al. 2001;
Higgins (cited by
Davidson 2006);
Davidson 2006
Sphaeroma terebrans 1 1 1 |Rehm and Humm
1973; Conover
and Reid 1975;
Simberloff et al.
1978; Ribi 1982;
Villalobos 1985;
Estevez 1994
Sphaeroma walkeri 0

(continued)
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Monocorophium
insidiosum
Monocorophium uenoi
Paracorophium lucasi
Paradexamine sp.
Corophium alienense
Corophium
heteroceratum

Certainty I  ref
- mpact references
North America Other (N American
Taxonomic group & Marine and estuarine global marine-estuarine
species P|C|X|F|H|T regions in bold)
Synidotea laevidorsalis
Uromunna sp. A
Tanaidacea
Sinelobus cf. stanfordi
Amphipoda-Gammaridea
Abludomelita rylovae
Ampelisca abdita 1)1 Nichols and
Thompson 1985
Ampithoe longimana 0
Ampithoe valida 0
Aoroides secunda 0
Chelura terebrans 1 |Barnard 1950;
Barnard 1955;
Wallour 1960;
Kuhne and Becker
1964
Crangonyx floridanus
Crangonyx 1
pseudogracilis
Echinogammarus 3
ischnus
Eochelidium miraculum 0
Eochelidium sp. A 0
Gammarus daiberi 1 Nobriga and Feyrer
2008; Grimaldo
et al. 2009
Gammarus tigrinus 3 Van Riel et al. 2007
Gitanopsis sp. 0
Grandidierella 0 | West et al. 2003;
Jjaponica Whitcraft et al.
2008
Incisocalliope derzhavini 0
Jassa marmorata 1 1
Melita nitida 0
Microdeutopus 3 3 |Hauxwell et al.
gryllotalpa 1998
Monocorophium 1)1 1 1 Barnard 1958;
acherusicum Onbe 1966;

S oo oo

Talman et al. 1999

(continued)
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Certainty

North America

Impact references

: - Other (N. American
Taxonomic group & Marine and estuarine global marine-estuarine
species P|C|X|F|H|T|E |Fresh |regions | Max |in bold)
Stenothoe valida 0
Transorchestia 0
enigmatica
Amphipoda-Caprellidea
Caprella drepanochir 0
Caprella mutica 2 0 [Page et al. 2007,
Shucksmith et al.
2009
Caprella scaura 0
Caprella simia 0
Decapoda-Anomura
Petrolisthes armatus 3 313 3 |Hollebone and
Hay 2008
Upogebia affinis 0
Decapoda-Astacoidea
Orconectes virilis 1 0 |[Schwartz et al. 1963
Pacifastacus 1 0 [Cohen and Carlton
leniusculus 1995; Taugbgl and
Johnsen 2006
Procambarus clarkii 1 0 [Cohen and Carlton
1995
Decapoda-Caridea
Exopalaemon modestus 1 1 |Hieb 2006; Nobriga
and Feyrer 2008
Macrobrachium olfersii 0
Palaemon macrodactylus 0
Decapoda-Brachyura
Carcinus maenas 3(2 2 1-3 3 | Vermeij 1982;
Grosholz et al.
2000; Jensen et al.
2002; Walton et al.
2002; Trussell et al.
2004; Floyd and
Williams 2004;
Griffen and Byers
20063 Grosholz et al
(in review)
Charybdis hellerii 0
Eriocheir sinensis 1113 1-3 3 |Panning 1939;
Rudnick et al.
20033 Chinese
mitten crab
Working Group
2003; Rudnick
et al. 2005
Eurypanopeus depressus 0

(continued)
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Certainty ; .
- mpact references
Nort.h America - Other (N. American
Taxonomic group & Marine and estuarine global marine-estuarine
species P|C|X|F|H|T|E |Fresh |regions | Max |in bold)
Hemigrapsus 313 3 |Jensen et al.
sanguineus 2002; Lohrer and
Whitlatch 2002;
Griffen and Byers

20063 Tyrrell et al.
20063 Griffen and
Delaney 2007;

Griffen et al. 2008

Platychirograpsus 0
spectabilis
Rhithropanopeus 0 [Cohen and Carlton
harrisii 1995; Zaitsev and
Oztiirk 2001, cited
by Roche and
Torchin 2007
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Alien Decapod Crustaceans in the Southwestern
Atlantic Ocean

Marcos Tavares

Abstract Thirteen marine alien species of decapod crustaceans have been
recorded from the Southwestern Atlantic. Five species of alien decapods have
established local populations: Charybdis hellerii (Brazil), Eurypanopeus depres-
sus (Uruguay and Argentina), Palaemon macrodactylus (Argentina), Pyromaia
tuberculata (Brazil and Argentina) and Rhithropanopeus harrisii (Brazil). The
history and distribution of these species is reviewed. Also discussed is the local
penaeid shrimp culture, entirely based on introduced species. The early warning
detection system for alien marine species in the Southwestern Atlantic is largely
informal and is mainly the by-product of ecological studies and local faunal inven-
tories. Poor taxonomic resolution and misinterpretation of disjunct ranges (or even
continuous ranges) as “natural” patterns, may be the reason so few decapods are
considered alien in the region. This may well apply to other marine invertebrates in
the Southwestern Atlantic.

1 Introduction

Although the Southwestern Atlantic coast harbours a diverse array of alien marine
invertebrates (Orensanz et al. 2002; Tavares and Mendonca 2004; Lopes 2009),
only five of these are decapod crustaceans. Reviewed here is the history and
distribution of these five species. Also discussed is the current state of penaeid
shrimp culture, which is based upon alien species. An Appendix summarizes addi-
tional records of alien decapods based upon single specimens (Table 1; Figs. lc, d and
2b, d). For the purposes of the present contribution the Southwestern Atlantic
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Fig. 1 Alien marine brachyuran crabs either successfully established on or recorded to the
Southwestern Atlantic. (a) Cancer pagurus Linnaeus, 1758, Santos, SP (MZUSP 948).
(b), Charybdis hellerii (A. Milne-Edwards, 1867), Rio de Janeiro, R] (MZUSP 20361).
(¢) Liocarcinus navigator (Herbst, 1794), Ilha Grande, R] (MZUSP 13110). (d) Pilumnoides
perlatus (Poeppig, 1836), Ubatuba, SP (13477). Scale bars: a—¢, 50 mm. d, 5 mm

encompasses the coasts of Brazil (south of the equator), Uruguay, and Argentina.
Neither cryptogenic nor freshwater species have been included.

Possibly the oldest record of an alien decapod species from the Southwestern
Atlantic (but which shall not be further mentioned), was the inadvertent description
as a new species of a dead specimen of the common edible European crab Cancer
pagurus found sometime before 1930 in Brazil (Rathbun 1930a). That was a large
(25 cm CW) “dead and dismembered” specimen of Cancer pagurus found
(presumably washed ashore) in Santos by the naturalist Hermann H. Liiderwaldt of
the Museum of Zoology in Sdo Paulo (Rathbun 1930a). Only the carapace and
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Fig. 2 Alien marine brachyuran crabs either successfully established on or recorded to the
Southwestern Atlantic. (a) Pyromaia tuberculata (Lockington, 1877), northern coast of Sdo Paulo
(MZUSP 14204). (b) Rhithropanopeus harrisii (Gould, 1841), Lagoa dos Patos, RS (MZUSP
15240). (¢) Scylla serrata (Forskal, 1775), Peruibe, SP (MZUSP 5310). (d) Taliepus dentatus
(H. Milne Edwards, 1834), Angra dos Reis, R] (MZUSP 9582). Scale bars: a-b, d, 20 mm
¢, 50 mm

chelipeds were kept, and photographs of these (but not the material) were sent to
Mary Jane Rathbun at the Smithsonian Institution, who was so taken by the “strik-
ing ... discovery of a giant Cancer on the Atlantic coast of South America” that she
described it the spring of 1930a as a new species, Cancer luederwaldti Rathbun
1930 (Fig. 1a). Within a few months W. T. Calman of the Natural History Museum
(British Museum) wrote to Rathbun, pointing out that C. luederwaldti was in fact a
specimen of the well-known C. pagurus. In November 1930 Rathbun corrected her
mistake, writing that her “error but emphasizes the desirability of world mono-
graphs rather than local faunas” (Rathbun 1930b).
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2 Established Alien Decapods

Five species of alien decapods have become successfully established on the Atlantic
coast of South America: Charybdis hellerii from the Indo-West Pacific (Brazil),
Eurypanopeus depressus (Uruguay and Argentina) and Rhithropanopeus harrisii
(Brazil) both from the Northwestern Atlantic, Palaemon macrodactylus (Argentina),
and Pyromaia tuberculata (Brazil and Argentina) from the Eastern Pacific.

