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Chapter 2
Deep Invasion Ecology and the Assembly
of Communities in Historical Time

James T. Carlton

“With dim light and tangled circumstance ...”

— George Elliott, Middlemarch: A Study of Provincial Life
(1871)

2.1 Introduction

A critical component of — and a limitation on — interpreting community structure
is a detailed understanding of the ecological and evolutionary history of the
assemblage of species in question. There are thus compelling reasons to under-
stand, and seek to measure, how communities have changed over both evolution-
ary (geological) and ecological (historical) time. Vast waves of change have
swept across the Earth in the past one to two millennia as waves of humans
invaded across the planet in sequential episodes of exploration, colonization, and
urbanization. As an expected and inexorable result of human activity, alterations
in biodiversity have impacted terrestrial, freshwater, and marine communities.
These alterations include the addition of species (invasions), the deletion of spe-
cies (extinctions), and altered population dynamics (such as decreasing or
increasing the abundance of a species, or altering genetic structure). In even
seemingly “pristine” areas — such as wave-exposed high-energy rocky intertidal
shores — it is no longer tenable to assume that communities and ecosystems have
remained unaltered, in part because of supply-side impacts — impacts that are the
indirect cascades of human activity originating outside of the area in question
(e.g., Butman et al. 1995; Chap. 7, Johnston et al.).

Three (among a number of) reasons drive the interest to understand the first of
these alterations — the role of invasions in historical time:

1. An academic desire to understand whether community-level processes, such as
predation, competition, and disturbance (Chap. 14, Byers; Chap. 16, Crooks;
Chap. 17, Grosholz and Ruiz; Chap. 15, Rilov) derive in part from species interactions
on an evolutionary-time scale, or from interactions on an ecological-historical time
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scale, such as might be due to the presence of recently-arrived species (Mooney
and Cleland, 2001; Grosholz 2002, 2005; Sax et al. 2005; Strauss et al. 2006;
Freeman and Byers 2006; Cadotte et al. 2006).

2. A desire that merges academic interests with management concerns to predict what
phenomena and processes characterize invaders and invasible habitats (Ricciardi and
Rasmussen 1998; Bax et al. 2001; Kolar and Lodge 2001; Chap. 7, Johnston et al.;
Chap. 8, Miller and Ruiz; Chap. 10, Smith; Chap. 11, Torchin and Lafferty; Chap.
12, Olyarnik et al.)

3. Aninterest in establishing the scale of community alteration, in order to undertake
environmental management if not actual restoration (Byers et al. 2002; Lotze et al.
2006; Chap. 21, Hacker and Dethier).

The foundation of all three rationales relies not only on the ability to recognize
which species are introduced (Chapman and Carlton 1991, 1994) — and thus to
make an adequate estimate of the number of non-native species — but also, based on
this recognition, to determining experimentally the role of invasions in regulating
and producing community structure. However, while many studies that attempt to
assess the diversity of invasions acknowledge that the number of invaders is likely
underestimated, there has been little attempt to formalize the sources of this under-
estimation, nor, more importantly, how such partial assessments of the scale of
invasions (spatially and temporally) may influence our understanding of the evolu-
tion, ecology, history, and management of communities, or of our ability to predict
invasions. Clearly, if we have only a partial view of the diversity of non-native spe-
cies, this compromises our ability to predict what types of organisms can invade, to
assess what environments and regions are more or less susceptible to invasions, and
to understand invasion patterns over time and space.

The challenges — not mutually exclusive — in estimating the diversity of invad-
ers in a community are shown in Box 2.1. Some of these, as noted below, are uni-
versal to any attempt to estimate alpha diversity, but are discussed here specifically
as contributors to the underestimation of historical components of community
assembly. Discussed here are 12 potential sources of error that have led to invader
underestimation, together with some of the implications of such underestimations.
The number of introduced species may, of course, also be overestimated, as dis-
cussed below as well.