2.1 Charybdis hellerii (A. Milne-Edwards, 1867) (Fig. 1b)

The portunid crab Charybdis hellerii is native to the Indo-West Pacific Ocean
(Davie 2002). Its geographical range has been expanded westward as a result of
recent human activities: invasion of the Eastern Mediterranean Sea through the
Suez Canal (Galil et al. 2002), and ballast-mediated invasion of the Western
Atlantic, probably loaded at an Israeli port (Campos and Tiirkay1989). In the New
World the first specimens of C. hellerii were reported between 1987 and 1988
(Cuba, Gomez and Martinez-Iglesias 1990; northeastern Venezuela, Herndndez
and Bolagfios 1995; Caribbean coast of Colombia, Campos and Tiirkay 1989).
Charybdis hellerii spread extremely fast: in April 1995 it was captured in the Indian
River lagoon system of Florida, around 27°N (Lemaitre 1995) and as far south as
Rio de Janeiro (22°54'S) and Ubatuba (23°26'S) (Negreiros-Frazoso 1996; Tavares
and Mendonga 1996). Charybdis hellerii has also been recorded from French
Guiana (Tavares and Amouroux 2003). Males, ovigerous females, and juveniles
have been caught in numerous localities along the Brazilian coast (approximately
from 5°S to 27°S).

Charybdis hellerii inhabits a variety of biotopes from intertidal to beyond 30 m
depth, including coral reefs and mangroves (d’Udekem d’Acoz 1999). In the
Southwestern Atlantic, C. hellerii has been found mostly in bays and estuaries in
rocky shores and breakwaters (Tavares and Mendonca 2004; Junqueira et al. 2009).

A number of biological traits favour C. hellerii invasions of new areas
(Dineen et al. 2001): (i) long larval life; (ii) rapid growth and short generation time;
(iii) ability to store sperm and produce multiple broods of high fecundity and rapid
succession; (iv) generalized carnivorous diet; and (v) ability to use diversity of
habitats. Mantelatto and Garcia (2001) found that C. hellerii attains sexual maturity
at a small size (35 mm of carapace width). The fecundity of C. hellerii at 59 mm
of carapace width can be of as much as 47,000 larvae (zoea I).

Self-maintaining populations of C. hellerii have been established along the
Southwestern Atlantic (Tavares and Mendonca 2004; Junqueira et al. 2009). In
Ubatuba, southwestern Brazil C. hellerii is not as abundant as the native portu-
nid species (Fransozo et al. 1992; Mantelatto and Fransozo 2000). However,
that seems not be the case elsewhere (Carqueija 2000). In Northeastern Brazil
(Baia de Todos os Santos) C. hellerii was shown to be more abundant than



256 M. Tavares

Callinectes marginatus (A. Milne Edwards, 1861). Charybdis hellerii is neither
marketed nor consumed in any form by local populations. As a result only the
native portunids are subject to fishery pressure. Most populations of C. hellerii
have been reported from bays and estuaries, but there is a risk that it may enter
sensitive habitats such as coral reefs and mangroves. In November 2009 a cara-
pace of C. hellerii was found among prey remains in middens of Octopus sp. in
sandstone reefs along the Northeastern Brazilian coast of Rio Grande do Norte,
Brazil (Tavares, unpublished data).

Charybdis hellerii is a potential host for the White Spot Syndrome Virus
(WSSV), which naturally infects several species of Charybdis, as well as other spe-
cies of decapods (Chang et al. 2001; Chakraborty et al. 2002). There are several
ways in which viruses may move from natural environments to aquaculture facilities
and vice versa, and lethal outbreaks of WSSV and another viruses have been
reported to decimate crops of penaeid shrimps (JSA 1997).

2.2 Eurypanopeus depressus (Smith, 1869)

Eurypanopeus depressus is native to the Northwest Atlantic, where it occurs from
Massachussetts Bay to Texas and the West Indies (Rathbun 1930a; Williams 1965,
1984). It has been reported from estuarine ponds, oyster bars, and artificial reefs,
from shore to 48 m depth (Ryan 1956; Williams 1984). Juanicé (1978) reported a
total of five males from Montevideo and Maldonado (Uruguay), collected in 1954,
1968, and 1975. In 2000 and 2003, 31 males and 37 females were collected in the
intertidal in Montevideo and Balneario Costa Azul (Uruguay), and four males and
13 females in Mar Chiquita Lagoon (Argentina) (Spivak and Luppi 2005). Both
Juanicé (1978) and Spivak and Luppi (2005) considered these isolated populations
in Uruguay and Argentina a natural extension of the species’ range, probably result-
ing from changes in hydrographic or climatic conditions. Although Mar Chiquita
Lagoon has been continuously and intensely studied, the presence of E. depressus
was only recently detected (Spivak and Luppi 2005). The species has not been
found previously south of the West Indies. These disjunct distributions suggest the
presence of E. depressus may be anthropogenic. The species is commonly associ-
ated with oyster and artificial reefs (Williams 1984), but it is unlikely it was intro-
duced with shellfish culture, as Uruguay and Argentina imported their breeding
stock from Chile. It may have been introduced with ship fouling to the port of
Montevideo.

2.3 Palaemon macrodactylus Rathbun, 1902

Palaemon macrodactylus is native to the Northwest Pacific: Japan (Rathbun 1902),
Korea and northern China (Newman 1963). It was first introduced to the USA
(prior to 1957) and then to Australia (late 1970s). It is nowadays known from Spain
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(1997-1999), Argentina (2000), Atlantic Coast of the United States (2001-2002
and again in 2008), United Kingdom (2001), Belgium and The Netherlands (2004),
Germany (2004), France (2006), and the Black Sea (2009) (Newman 1963;
Buckworth 1979; Holthuis 1980; Ashelby et al. 2004; Cuesta et al. 2004; Spivak
et al. 2006; Gonzdlez-Ortegén et al. 2007; Worsfold and Ashelby 2006; Beguer
et al. 2007; Micu and Nitd 2009; Warkentine and Rachlin 2010).

Ten males and six females (three ovigerous) were caught using hand nets,
subtidally in the Mar del Plata Harbour in March 2000, December 2003, and
March 2004 (Spivak et al. 2006). It was suggested that P. macrodactylus arrived at
the harbor with discharged ballast water. The species is at present restricted to the
harbour area but it may spread to Mar Chiquita Lagoon, the nearest estuarine
habitat, about 35 Km north of Mar del Plata (Spivak et al. 2006).

2.4 Pyromaia tuberculata (Lockington, 1877) (Fig. 2a)

Pyromaia tuberculata is native to the Northeastern Pacific Ocean, where it ranges
from San Francisco Bay, California to Chile (Garth 1958). It has a long history of
successfully establishing self-sustaining populations in distant new regions (Sakai
1976; Webber and Wear 1981; Williams 1984; Kim 1985; Morgan 1990; Furota
19964, b; Furota and Furuse 1988; Furota and Kinoshita 2004; Ahyong 2005):
Japan (before 1970); Korea (1970s), Australia (1978) and New Zealand (1978). It
was probably carried across the world in ballast tanks of ships or hidden amongst
fouling organisms.

Pyromaia tuberculata was first recorded from the Southwestern Atlantic by
Melo et al. (1989) based a female caught in 1988 in Parand (Brazil). The collections
of the Museum of Zoology in Sdo Paulo contain additional specimens from Parani
(collected in 1987), Sdo Paulo (Ubatuba, 1985, 1986, 1988) and Rio de Janeiro
(Cabo Frio 1986). Since, it has spread to the southeastern Brazilian coast (Santa
Catarina and Rio Grande do Sul), Uruguay (zoeae and megalopae collected in
2000) and Argentina (adult males and females collected in 2000) (Tavares and
Mendonca 1996, 2004; Schejter et al. 2002). There is a doubtful record from northern
Brazil (Piaui) (Lima et al. 2008). The occurrence of P. tuberculata in the
Southwestern Atlantic was considered as a natural distribution pattern (Melo et al.
1989; Melo 1996), only lately it was recognized as an alien to the Southwestern
Atlantic (Tavares and Mendonca 1996, 2004).