2.2 Invader Underestimation — Systematics

2.2.1 Cryptogenic Species

Species that cannot be reliably demonstrated as being either introduced or native
are cryptogenic (Carlton 1996). Most species that are now categorized as cryp-
togenic were previously treated as native; in turn, many species that should be
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recognized as cryptogenic are still regarded as native, the classic categorical default
in biogeography and evolutionary biology. Few species previously treated as intro-
duced have been converted to cryptogenic status, in part because the designation of
a species as non-native has usually come about as the result of the application of
conservative criteria.

Cryptogenic species have been recognized in marine habitats, to some extent
in freshwater habitats, and rarely in terrestrial habitats. Cryptogenic species
may include unidentified species if there is strong evidence that they may be
introduced, but it is important to emphasize that not all unidentified species are
cryptogenic (or native). Such evidence is reviewed by Chapman and Carlton
(1991, 1994) and includes association with a nonindigenous facies, association
with a “weedy” habitat, being a member of a genus or family that is otherwise
not known from the region in question (but occurs elsewhere in the world), and
other criteria.

Cryptogenic species are not introduced species of uncertain geographic ori-
gin, as used by Jensen and Knudsen (2005). No one term captures these
“Flying Dutchmen,” species that roam the seas on ships with no (as yet) certain
home. Cryptogenic species are not introduced species whose mechanism of
introduction is uncertain, as used by Englund (2002). The term to be used in
this case is polyvectic (Carlton and Ruiz 2005). Cryptogenic species are not
solely non-native species or “cryptic invaders,” as used by Lockwood et al.
(2007). By definition, it is not known if cryptogenic species are native or
introduced.

Further, cryptogenic species do not automatically include species with a type
locality outside of the region under study, such as the numerous taxa bearing
European names on the Pacific coast of North America. In such cases, biogeo-
graphic and historical taxonomic considerations come into play. On the one hand,
a substantial number of morphotaxa appear to drape naturally along the four
northernmost coasts of the Pacific and Atlantic Oceans (northeastern Pacific,
northwestern Pacific, northeastern Atlantic, and northwestern Atlantic) as a result
of their Tertiary histories of evolution, expansion and contraction, but whether
these remain the same genospecies (a taxon characterized by identical genomes
throughout its range) is not known for most of these taxa. Transarctic species
embrace a wide phyletic range: examples include the eelgrass Zostera marina, the
sea anemone Metridium senile, the seaslugs Alderia modesta and Dendronotus
frondosus, the barnacles Balanus balanus and Semibalanus balanoides, the pri-
apulid Priapulus caudatus, and the mussels Mytilus trossulus and Modiolus
modiolus. Coan et al. (2000) list more than 40 species of bivalve mollusks that
are considered circumboreal.

On the other hand, nineteenth and early twentieth century monographs of
European taxa ranging from foraminiferans to polychaetes to algae were used for
many decades to identify species from around the world: the taxonomic residue of
this globalization of euronomenclature remains with us in the form of perhaps
thousands of undescribed (not introduced!) species bearing European names in
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Africa, South America, North America, Asia, and Australasia. A rocky shore sea-
weed in California with a type locality of Italy would thus bear reexamination.
Much of this early work served to lead to the misconception that many shallow-
water marine organisms were “‘cosmopolitan”. While many “cosmopolitan” species
may in theory be considered cryptogenic, as their modern-day global distribution
could be the result of centuries of international shipping, it is argued below that a
more conservative (although vexing) approach is to consider many of these taxa to
be undetermined — essentially now unidentified or unidentifiable species, pending
systematic revisions.

2.2.2 Pseudoindigenous Species

An important but largely overlooked source of underestimating invasion diversity
in a given region is the presence of pseudoindigenes, here defined as introduced
species that are mistakenly considered as native (indigenous or endemic) to a loca-
tion. Pseudoindigenes include four categories of taxa (Box 2.1). The level of
sophistication of systematic and biogeographic knowledge predicts that there are
more examples of category 1 than category 2, and more examples of category 2
than category 3, as explained below. Category 4 is conceptually distinct from the
first three, and does not fall into this pattern.

Category 1: introduced species re-described as new after introduction,
although already described in their native region Pseudoindigenes in this first
category are common. Table 2.1 presents 94 introduced species redescribed as
“new”, following their introduction to a region. In many cases these species have

Box 2.1 Sources of error in estimating the number and thus importance of
introduced species

SYSTEMATICS

Cryptogenic Species (cryptogens)

Species that cannot be reliably demonstrated as being either introduced or
native.