In its native range, it is usually hidden under stones or amongst fouling organ-
isms; it also occurs on mud and sandy-mud bottoms down to 412 m depth (Rathbun
1925; Garth 1957, 1958; Hendrickx 1999). Pyromaia tuberculata is eurythermic
and resistant to quasi-anoxic conditions (Hendrickx 1999). It is abundant in organi-
cally polluted bays, such as Tokyo Bay, Japan, and Guanabara Bay, Brazil. In the
Southwestern Atlantic it is abundant locally (Bertini et al. 2004), and has been
reported from sandy- and muddy-bottoms, and from rocky bottoms covered with
algae and under stones, from the intertidal to 130 m (Junqueira et al. 2009).
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2.5 Rhithropanopeus harrisii (Gould, 1841) (Fig. 2b)

Rhithropanopeus harrisii is native to the Northwest Atlantic, where it occurs from
Canada to Mexico (Williams 1984). It has been introduced to Japan, the Pacific
coast of the United States, the Panama Canal, and Europe (Galil et al. 2002; Iseda
et al. 2007; Roche and Torchin 2007). Between 1982 and 1985 D’Incao and Martins
(1998) obtained 92 males and 61 females from Southwestern Brazil (Lagoa dos
Patos, RS), where R. harrisii has established self-sustaining populations. Additional
surveys made between July 1995 and December 1997 yielded ovigerous females.
Otter-trawl and renfro nets surveys carried out in soft bottoms from February to
November 1999 obtained 295 males and 299 females (4.34% were ovigerous), the
largest catches were taken in autumn and spring (Rodrigues and D’Incao 2002).
The species has not been caught in other parts of Brazil. The record by Christiansen
(1969) from the northeastern coast of Brazil is erroneous (see also Roche and
Torchin 2007). Rhithropanopeus harrisii prospers in a wide range of salinities
(Williams 1984) and is likely to expand its geographical range southward, towards
the temperate waters of the Uruguayan and Argentinean estuaries.

D’Incao and Martins (1998) suggested that R. harrisii arrived on the Brazilian
coast via in ballast water. However, R. harrisii is commonly associated with some
kind of shelter, whether it be oyster beds, stones, vegetation, or artificial refuges
(Ryan 1956). In the Patos lagoon it has also been found under stones and on fore-
shore debris (D’Incao 2010, pers. comm.). Since it is usually hidden among fouling
organisms perhaps it had been transported to Brazil in ship fouling rather than in
ballast.

In its native range, the euryhaline R. harrisii is found from the intertidal to depth
of 9 m. It can reach very high densities (Odum and Heald 1972), foul water intake
pipes and cause economic loss to fishermen by spoiling fishes in gill nets (Zaitsev
and Oztiirk B 2001). In Texas it has been reported to have fouled PVC intakes in
lakeside homes (Roche and Torchin 2007).

3 Penaeid Shrimp Farming

Five species of penaeids (Table 2) have been cultured along the South American
coast.

Table 2 Alien penaeid shrimps brought to the Southwestern Atlantic for farming purposes. IWP,
Indo-West Pacific. EP, Eastern Pacific

Species Source region Currently farmed Escapees in the wild
Marsupenaeus japonicus WP No Yes
Penaeus monodon WP No Yes
Fenneropenaeus penicillatus IWP No No
Litopenaeus stylirostris EP No No

Litopenaeus vannamei EP Yes Yes
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3.1 Marsupenaeus japonicus (Bate, 1888)

Marsupenaeus japonicus is native to the Indo-West Pacific (Galil et al. 2002).
In 1978 shrimp farmers brought M. japonicus to Natal, Brazil along with four other
alien penaeid species (Tavares and Mendonga 1996). The aquaculture experiments
with M. japonicus were resumed in the 1980s (Tavares and Mendonga 1996, 2004;
Cavalli et al. 2008). Escapees have been captured on the Northeastern Brazilian
coast (Fausto-Filho 1987).

3.2 Penaeus monodon (Fabricius, 1798)

Penaeus monodon is native to the Indo-West Pacific Ocean (D’Udekem D’Acoz
1999). It was brought to Brazil (Natal in 1981 and Bahia in 1985) for aquaculture
experiments (Tavares and Mendonca 1996, 2004). Fausto-Filho (1987) reported an
escapee from Maranhdo (Tut6ia). Although the culturing of P. monodon ended in the
1980s, several adult and immature specimens have been collected off Pernambuco,
Alagoas and Santos (Severino-Rodrigues et al. 2000; Coelho et al. 2001). These find-
ings led Coelho et al. (2001) to suggest that P. monodon established self-sustaining
populations in Brazil. Severino-Rodrigues et al. (2000) hypothesized that the source
of P. monodon in the Southwestern Atlantic was ballast-transported specimens from
the self-sustaining populations in the Mediterranean. In 1988 about 200,000 post-
larval P. monodon from Hawaii escaped from the Waddell Mariculture Center in
South Carolina (McCann et al. 1996). Subsequently, about 1,000 adults were caught
by commercial shrimpers as far south as Florida. It is likely that the source of the
Brazilian feral populations are escaped and released specimens from farms.

3.3 Fenneropenaeus penicillatus (Alcock, 1905)

In 1985 the Indo-West Pacific Fenneropenaeus penicillatus was transported to Brazil
(Valencga, Bahia) to be farmed. Although shrimp farming in Brazil has been mostly
restricted to Litopenaeus vannamei, F. penicillatus continued to be cultured in Bahia
(Acupe, Santo Amaro da Purificacdo) until recently (Oliveira and Corréa 1999). No
escapees have been reported from the area (Tavares and Mendonga 1996, 2004).

3.4 Litopenaeus stylirostris (Stimpson, 1874)

Litopenaeus stylirostris is native to the Eastern Pacific (Dore and Frimodt 1987).
The species was imported to Brazil by shrimp farmers in 1983 for aquaculture
experiments (Tavares and Mendonga 1996). A few years later most shrimp farmers
shifted to Litopenaeus vannamei, but at least until 2003 L. stylirostris was farmed
in Brazil (Rio Grande do Norte). No escapees have been reported.
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3.5 Litopenaeus vannamei (Boone, 1931)

Litopenaeus vannamei is of Eastern Pacific origin, ranging from Mexico to
Peru (Holthuis 1980). In 1981 it was introduced to Rio Grande do Norte, Brazil,
along with L. stylirostris, Marsupenaeus japonicus, Penaeus monodon, and
Fenneropenaeus penicillatus (Tavares and Mendonca 1996, 2004; Junqueira et al.
2009). Adaptation to culture conditions, good market acceptance, and the develop-
ment of culture technologies made L. vannamei the species preferred by Brazilian
shrimp farmers in Pard, Maranhao, Piaui, Ceard, Rio grande do Norte, Paraiba,
Pernambuco, Alagoas, Sergipe, Bahia, Rio de Janeiro, Sao Paulo, Parand, and
Santa Catarina. It was first introduced into the USA (South Carolina) as postlarvae
from Panama in 1985 and became the main species of shrimp farmed in North
America (Briggs et al. 2004).

The social, economic, and environmental impacts of L. vannamei farming in
Asia and Brazil have been discussed in detail by Briggs et al. (2004) and
Junqueira et al. (2009), respectively. Escapees of L. vannamei are now common
in many areas worldwide, and have been found in several locations in Brazil
(Santos and Coelho 2002; Junqueira et al. 2009; Tavares, unpublished data).
Escapees have the potential to interbreed with Litopenaeus schmitti (Burkenroad,
1936), native to the Southwestern Atlantic, and to transmit several viral diseases
(Briggs et al. 2004). The World Organization for Animal Health (OIE) recognizes
seven viral diseases of shrimp of significant socio-economic and/or public health
importance (OIE 2003). Since L. vannamei is euryhaline and tolerant to very low
salinity, it is cultured both inland and in coastal areas, impacting natural and
agricultural habitats and water quality (Junqueira et al. 2009). Shrimp farming
has been responsible for substantial environmental damages in Northeastern
Brazil (Junqueira et al. 2009).

4 Discussion

4.1 Taxonomic Resolution and Patterns of Diversity
and Geographic Distribution

That marine biodiversity is greatly underestimated has become a cliché in
recent years, especially with regards to the tropics. No one would dispute that
without basic taxonomic information no inventories of threatened areas, alien
species assessment, risk assessment projections, or programs for rational plan-
ning are possible. The study of the crustacean fauna of the Southwestern
Atlantic started 500 years ago (Almaca 1993; Rodriguez 1993; Tavares 1993b),
yet we remain ignorant of much of its diversity. About 400 species of marine
brachyurans are known from the Southwestern Atlantic (Melo 1996; Boschi
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2000; Boschi et al. 1992), yet it is widely acknowledged that the inventory is
far from complete. A large number of the brachyurans recorded from the
Southwestern Atlantic occur off the Atlantic coast of the United States (mostly
south of the Carolinas), Gulf of Mexico, and the Caribbean Sea. Although com-
monly accepted (Coelho and Ramos 1972; Melo 1996; and references therein),
the assumption of a widely distributed Western Atlantic crab fauna remains
largely untested.

Between 1917 and 1937 Rathbun published four seminal monographs on the
crab fauna of America (Rathbun 1917, 1925, 1930a, 1937). Few collections from
the Southwestern Atlantic were available for her studies, mainly of brackish
and marine intertidal species obtained during the United States Exploring
Expedition (1838-1842), the Hartt Explorations (1865-1878), the Branner-
Agassiz Expedition (1899), the Thayer Expedition (1865-1866), and the collec-
tions amassed by a number of travelling zoologists including Herbert Smith, Fritz
Miiller, Hermann von Thering, Hermann Liiderwaldt, and Waldo Schmidt. Also
available were some deep-water samples obtained by the HMS “Challenger”
(1873) and the Steamers “Hassler” (US Coast and Geodesic Survey, 1872) and
“Albatross” (the US Fish Commission Albatross 1887) (Rodriguez 1993; Freitas
2001; Tavares, unpublished data). As a result, comparatively few specimens from
the Southwestern Atlantic were studied by Rathbun and compared with those
collected further north. The best existing crab collections from the Southwestern
Atlantic are in Brazilian, Uruguayan, and Argentinean institutions, but the bulk of
these collections were assembled after 1950. But more than 7 decades after
Rathbun’s landmark publications, this situation remains very much unchanged, and
today, most of what we know about the diversity of Brachyura in the Southwestern
Atlantic derives from identifications based on literature alone, largely Rathbun’s
monographs (and Williams 1965, 1984).

Therefore it does not come as a surprise to learn that the number of species
recorded from the Southwestern Atlantic increases fast. Indeed, more than 50
species have been added to the Brazilian crab fauna since the last inventory was
published in 1996 (Melo 1996). Most (if not all) of these species have been
identified without recourse to comparative material. However, on several occasions
individuals from the Southwestern Atlantic previously identified as northern
species proved to be new to science after comparison with northern individuals
(Manning and Holthuis 1989; Manning et al. 1989; Tavares 1991, 1993a; Tavares
and Melo 2005, 2010). Molecular techniques have also helped separate species
previously considered to be widely distributed in the Western Atlantic (Gusmao
et al. 2000, 2006). As quality training in systematics is essential, availability and
accessibility of extensive comparative collections is necessary to properly evalu-
ate marine biodiversity and the rapid temporal changes in the marine biota.
Thirteen marine alien species of decapod crustaceans have been recorded from
the Southwestern Atlantic, most are known from a single record. Surprisingly,
given the centuries of extensive shipping, few alien crab species are known to
have established populations in Brazil, Uruguay, and Argentina. However, about
200 crab species have shown disjunct geographic distribution between the
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southern and northern western Atlantic coasts (South Carolinas through Florida,
Gulf of Mexico or the Caribbean Sea). One wonders how many are artifacts of
poor taxonomic resolution, and to which extent have we missed invasions by
misinterpreting disjunct ranges (or even the continuous ranges) as ‘“natural”
patterns. The distribution pattern of Eurypanopeus depressus is but a recent
example (see above). Although the examples given concern brachyuran crusta-
ceans, it may well be they apply to other groups of marine Southwestern Atlantic
invertebrates.

4.2 Detection, Regulations and Management

The role played by human activities in transferring alien marine and estuarine
species into new areas is widely recognized as a critical element of ecosystem
change by both the scientific community and government agencies. Although guid-
ance to help in the detection and control of alien marine species is available to
decision-makers (Bax et al. 2001; Hewitt CL Martin 2001), control capabilities
vary widely among countries. It is far beyond the scope of this paper to discuss in
detail the control capabilities and the existing laws in Brazil and adjacent countries.
The considerations below refer to Brazil, but many the same also apply to Uruguay
and Argentina. Vectors of introduction and current applicable laws referring to alien
marine species in Brazil are summarized in Table 3.

Table 3 Vectors of introduction and current applicable laws referring to alien marine species
in Brazil (Adapted from Fernandes et al. 2009)

Vectors of introduction Current applicable laws
Ballast water and sediment from ballast NORMAMY/20; Law 6938/81 Resolution RDC
tanks 217/ANVISA; Federal Law N° 8630/93;

Decret N° 1265/94
Fouling on ship hulls, oil platforms, sport Decret N° 1265/94; Lei: 9638
boats, and navigation buoys
Floating debris fouling LESTA/AM N° 9537/97; MARPOL (annex 5),
Decret: 2508. Law 6938/81
Importation of specimens for ornamental Decret N° 3179/99; Federal Law N° 5197/67;

purposes Federal Law N° 9605/98 Art 61; Law of the
Sea/93
Importation of specimens for farming Federal Law N° 5197/67; Federal Law N° 9605/98
purposes Art 61; Law of the Sea/93; Decret N° 3179/99
Inappropriate release of specimens Federal Law N° 9605/98 Art 54
Inappropriate handling of specimens; Federal Law N° 9605/98 Art 54 e 61; Federal Law
pond water leaking; release of cysts, N 6938/81 (pollution)

spores, eggs, larvae, and juveniles
into the marine environment
Biopiracy (biological resources) Federal Law N° 5197/67; Decret N° 4339/02
Introduction of species for scientific Decret N° 3179/99; Federal Law N° 6938/81;
purposes CITIES/79
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The recognition of an alien species as such is central to its management.
Brazil has neither a facility primarily devoted to early detection of alien marine
species, nor a long-term monitoring program of marine invasions (Fernandes
et al. 2009). Collection and identification of alien marine species is the by-
product of ecological studies and local faunal inventories produced by research
teams from different Brazilian universities and research institutes, which rarely
target marine invasions. Thus surveillance is largely informal and databases
small in number and irregularly updated, with the exception of the comprehen-
sive database of the Hoérus Institute for Development and Environmental
Conservation (Hérus 2010). Port surveys devoted to the early detection of alien
marine species were restricted to two ports in Southeastern Brazil, Itaguai
(Sepetiba Bay, Rio de Janeiro) and Paranagud (Parand). Both port surveys were
conducted as part of a plan to reduce the transfer of aquatic organisms in ballast
water (Leal Neto and Jablonski 2004).

Brazil has a plethora of regulations for the importation of alien marine species
for farming and ornamental purposes (Table 3), but no quarantine systems in place
(Tavares 2003; Fernandes et al. 2009). A few years ago, the Brazilian Ministry of
the Environment sponsored a National Report, in order to assemble a comprehen-
sive view of invasive marine species in the country (Lopes 2009). In 2009 the federal
government published a national strategy for invasive exotic species which should
provide a framework for future actions (Brazil 2009).
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The Alien and Cryptogenic Marine
Crustaceans of South Africa

Charles Griffiths, Tamara Robinson, and Angela Mead

Abstract Some 33 marine crustaceans are currently known or suspected to have
been introduced to South Africa, with additional species regularly being discovered.
The current list, including cryptogenic forms, comprises two barnacles, one copepod,
11 isopods, 17 amphipods and two crabs. We tabulate these species and examine
their temporal patterns of discovery and current spatial distributions. The earliest
introductions are thought to have arrived in dry ballast, or on wooden vessels, either
boring into the wood itself, or as fouling. More recent introductions include species
suspected to have arrived via ballast water, or along with farmed oysters. Most
introduced crustaceans are confined to the few harbours and sheltered sites along
this linear and wave-exposed coastline. Only two are known to cause significant
ecological or economic impacts. The Pacific barnacle Balanus glandula has
invaded over 400 km of open coast and altered community structure there, while
the European shore crab Carcinus maenas has caused significant ecological disrup-
tion in the limited sites where it is now abundant. Future risks include the almost
inevitable spread of C. maenas to additional sheltered sites, and introductions of
additional species, especially via ballast water. Ballast water treatment and replace-
ment of imported oyster spat by locally-cultured stock are among measures recom-
mended to limit further introductions.

1 Introduction

Numerous marine species, including a variety of crustaceans, have been trans-
ported, both intentionally and accidentally, around the globe ever since people
began navigating the open ocean. Since the late Fifteenth century, when European
explorers first landed in South Africa, this region has been an important port of call
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along major sea routes, notably those linking Europe to Asia, the Persian Gulf and
Australasia. Centuries of consistent, high-volume shipping have inevitably resulted
in regular introductions of marine species, including crustaceans. During the
twentieth century an additional vector has opened up as a result of the growing
international trade of marine species for aquaculture.

Most early researchers failed to recognize the significance of marine introduc-
tions and simply recorded such species as “cosmopolitan” or “widespread”. The
first paper specifically attempting to identify and list introduced marine species
from South Africa was published as recently as 1992 (Griffiths et al. 1992) and
recorded just 15 species (two of which were crustaceans), but several of these have
been removed from later lists, as they either no longer support extant populations,
or were based on misidentifications. Several additional reviews have been
published in the last 20 years. Griffiths (2000) provided a list of 17 naturalised and
five farmed species and Awad (2002) reproduced an almost identical list. Robinson
et al. (2005) first distinguished between confirmed introductions and cryptogenic
species (for a definition of cryptogenic see Carlton 2009), listing 10 introductions
and 22 cryptogenic species, while Griffiths et al. (2009) listed 22 confirmed intro-
ductions and 18 cryptogenic species (some earlier species having been “promoted”
onto the confirmed list of introductions). Ongoing work has, however, rapidly
augmented these numbers, to the point that 86 introductions and 39 cryptogenic
species are presently recognized (Mead et al. submitted), among which are 33
crustaceans. No similar listings of introduced marine species exist for other African
countries, although many of the species recorded in South Africa have ranges that
extend at least into Namibia or Mozambique. In the following account we discuss
the taxonomic composition, origins, distribution patterns and ecological impacts of
the South African alien and cryptogenic marine crustacean fauna.