Pseudoindigenous Species (pseudoindigenes)

Introduced species mistaken as native (indigenous or endemic) species:

1. Species redescribed as new after introduction, although already described
in their native region (Table 2.1).

2. Species first described as new after introduction, and later found else-
where (Table 2.2).

(continued)
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Box 2.1 (continued)

3. Species described as new after introduction, and remaining unknown else-
where (Table 2.3).

4. Species misidentified as previously known native species:
A. Imperfect taxonomy
B. Cryptic genospecies invasions

Unidentified Species, including many “Cosmopolitan” Species

Species that are not (unidentified) or cannot yet be (unidentifiable) identified
to a level permitting biogeographic assessment.

Small Species

Species typically less than 1 mm in size that — because of their size — are con-
sidered naturally distributed (“smalls rule”).

Uninvestigated Taxa

Species groups that are not or rarely studied.

Known but Unreported Taxa

Introduced species known to researchers but never published.
BIOGEOGRAPHY and COMMUNITY HISTORY

Widespread Intraoceanic Species

Species with within-ocean distributions that appear to mirror presumptive
natural patterns.

Widespread Interoceanic Corridor Species

Species with between-ocean distributions that appear to mirror presumptive
natural patterns.

Neritic Species with Presumptive Oceanic Dispersal

Species with planktonic life-history stages or living on floating habitats that
are presumed to be amenable to dispersal on oceanic currents.

Resident Species

Introduced or cryptogenic species which, after a length of time, are grouped
with the “native” component.

SAMPLING

Species in Underexplored Habitats and Associations

1. Undersampled parasitic, commensal, or symbiotic introduced species.
2. Undersampled introduced species in microhabitats and ecotonal habitats.

Incipient Invasions: Species with Small Population Sizes
Newly established introductions with small, restricted populations.

been described as new in several regions (up to 11 times for a single species), each
time with a different name, to a total of 159 cases of mistaken re-descriptions. No
systematic or focused search for pseudoindigenes in this category has been under-
taken in any biota, and thus neither the regional nor global scale of this underesti-
mation of introductions (and overdescription of biodiversity) is known. A few
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examples might suffice, but this longer list (although itself doubtless a small frac-
tion of the total phenomenon) serves to illustrate the historical, taxonomic, and
biogeographic breadth — the sheer ubiquity — of this category. Included are exam-
ples from aquatic (freshwater), marine, and terrestrial habitats.

With the onset of increased systematic work in the early nineteenth century,
non-native species began to be mistakenly redescribed as natives (Table 2.1): the
European green shore crab Carcinus maenas is described as a new species
(Carcinus granulatus) in 1817 in North America, and, reciprocally, the American
slipper limpet Crepidula plana is described as a new species (Crepidula sinuosa)
in 1825 in Europe. The American dreissenid mussel Mytilopsis leucophaeata is
also described as a new species (Congeria cochleata) in 1835 in Europe. As
early as the 1830s, European species were being redescribed as native species
in the Pacific Ocean, including the seasquirt Ciona intestinalis in Australia and
the marsh snail Myosotella myosotis in Peru, ship-associated animals whose
arrival in the Pacific Ocean could date back to the sixteenth century. Species
commonly associated with global commerce are redescribed continuously: the
Ponto-Caspian hydroid Cordylophora lacustris and the European synanthropic
isopod Porcellio laevis are redescribed at least 6 times each, the European snail
Myosotella myosotis is carried to South America, North America, Africa, and
Bermuda, and redescribed as a new species 9 times, and the shipworm Lyrodus
pedicellatus, not surprisingly, is redescribed at least 11 times from around
the world.

Introductions continue to be redescribed as new taxa (Table 2.2): the Indo-
Pacific mantis shrimp Gonodactylaceus falcatus was redescribed as a new species
in 1981 from the Hawaiian Islands; the Australasian mussel Xenostrobus securis
was redescribed as new, also in 1981, from Japan; the Indian Ocean seasquirt
Eusynstyela hartmeyeri was redescribed as a new species from New Caledonia in
1991, and the Japanese skeleton shrimp (caprellid) Caprella mutica was rede-
scribed as a new species from Europe in 1995. Kott (2004) described an abundant
non-native ascidian (not seen or collected prior to the 1970s) in the New England
fauna as an endemic species (Didemnum vestum), whose origin remains uncertain
(indeed, it may fall into the second category of pseudoindigenes, below). All of
these are examples only, and an unknown number of “new” species described from
shallow coastal waters, especially harbors and estuaries subjected to the vectors that
transport species around the world, are actually redescriptions of species already
described from elsewhere in the world.

The lag time in recognizing that an introduced species has been mistakenly
redescribed ranges from months to over 100 years. For example, the Japanese clam
Venerupis philippinarum was mistakenly redescribed from British Columbia in
1938, and the Japanese ascidian Styela clava was mistakenly redescribed from
England in 1954: in both cases, the error was recognized immediately. On the other
hand, it took 125 years to show that a European seaslug, Corambe batava (long
regarded as an endangered if not extinct species in Europe), was the common
American seaslug Corambe obscura. Thus a great many pseudoindigenes remain
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unrecognized, particularly in the face of declining taxonomic expertise required to
ferret out such taxa.

The common early failure to recognize invasions as introductions can be under-
stood in the context of the challenges of having access to sufficient literature, com-
bined with an underappreciation for the potential of non-native species to appear at
a systematist’s doorstep. The failure to continue to do so in the twentieth and
twenty-first centuries lies at several doorsteps, including the spread of species that
are members of complexes difficult to tease apart morphologically, concomitant
with increasing globalization and speed of commerce, leading to the requirement to
be a master of the world’s biota, a challenge for even specialized systematists. The
lack of global knowledge of specific groups explains in large part the failure of
many “environmental impact surveys” to report new invasions, as those workers
involved in making routine identifications of marine invertebrates often do not pos-
sess global-scale expertise.

Whether newer or older invasions, the presence of anomalous clades in a biota
does not always attract the attention of systematists. The “Californian” isopod
Sphaeroma pentodon took many years to be accepted by North American workers
as the Australian-New Zealand isopod Sphaeroma quoianum, despite the fact that
the speciose genus Sphaeroma is centered in the western Pacific and Indo-Pacific,
and no other species of Sphaeroma other than S. pentodon was known from the
Northwest Pacific Ocean north of 25° north latitude. Monogeneric species occur-
ring in oceans thousands of kilometers away from their closest evolutionary rela-
tives or away from where the genus is otherwise represented by many species
would bear reexamination relative to their biogeographic affinities and history, and
thus perhaps their true identity.

Category 2: introduced species first described as new after introduction, and
later found elsewhere As a result of species being transported from a region where
the biota is poorly described to a region under greater biological and systematic
scrutiny, a number of invasions have been first described in areas where they are not
native. Twenty-one examples of such species that were then later discovered in their
native, or other regions, are shown in Table 2.2. Fewer examples of these are avail-
able than those in the previous category, because the necessary “matches” require
sophisticated global knowledge and, of course, sufficient exploration in native
regions. Thus, the type locality of a species does not necessarily imply where a
species is native. For the Hawaiian Islands, Cowie (1998) has noted that “It was
only in the middle of the nineteenth century that naturalists really began to take note
of the Hawaiian biota, describing many new, supposedly endemic species ... Six of
the ten introduced species first recorded between 1840 and 1889 were originally
described from the Hawaiian Islands.”

There may be equally long lag times in resolving where such species are native
(introduced species that were described from a non-native region but that have not
yet been found elsewhere are discussed in the next category). The common and
widespread Atlantic North American filamentous red alga, Neosiphonia harveyi
(= Polysiphonia harveyi), described in 1848 from Connecticut, was not recognized as
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native to Asia until the 1990s (Mclvor et al. 2001). This species is further discussed
below in two contexts, relative to biogeographic biases in detecting invasions, and rela-
tive to the concept of the “Missing 1000” invasions (Carlton 2000, 2002, and below).