2 Inventory

Crustaceans currently recorded as introduced to South African waters include
representatives of the Copepoda, Cirripedia, Isopoda, Amphipoda and Decapoda.
The species, their region of origin, date of first record, and a key reference to each
are given in Table 1.

Copepoda are represented by just one species, Acartia spinicauda, which is
thought to have been introduced via ballast water. It should be noted, however, that
taxa with small body sizes, such as copepods and ostracods have received relatively
little attention, both in terms of sampling coverage and taxonomic expertise in
South Africa. It is thus likely that the actual numbers of introductions in these
groups are significantly higher than reported.

Two introduced barnacles are known from South African shores; both of which
are suspected to have been introduced via ship fouling (Mead et al. submitted).
Amphibalanus venustus occurs at low densities on the warm south and east coasts and
was first recorded in the early twentieth century (Henry and McLaughlin 1975).
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In contrast, Balanus glandula is the most common barnacle along the cool-temperate
west coast. This species was first recorded only in 2008 (Simon-Blecher et al. 2008)
although photographic evidence suggests that it had in reality been common there for
at least the previous 15 years, but had been misidentified as the local Chthamalus
dentatus (Laird and Griffiths 2008). The high densities of intertidal B. glandula
suggest that it has significant ecological impacts on the local biota (see below).

Of the 11 introduced Isopoda, the earliest introductions are thought to be Ligia
exotica, Limnoria quadripunctata and Limnoria tripunctata. Ligia exotica is
assumed to have been introduced with solid ballast, while both Limnoria species
are wood-borers and are likely to have arrived on infested wooden ships. The
remaining eight species are most likely to have arrived via ballast water and/or ship
fouling. All four non-indigenous Sphaeroma species known from South Africa are
estuarine wood-borers. Two, S. annandalei and S. terebrans, are considered cryp-
togenic, while S. serratum and S. walkeri are confirmed introductions. S. walkeri,
considered a marine species, is found in South African estuaries to depths of 5 m.
Its has also been introduced to California, Florida, East Africa, Hong Kong and the
Mediterranean, to name but a few regions, and is considered one of the most widely
distributed ship-transported isopods in the world (Mead et al. submitted).

The Amphipoda are the most diverse group of introduced crustaceans in the
region, with 17 listed species, of which seven are considered cryptogenic. The species
fall into three main functional groups. One species, Chelura terebrans is a wood-
borer (it in fact enlarges and colonizes existing burrows of gribbles of the genus
Limnoria, J. L. Barnard 1955), and would have been introduced in the days of
wooden sailing vessels. A second functional group includes two air-breathing drift-
line species, or “beach-hoppers”, Orchestia gammarella and Platorchestia platen-
sis, which would have been introduced with dry ballast, probably centuries ago.
The former has an interesting taxonomic history, since it was described as a sup-
posedly indigenous littoral amphipod Talorchestia inaequalipes by Barnard
(1951), and only later recognised as being conspecific with North Atlantic O. gam-
marella (Griffiths 1975). Most of the remaining species comprise a cluster of cling-
ing caprellid and tube-dwelling corophiid species. These are associated with
fouling communities and were no doubt introduced with shipping. Notable among
these are three species of Jassa that were long identified under the name J. falcata
until Conlan (1990) revised the genus and revealed that the South African species
in fact represented three introduced species, J. marmorata, J. morinoi and J. slat-
teri. The remaining species comprise one estuarine form, Melita zeylanica, which
is particularly abundant within reefs of the introduced reef worm Ficopomatus
enigmaticus, along with which it may have been imported, and Cymadusa filosa,
which weaves nests from the fronds of algae and sea grasses in sheltered sites.

Only two introduced Decapoda have been recorded from South Africa. The
shore, or green, crab Carcinus maenas is a well-known European introduction on
both the Atlantic and Pacific coasts of North America, in Australia, Argentina,
Japan and South Africa (Carlton and Cohen 2003). Interestingly, this species is
almost entirely restricted to sheltered sites and appears unable to establish signifi-
cant populations on the open, wave-swept coastline of South Africa (Hampton and
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Griffiths 2007). It was first collected from Table Bay Docks (Cape Town) in 1983,
where it has established dense populations and has decimated shellfish populations
(Robinson et al. 2005). Carcinus maenas was probably introduced by ship fouling,
ballast water or oilrigs. The second introduced crab, Xantho incisus, also originates
from Europe, but was first collected only in 2008, from an oyster farm on the South
African west coast (Haupt et al. 2010). This species has not been previously
reported as introduced in any other region and no ecological impacts are currently
known. Xantho incisus is thought to have been accidentally introduced with oyster
spat imported from France.

3 Temporal Trends

The accumulative historic pattern of discovery of marine crustacean invasions into
South Africa (Fig. 1) indicates the roles of the various likely vectors. It is important
to note that this analysis is based on the first collection date of each species
(Mead et al. submitted) and not the publication date, as is given in earlier papers.
Even these dates, of course, inevitably postdate true dates of introduction, since
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Fig. 1 Cumulative discovery rate of known or suspected alien crustaceans in South Africa, plotted
according to most likely vector
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few invasions would have been detected as soon as they occurred, while others
certainly lay undetected for decades, perhaps centuries.

Interestingly, several species now recognized as introduced were first detected
by the late 1800s; the early days of marine taxonomic research in South Africa
(Griffiths 1999). In all probability these species would have been present since the
early years of European settlement, but no surveys were undertaken, nor were
taxonomists present, to document their arrival. The rate of discovery has continued
to increase since then, with two eras of particularly rapid increase. The first of
these took place between 1913 and 1916 and reflects the work done by the
prolific crustacean taxonomist K. H. Barnard, of the South African Museum. The
second recent acceleration of discovery has been driven by directed research into
marine bio-invasions, largely funded by the National Research Foundation-
Department of Science and Technology Centre of Excellence for Invasion Biology,
with which the authors are associated.

In terms of the roles of the various vectors, Fig. 1 clearly shows that shipping,
either in the form of dry ballast, hull fouling, or ballast water, has been, and continues
to be, the dominant means of invasion, with dry ballast occurring early in the
sequence and ballast water being a more recent (and probably still largely unrecog-
nized) vector. Only one crustacean introduction can be attributed to aquaculture and
this occurred recently.

Another notable feature of these introductions is that almost all were introduced
accidentally, whereas in freshwater and terrestrial ecosystems a large proportion of
introductions have been intentional; for either ornamental or culture purposes, or as
bio-control agents.

4 Biogeographic Patterns

In terms of spatial coverage, most marine crustacean introductions in South Africa
remain restricted to sheltered harbours and estuaries, probably because conditions
there most closely resemble their areas of origin, which are most often the sheltered
ports and estuaries of the Northern Hemisphere. Only one introduced crustacean,
the Pacific barnacle Balanus glandula, has become abundant and widely dispersed
along the open wave-swept coastline. About half of all introduced crustaceans have
warm water origins, while the other half have natural ranges in temperate regions.
This is reflected in the relatively even distribution of species along the cold west
coast of South Africa and warmer south and east coasts (Fig. 2).

Also notable is that non-coastal introductions have yet to be confirmed from the
region. This is likely a reflection of the recognised sampling bias towards South
African near-shore environments (Griffiths et al. 2010). It is, however, expected that
scrutiny of offshore oil and gas installations in particular will reveal further
introductions.
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Fig. 2 Map of South Africa showing place names mentioned in the test and numbers of
introduced marine crustaceans reported from various harbours, estuaries and aquaculture sites

5 Main Pathways

The mechanisms or “vectors” of species importation, and hence types of species
introduced and rates of introduction, have varied greatly over time and are considered
in more detail below.

5.1 Wood Boring

Early wooden-hulled vessels hosted a suite of specialized wood-boring species,
most notably shipworms (bivalve molluscs of the family Teredinidae), gribbles
(isopods of the genus Limnoria) and amphipods of the family Cheluridae. These
species significantly damaged the vessels themselves, but also rapidly infested
the wooden piers and pilings in harbours, where the infested ships docked.
Because of their economic impacts wood-borers were amongst the first intro-
duced species to be recorded. The wood boring isopod Limnoria quadripunctata
and amphipod Chelura terebrans (as L. lignorum) were both reported by
Stebbing (1910) but were almost certainly introduced well before then, while the
closely related L. tripunctata inexplicably escaped detection until 2008 (Mead
et al. submitted).
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5.2 Dry Ballast

The use of dry ballast to adjust buoyancy and increase stability of early wooden
ships was common. This solid material, usually coastal sand and rocks, was labori-
ously loaded into the holds by hand at the port of departure. Inter-tidal species were
frequently attached to these ballast rocks, while coastal plants, seeds and insects
were also accidentally loaded during the ballasting process. Many of these species
survived in the damp ballast holds, only to be dumped onto a new shoreline at the
port of destination (Minchin et al. 2009).