One of the more famous invasions in this category (or perhaps the first, above)
is the case of the appearance of an Asian oyster in the genus Crassostrea in the
European theater about 500 years ago. Described by Lamarck in 1819 as a native
southern European species, Ostrea angulata (now Crassostrea angulata), and long
known as the “Portuguese oyster,” investigators had concluded by the 1940s that it
was identical with the Japanese C. gigas. However, recent work suggests that C.
angulata may be a genetically distinct (although morphologically identical) sibling
species of C. gigas (() Foighil et al. 1995, 1998; Boudry et al. 1998; Huvet et al.
2000, 2004; Lapegue et al. 2004; P. Gaffney, personal communication). If the two
are not the same, C. angulata represents a case similar to that of Mya arenaria and
Spartina alterniflora, noted below, although the recognition of C. angulata as a
distinct genospecies in Asia has taken nearly 300 years.

Of interest is that two iconic marine organisms native to the American Atlantic
coast were first described from Europe: the edible soft-shell clam Mya arenaria was
described from the North Sea by Linnaeus in 1758 (what could not be known to
Linnaeus was that it was introduced centuries earlier by the Vikings from North
America), while the salt marsh cordgrass Spartina alterniflora was first described
from France in 1815 (to where it had been introduced, perhaps by shipping, presum-
ably in the eighteenth century or earlier). In both cases, the American biota was not
yet well described, and, as noted above, these (and no doubt other) species first landed
at the feet of European taxonomists. Similarly, the nineteenth century importation of
exotic aquatic plants from Asia to the Kew Gardens of England (Desmond 1995)
brought as yet undescribed associated species to the attention of British zoologists;
examples include the freshwater jellyfish Craspedacusta sowerbii (Table 2.4 section
B) and the freshwater worm Branchiura sowerbyi (Table 2.2).

For both this and the next category, an attendant risk is using a geographic name
for a species, especially for taxa from harbors, ports, and other coastal zones influ-
enced by human transport mechanisms (such as the Indian Ocean hydroid Garveia
franciscana, or the New Zealand isopod lais californica). Species with trivial
names such as californica, mexicana, mediterraneus, and so forth, do not easily
invite workers to look for the same species to be native on the other side of the
world (see also an example from Brazil in Chap. 27, Ferreira et al.).

Admitted to Table 2.2, but an exception relative to the other species treated in
this category, is the seaslug Babakina festiva. Although first described from
California and not recognized as an introduction at the time, Roller (1972) noted
that it had been known from Japan since at least 1956.

Unrelated to this phenomenon is the error of bestowing a geographic name on a
species based on a mistaken source of the specimens being described. Thus the
leucosiid (pebble) crab Persephona mediterranea (Herbst 1794) is a Western
Atlantic species which does not occur in the Mediterranean (Williams 1984), while
the purse oyster Isognomon californicum (Conrad, 1837) is a native Hawaiian
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species which does not occur in California (Kay 1979). A specimen of the Indo-
West Pacific angelfish Chaetodontophus mesoleucus, mislabeled as coming from
the Hawaiian Islands, was mistakenly redescribed as Holacanthus bicolor oahuen-
sis Borodin, 1930 (Mundy 2005).

Category 3: introduced species described as new after introduction, and
remaining unknown elsewhere The fewest examples of pseudoindigenes are in
this category: if a species is not known from elsewhere, an assumption may be that
it is native to the place where it is known. On the other hand, there may be clear but
overlooked evidence that a species is not native. Such evidence may include locali-
zation to one or a few harbors along a well-explored coastline (perhaps combined
with the demonstration that the species was not collected earlier and was not likely
to be overlooked in previous centuries, when, in the same locations and habitats,
extremely rare native species were collected), species whose only close morpho-
logical relatives are in another part of the world, species closely associated with a
human transport vector, and so on. As noted elsewhere (Chapman and Carlton
1991, 1994), multiple sets of evidence, rather than relying on any one supporting
criterion, strengthen such recognition.

Seven examples are shown in Table 2.3. Species that are restricted to one or a
few harbors and are otherwise associated with introduced biotas include the sponge
Halichondria coerulea and the crab Pilumnus oahuensis, both in Hawaii.