Crustaceans that are thought to have been introduced into South Africa along
with dry ballast include two strand-line amphipods O. gammarella and P. platensis
(formerly O. platensis).

5.3 Fouling

Early wooden vessels travelled slowly and were ideal habitats for a wide variety of
fouling communities. By nature these tended to be dominated by sessile, attached
forms, such as hydroids, bivalves, tubeworms, barnacles, bryozoans and ascidians.
Nonetheless, other smaller, mobile species, such as amphipods and isopods, would
have survived within the matrix of larger habitat-forming species. Modern steel
vessels continue to carry fouling species, but as they are generally larger, travel
more rapidly, and are painted with anti-fouling, the numbers and types of fouling
species carried have changed over time. Shipping routes, and hence both sources
and sinks of introduction, have also changed, due to the development of new
harbours and industries. For example, the bulk coal and iron ore export ports of
Richards Bay and Saldanha Bay, both developed in the 1970s, opened up new bulk
cargo trade routes and foci of introduction in South Africa. The ongoing construc-
tion of a further new deep-water harbour at Coega, just east of Port Elizabeth, is
likely to open up an additional focal point for invasion. Likely introductions via
fouling include a variety of clinging and tube dwelling amphipods and isopods,
including Caprella, Jassa and Sphaeroma spp (see Table 1 for specific details).

5.4 Ballast Water

Dry ballast was first replaced by water ballast in the late 1800s and had been
completely phased out by the 1950s. The conversion to ballast water sparked a new
wave of invasions, as this vector favours species that are either planktonic, or have
a planktonic phase in their life cycle. Additionally, because ballast water is usually
loaded in shallow, often turbid port areas, significant amounts of sediment can be loaded
along with the water. This results in sediment layers building up on the floor of the
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ballast tanks, which in turn may support significant numbers of infaunal species,
forms that would not be translocated via external fouling (Hewitt et al. 2009).
Species introduced into South Africa by ballast water may include a significant
proportion of more recent invasions, although it is often difficult to distinguish this
vector from that of external hull fouling. Introductions that can confidently be
attributed to ballast water include the planktonic copepod Acartia spinicaudata.

5.5 Agquaculture

Marine aquaculture is a relatively recent development in South Africa, dating back
only to the 1950s, when oyster culture was first initiated in Knysna Estuary
(Korringa 1956). One crustacean species appears to have been introduced acciden-
tally with imported oyster spat, the European crab Xantho incisus. The low number
of crustacean introductions associated with this vector is thought to be due to the
relatively short history of aquaculture, and the comparatively small number of
facilities in the region.

Note that other pathways that have been reported to operate elsewhere (ICES
2005), such as naturalization of ornamental and aquarium species and release of
species imported as live food, do not appear to have played a role in South Africa.
There is very little trade in imported live seafood in this region and although tropical
aquarium species are imported, they are unlikely to be released, due to their high
commercial value, plus would have a slim chance of surviving in the subtropical to
temperate waters of the region.

6 Economic and Ecological Impacts

Ecological impacts have been established for only two crustacean introductions
along the South African coast, although it should be stressed that few species have
been studied and any that are common probably influence local food chains, either
by enhancing prey availability to predators (amphipods, isopods, etc), or as predators
themselves (anemones, crabs).

Where it is abundant in Table Bay Harbour, the crab Carcinus maenas has
almost totally removed shellfish populations associated with benthic wharfs and
pilings (although significant populations persist on floating structures, which
appear to be inaccessible to the crabs). Of more concern, however, are the potential
impacts this species would have, should it expand its range to Saldanha Bay, just
100 km north of Table Bay. This sheltered bay contains large areas of suitable habitat
for C. maenas and is both the location of the West Coast National Park and the main
centre for the South African mussel and oyster culture industries. An invasion of
C. maenas into this area has been predicted to have potentially serious impacts on
the local biota (Le Roux et al. 1990). In particular, the extensive mussel stocks within
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the Bay (Robinson et al. 2004) would be at risk, due to spat- and juvenile-directed
predation. This could destabilize the population structure of these mussel stocks;
indeed an extensive invasion by C. maenas might even prevent the establishment of
significant mussel beds, which are currently a dominant habitat type. In addition to
these ecological effects, there are also potential economic impacts on cultured
mussel and oyster stocks, as have been recorded elsewhere (Yamada 2001).
However, the fact that South African mussel farming operations make use of the
suspended rope culture system may help reduce the effect of crab predation, as
these are less vulnerable to benthic predators than the bottom culture techniques
used in many other regions.

The second invasive crustacean known to have ecological impacts in South
Africa is the barnacle Balanus glandula. The abundance of the indigenous
periwinkle Afrolittorina africana, which is the only other abundant animal species
in the upper intertidal zone in this region, has been shown to be strongly positively
correlated with that of B. glandula (Fig. 3). The reason for this is thought to be that
the barnacles increase habitat complexity and provide shelter for the periwinkles
(M. Van Zyl, University of Cape Town, unpublished data 2009).

Currently no formal management plan exists for the control or eradication of
marine introductions in South Africa. Experience in other regions has demon-
strated that regular monitoring of alien marine species is of the utmost importance,
in order to track their arrival and spread, assess their impacts and predict and
prevent future invasions (Bax et al. 2001; Miller et al. 2004). Despite this,
monitoring is a realm of marine science that has often been neglected in South
Africa. Management tools which could be useful in the South African context
include regular monitoring of areas at high risk of introductions, such as harbours
and aquaculture facilities, development of a “rapid response plan” to maximize the
chances of eradicating newly detected introductions and strongly enforced legislative
control of aquaculture ventures (particularly those wanting to import new species
into South Africa).

A, Africana density per 15x15¢cm

0 20 40 60 80 100
% Cover B. glandula

Fig. 3 Relationship between density of introduced barnacles Balanus glandula and of periwinkles
Afrolittorina africana on a rocky shore in Table Bay, South Africa
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Of the introduced crustaceans present in South Africa, C. maenas presents the
most serious problem and offers the best potential for control. The present popula-
tion is concentrated in just two harbours, with a few, sparse outlying open-coast
populations, which may be sustained by migration from the harbours. Thus reduction
of the harbour populations would not only reduce the actual density of crabs along
South African shores, but also decrease the potential for spread of the species along
the open coast and to new sheltered sites. While international work has considered
the possibility of biocontrol of C. maenas using the castrating barnacle Sacculina
carcini (Lafferty and Kuris 1996; Thresher et al. 2000), this method carries risk of
transmission to native crab species. Baited trapping, followed by diver collections,
could offer a simple method of reducing population density but is unsuitable to
achieve complete eradication.

7 Future Trends

The rapid rate of increase in the number of introduced marine species in South
Africa is a clear indication that much work remains to be done, and that the current
list is both taxonomically and spatially incomplete. Two main problems hinder
progress. Firstly, many areas remain inadequately surveyed, not even the most
obvious sites, such as Table Bay Docks, have been systematically surveyed for intro-
duced species. There has been less survey work on the east coast than in the west.
Secondly, a paucity of taxonomic expertise, particularly with regard to smaller-sized
taxa, such as copepods and ostracods (among the Crustacea), makes the identifica-
tion of introduced species problematic.

Considering the above, it is expected that the present number of crustacean
introductions known from South Africa will continue to rise significantly, both as
taxonomic research on existing marine introductions progresses and as additional
species continue to be imported.
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The Snow Crab, Chionoecetes opilio (Decapoda,
Majoidea, Oregoniidae) in the Barents Sea

Ann-Lisbeth Agnalt, Valery Pavlov, Knut Eirik Jorstad, Eva Farestveit,
and Jan Sundet

Abstract The snow crab, Chionoecetes opilio (Fabricius, 1788), is recorded from
the North Pacific, Arctic and Northwest Atlantic. In 1996 however, Russian fishing
vessels captured five snow crabs in the Barents Sea and since then, fishing vessels
operating in the area have occasionally reported this spider crab in the by-catch.
Annual bottom-trawl surveys conducted jointly by Russia and Norway since 2004
have confirmed the presence of C. opilio in the northern region of the Barents
Sea. Furthermore, in 2008 an increase in abundance and distribution range was
found with a significant number of crabs being recorded in the central region of
the Barents Sea, mainly between 180 and 350 m deep, in depths and temperatures
similar to the species natural habitat in the Northwest Atlantic and North Pacific.
The carapace width (CW) of the captured snow crabs typically range from 14 to
130 mm. About 40% of the crabs were juveniles (CW smaller than 50 mm), provid-
ing evidence for successful recruitment. These small-sized crabs were exclusively
found on Goose Bank, identifying it as the main recruiting area. Ovigerous crabs
have been collected since 2004, and the smallest female with extruded eggs
measured 65 mm CW. Females larger than 80 mm CW were all egg carrying.
Minimum size at maturity in male snow crab, based on presence of spermatophores,
was estimated to be 43 mm CW. All males larger than 45 mm CW were mature and
can potentially engage in mating. Their diet consisted of benthic organisms such as
crustaceans (mainly decapods), polychaetes, molluscs, echinoderms and fish. The
Barents Sea population of the snow crab seems to possess similar biological charac-
teristic as those occurring in its natural distribution areas. Chionoecetes opilio was
unintentionally introduced to the Barents Sea and as yet the processes that might
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limit recruitment and distribution are unknown as are its origins. Genetic methods
based on new microsatellite markers have been developed and applied to several
Northwestern Atlantic crab populations. It is hoped that these markers will allow
identification of the origins of the snow crab population in the Barents Sea.

1 Introduction

Seven species (see Ng et al. 2008) are assigned to Chionoecetes Krgyer, 1838:
C. angulatus Rathbun, 1924; C. bairdi Rathbun, 1924; C. elongatus Rathbun,
1924; C. japonicus Ratbun, 1932; C opilio (Fabricius, 1788); C. pacificus Sakai, 1978
and C. tanneri Ratbun, 1893. Chionoecetes opilio and C. bairdi form hybrids in the
Bering Sea, with morphological characteristics derived from both parents (Jadamec et al.
1999; Merkouris et al. 1998). All are commercially exploited (Jadamec et al. 1999).

Chionoecetes opilio, the snow crab (Fig. 1), is a subarctic species found in the
North Pacific in the Sea of Japan, the Sea of Okhotsk and Bering Sea north of the
Alaska Peninsula. In the Northwestern Atlantic Ocean the snow crab is found from
South Greenland, Canada to south to Casco Bay in Main USA (Jadamec et al. 1999).
The crab also inhabits the Arctic Ocean, the Beaufort Sea to Cape Perry and the shelf
of the Laptev Sea and the East Siberian Sea (Jadamec et al. 1999). The adult snow
crab is usually found at depths from O to 450 m, and temperatures from 0 to 5°C
(Tremblay 1997; Lovrich et al. 1995). The species is most often found on mud and
sand bottoms where it buries itself during daytime (Robichaud et al. 1989).

In 1996, C. opilio was recorded for the first time in the northeast Atlantic when
five individuals were captured by Russian commercial fishing vessels in the Barents
Sea (Jgrstad and Jelmert 1997; Kuzmin et al. 1999). Two more individuals were
reported in 1998, and eight in 1999. Their sizes ranged from 41 to 123 mm carapace
width (CW) (Kuzmin 2000, 2001). Ballast water was suggested as a possible vector.
More crabs have since been reported, mainly collected as by-catch in bottom-trawl

Fig. 1 Male snow crab (Chionoecetes opilio) captured in the Barents Sea 21 February 2006;
76 mm carapace width and weighted 167 g (Photo: E. Farestveit)
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fishery. The Russians had collected 15 snow crabs by the end of 1999, mainly in the
eastern Barents Sea. In Norwegian coastal waters fishermen caught two snow crabs
off Finnmark during spring 2003, and its presence in by-catch was reported the fol-
lowing years. As late as 2002 the extent of the distribution and establishment of
the introduced species were unknown, and no report had been made of egg-carrying
females.

2 The Barents Sea: Short Description

The Barents Sea is a large, shallow-water shelf area located north of the mainland
of Norway and Russia (Fig. 2). It is limited to the north by Franz Josef Land, west-
ward by Svaldbard, and by the deep waters of the Norwegian and Greenland Seas.
It is further limited to the east by Novaya Zemlya and the Kara Sea (Loeng and
Drinkwater 2007). The total area is approximately 1.4 million km?, with an average
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Fig. 2 Location of the Barents Sea in the northeast Atlantic Ocean, with surrounding seas and
islands (Modified from Wikipedia)
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depth of about 230 m. The maximum depth is about 500 m, but several banks are
only 100 m. The Barents Sea is characterized by large annual fluctuations in physi-
cal properties such as temperature and ice coverage (Furevik 2001; Ingvaldsen
2008; Gerland et al. 2008; Sundfjord et al. 2008). The water temperatures in the
southern part of the Barents Sea typically vary from 4 to 5.5°C at depths around
200 m in August/September, and can reach 7-9°C at surface (Furevik 2001). From
the early 1980s there has been a steady increase in the overall temperature in the
Barents Sea (Loeng H, Drinkwater K 2007). The warmest year on record was 2006
with high temperatures during both summer and winter (Ingvaldsen 2009).
Approximately 40% of the Barents Sea is covered with ice during winter, but there
are large seasonal and annual fluctuations in its extent and thickness (Sorteberg and
Kvingedal 2006; Loeng and Drinkwater 2007). The ice reaches its maximum extent
in March/April. The higher temperatures of the incoming Atlantic water masses
usually lead to an increase of ice-free areas. Since 2003, the ice coverage has
decreased significantly. In 2006 for the first time the Barents Sea was free of ice
south of 76°N throughout the winter (Ingvaldsen 2008).

The Barents Sea forms an important fishing ground for Norway and Russia.
The Barents Sea fisheries are managed in accordance with bilateral agreements.
Norway and Russia conduct a long-term joint research monitoring of fishery
resources in the area. The program includes annual acoustic surveys of demersal
fish during summer (August—September), combined with bottom trawl recordings
(e.g., Stiansen and Filin 2008). The species diversity in the Barents Sea is lower
than in warmer seas (Worm et al. 2006), and thus may contribute to susceptibility
to introductions. Important commercial fish species include Atlantic cod (Gadus
morhua), haddock (Melanogrammus aeglefinus), capelin (Mallotus villosus Miiller),
Atlantic herring (Clupea harengus) and blue whiting (Micromesistius poutassou)
(Loeng and Drinkwater 2007). Commercially exploited crustaceans include the
northern shrimp (Pandalus borealis) and the intentionally introduced red king crab
(Paralithodes camtschaticus) (see Jorgensen and Nilssen 2011).

3 Distribution of Snow Crab in the Barents Sea

Routine sampling of snow crabs began in 2004. These occur both during the annual
winter bottom-trawl surveys run in February/March by the Institute of Marine
Research in Norway, and the summer surveys in August/September run in collabo-
ration with the Polar Research Institute of Marine Fisheries and Oceanography in
Russia. The bottom-trawl surveys target cod and haddock, but records are kept of
the by-catch including snow crabs. In 2007 the Russians have began monitoring
specifically the snow crab, their annual surveys taking place in August—September
(Pavlov 2008).

The abundance of snow crab, estimated as numbers per nautical mile trawled
distance, increased from 2004 to 2009 (Fig. 3). The main concentrations were
found on Goose Bank in southeastern part of the Barents Sea (Fig. 4). From 2006
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Fig. 3 Abundance of snow crab (Chionoecetes opilio) in the Barents Sea estimated during the
Norwegian bottom-trawl surveys 2004-2009 (T. Thangstad, Institutet of Marine Research
Norway, unpublished data 2010)

more crabs were found in the eastern part of the Barents Sea. A significant number
was also captured in the central Barents Sea. The known range of the introduced
snow crab is between 79°N and 69°N, 56°E-27°E. When comparing the known
distribution patterns in 2009 and 2006, an increase in the overall abundance of
crabs, especially in the eastern part of the Barents Sea is noted. In 2007 the main
crab distribution was in northeastern regions, whereas in the following year the
crabs were found over a much larger area, including south of Novaya Zemlya. In 2008,
three male crabs were captured in southern St. Ann Trough, i.e., north of Novaya
Zemlya Island at the entrance to the Kara Sea (V. Pavlov, pers. comm. 2010). Snow
crabs have not been reported from the Kara Sea.

The first few specimens in the Barents Sea were captured in 1996 on the Goose
Bank. It was not until 6 years later that their numbers increased considerably in the
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Fig. 4 Abundance of snow crab (Chionoecetes opilio) in the Barents Sea estimated during the
Russian snow crab surveys 2007-2009 (Pavlov 2008, 2009)

Russian zone of the Barents Sea and have since increased further (Fig. 5). Both
numbers of crabs captured and number of trawl hauls containing crabs has increased
since 2002. In the Norwegian zone of the Barents Sea snow crabs were found in
significant numbers for the first time in 2004, and their number has remained more
or less constant ever since. The Russians conducted targeted surveys in the south-
eastern Barents Sea from August to October 2007, and estimated the stock at 6.22
million individuals, with 0.21 million ovigerous females (Pavlov 2008). The results
of a similar survey conducted in 2008 put the stock at 7.7 million individuals and
0.8 million ovigerous females (Pavlov 2009). The following year, the estimates
were raised yet again to 12.1 million and 2.6 million ovigerous females (Pavlov
2010). Bakanev and Pavlov (2009) estimated the population of snow crabs in the
Barents Sea to number 19 million in 2008; 500 times as large as in 2004. This
estimate seems high, and more research is required to verify these numbers.

The snow crab distribution on the eastern and western coast of North America
seems to be governed by substrate and temperature (Coulombe et al. 1985;
Robichaud et al. 1991; Dawe and Colbourne 2002). Orensanz et al. (2004) recorded
a range contraction of snow crabs in the Bering Sea due to bottom temperatures
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Fig. 5 Number of crabs captured per trawl hauls with by-catch of snow crab (Chionoecetes
opilio) in Russian and Norwegian bottom-trawl surveys in the Barents Sea (Russian data; Pavlov
2008. Norwegian data: Thangstad and Agnalt, unpublished)

rising above 2°C and predation by cod. In these areas, young crabs (instars I-III)
prefer bottom temperatures between 0°C and 1.5°C, and juveniles in general pre-
ferred temperatures lower than 2°C (Dionne et al. 2003; Orensanz et al. 2004). In
the early 2000s water temperature in the Barents Sea of the near-bottom layer at
sites where snow crab had been collected ranged from —0.6°C in the Hope Island
Deep, to +5.9°C in the southwestern part (Pavlov and Sokolov 2003). In succeeding
years the temperature at these sites varied from —1.6°C to 5.9°C. The majority of crabs
were found in waters colder than 2°C. It seems that high water temperature could
to be a limiting factor (see Pavlov 2006; Alvsvag et al. 2009). Based on average
bottom temperatures (1929-2007) in the Barents Sea, the 2°C isotherm change
between summer (September) and winter (March) (Anonymous 2009), will likely limit
the range of at least juvenile snow crabs to areas north of 73°N and east of 35°E.

4 Size Distribution

During the Norwegian surveys, 2004-2008, 239 individuals were collected, 161
males and 78 females. The size distribution differs between the sexes; males were
generally larger compared with the females (Fig. 6). The largest male was 136 mm
CW compared while the largest female of 93 mm CW. About 40% of the males were
larger than 90 mm CW, but only two females. Many of the specimens, regardless of
sex, were small, 10-30 mm CW (Fig. 6). These small crabs were found during both
the winter and summer surveys in 2006 and 2008. There are indications of several
peaks in the overall size distribution, e.g., a peak at 22 mm CW, and 30-34 mm CW
for both sexes. These peaks correspond approximately to instar VI and VIII respec-
tively, following Lovrich et al. (1995) and Alunno-Bruscia and Sainte-Marie (1998).
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Fig. 6 Size distribution of (a) female and (b) male snow crab (Chionoecetes opilio) captured
in the Norwegian bottom-trawl surveys in the Barents Sea from 2004 to 2008 (Agnalt, unpub-
lished data)

In the Russian zone, the smallest juvenile on record was 7 mm CW, collected in
2004 from the western Barents Sea (73°30'N, 52°36'E) at 76 m in depth. The largest
male, 166 mm CW, was caught in 2005 in Murmansk Shallows (70°10'N, 39°48'E)
at a depth of 200 m (Pavlov 2006). The maximum size of the snow crab recorded
in the Russian Far East was 178 mm CW (Perveeva 2005). These records support
the hypothesis that juveniles and females are only caught in north and east while
large males are found along the coast of Finnmark.

5 Reproductive Characteristics

Ovigerous (egg-carrying) females have been recorded since 2004. Brood development
varied from recently extruded (bright orange in colour) to eggs close to hatching (dark-
brown coloration with the eyes spots of the zoea visible). Females with recently
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Fig. 7 Percentage of egg-carrying females of snow crab (Chionoecetes opilio) at carapace width
(mm), captured in the Barents Sea from 2004 to 2008 (Agnalt, unpublished data)

extruded eggs were found both in winter and summer, whereas females bearing eggs
about to hatch were only caught in February. The ovigerous females were larger than
55 mm CW (Fig. 7). The smallest ovigerous female measured 65 mm CW, and the
largest 93 mm. All females larger than 80 mm CW were ovigerous. Size at 50% matu-
rity (based on presence of extruded eggs) for female snow crabs in the Barents Sea was
about 66 mm CW, slightly larger (50 mm CW) than in the Gulf of St. Lawrence crabs
(Watson 1970; Jewett 1981; Elner and Beninger 1995). Most female crabs (> 90%)
were captured on the Goose Bank and adjacent areas, at depths from 100-317 m
(Pavlov 2006; Alvsvag et al. 2009). The northernmost ovigerous female was collected
in November 2005 at 76°07'N, 32°23'E, at 317 m depth (Pavlov 2006).

The presence of spermatophores indicated that the minimum size of mature male
snow crab in the Barents Sea is 43 mm CW (Filina 2009; Filina and Pavlov 2009).
All males larger than 45 mm CW were mature. In the northwestern Atlantic males
were found to reach maturity at 40-50 mm CW (Watson 1970; Sainte-Marie and
Hazel 1992; Otto 1998; Comeau et al. 1999). A female may extrude 10,000—
1,60,000 eggs, depending on its size (Jewett 1981; Yosho 2000; Burmeister 2002).
The spawning and hatching period in the northwestern Atlantic lasts from April to
June, depending on temperature (Robichaud et al. 1989; Webb et al. 2007). In most
of the stocks, the fertilized eggs seemed to undergo a 2 year-cycle before hatching
(Comeau et al. 1999; Sainte-Marie 1993; Mallet et al. 1993; Burmeister 2002), but
a 1-year cycle has been reported in some populations (Burmeister 2002; Webb et al.
2007). Snow crabs in St. Lawrence appear to reproduce twice in their lifetime
(Sainte-Marie 1993; Comeau et al. 1999).

Little is known of reproductive biology of the snow crab in the Barents Sea other
than size at maturity. There are indications of a 2-year reproductive cycle, but more
studies are required to clarify the reproductive potential.
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6 Predators

The snow crab in Barents Sea is preyed upon by Atlantic cod, haddock, wolffish
(Anarhichas sp.) and thorny skates (Raja spp.) (Pavlov 2006). Cod and Raja radiata
have been found to predate on snow crab in its natural habitat the Northeastern
Atlantic (Waiwood and Elner 1982; Robichaud et al. 1991; Chabot et al. 2008), the
former seems to prefer small-sized crabs ca. 6-30 mm CW. Robichaud et al. (1991)
found five times more snow crabs consumed by skate than by cod. Orlov (1998) too
suggested that deep-water skate preyed heavily on snow crabs off North Kuril
Islands and Southeast Kamchatka, with frequencies as much as 30% in the stom-
achs of some species. Squires and Dawe (2003) found cannibalism to vary from 7%
to 17%, and cannibalism was proposed as one of the regulating factors controlling
abundance in snow crab populations (Sainte-Marie et al. 1996).

7 Diet

The diet of snow crab in the western Atlantic consists of a great variety of prey
items — polychaetes, fish (mainly capelin), crustaceans (shrimp, crabs), clams and
echinoderms (Wieczorek and Hooper 1995; Lovrich and Sainte-Marie 1997,
Squires and Dawe 2003). Squires and Dawe (2003) found that males preyed more
on fish compared with the females, which feed more on shrimps.

Investigations of the food composition of snow crabs in the Barents Sea were
carried out in the southeastern areas from 2000 to 2005 (Pavlov 2007). The contents
of 115 stomachs were analyzed, of which 8.7% were empty. Their prey consisted
of benthic organisms and fishery discards (Table 1). Forty-one invertebrate taxa
were identified. To estimate feeding intensity, indices of crab stomach fullness have
been used (food bolus weight/crab weightx 100) in percent of crab weight. All
examined male crabs smaller than 45 mm CW had full stomachs (Table 2). The
total stomach filling index for males smaller that 45 mm CW was 0.13+0.053%.
Eighty-five percent of larger male crabs (60-99 mm CW) had full stomachs, their
feeding intensity ranged from 0.014 to 0.96%. The total stomach filling index for
males larger than 100 mm CW averaged 6.02+1.12%. Only 2% of these largest
males had empty stomachs. Stomachs of 13% of female crabs were empty, while
the stomach filling in those that had eaten was on average 4.01 +1.48%. Total stom-
ach filling index of males was 6.45+1.17 and only 4.01 +1.48%00 in females, sug-
gesting that males feed slightly more intensively 