Table 2.3 Examples of introduced species described from non-Native regions and remaining
unknown elsewhere

Species Native to Described from  Reference

Anthozoa (corals)

Culicia rachelfitzhardingeae Indo-Pacific? Hawaii Cairns (2006); Carlton
Cairns, 2006 and Eldredge (2009)

Porifera (sponges)

Halichondria coerulea Indo-Pacific? Hawaii Carlton and Eldredge
Bergquist, 1967 (2009)

Isopoda (isopods)

lais floridana Kensley & Indian Ocean? Florida Herein
Schotte, 1999

Caeijaera horvathi Menzies, Southern hemisphere? California Carlton and Eldredge
1951 (2009)

Ostracoda (ostracodes)

Redekea californica De Vos = Southern hemisphere? California Carlton (1979)

& Stock,1956
Decapoda (crabs)

Pilumnus oahuensis Indo-Pacific/tropical Hawaii Carlton and Eldredge
Edmondson, 1931 East Pacific? (2009)

Tunicata (sea squirts)

Botrylloides diegensis Ritter Indo-Pacific? California Carlton (2005)

& Forsyth, 1917
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The commensal isopod lais floridana, described from Florida, is regarded as an
introduction from the Indo-Pacific: its sole host is the introduced isopod Sphaeroma
terebrans, and it is a close relative (if not a sibling species) of the Pacific Ocean lais
singaporensis.

The California botryllid seasquirt Botrylloides diegensis, described in 1917 from

harbor pilings in San Diego, California, is regarded as introduced from the Western
or South Pacific, where it is predicted it will be discovered. It is part of a clade of
Botrylloides species all found in the Western or South Pacific; B. diegensis has no
relatives in the Northeastern Pacific. It is suggested that it was carried in ship foul-
ing to southern California in the nineteenth or earlier centuries.
Described as new, but recognized at the time as introduced Not strictly mem-
bers of the above three categories are introduced species that while described as
new were recognized at the time of description as non-native. Thus, these are not
pseudoindigenes, as they were not mistaken as native species. Examples of these,
which are presented here as a “tip of the hat” to the systematists and biologists who
recognized their species as non-native, are shown in Table 2.4, divided into three
categories, that parallel those above: species that were mistakenly redescribed
(Table 2.4 section A), species first described from a non-native region and then
found elsewhere (Table 2.4 section B), and species described from a non-native
region and remaining unknown elsewhere (Table 2.4 section C). These investigators
employed a variety of evidence to deduce that the species was not native; this evi-
dence includes prior absence, association with a habitat created by human activity
and dominated by exotic biota, and morphological similarity to autochthonous taxa.
In the first case (Table 2.4 section A), there is the occasional temptation to describe
introduced populations — although recognized as such! — as new subspecies (such
as the barnacle Balanus amphitrite saltonensis, the amphipod Caprella acanthog-
aster humboldtiensis, the worm Pseudopolydora kempi californica, all from
California, and all bestowed with regional names).

Cooper (1872), although recognizing the potential for ship-mediated transport of
marine organisms, proceeded to describe the marsh snail Alexia setifer as a new
species from San Francisco Bay, pointing out that the localities where it was found
had been searched by collectors “for more than 20 years” prior to its discovery in
1871 — a rather strong assertion for how well those Bay shores were known in the
1850s and 1860s. Although unable to match it with a described Asian species,
Cooper speculated that it may have been introduced with ships from China. Less
than one year later Cooper (1873) recognized that it was the Atlantic snail Phytia
myosotis (now Myosotella myosotis), although an erroneous reversal of nomenclat-
ural fortune in the 1920s led to the use of the specific name setifer once again for
the next 30 years.

The Japanese oyster-eating flatworm Pseudostylochus ostreophagus was first
discovered in Puget Sound, Washington, in beds of imported Japanese oysters
(Crassostrea gigas). Upon its discovery, fisheries biologists immediately went to
Japan and discovered the flatworm there. The description of this worm as a new
species was thus based on specimens from its native region (Hyman 1955). It is not
listed in any of the tables here. This is a rare instance — and provides an important
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Table 2.4 Examples of introduced species recognized at the time of their description as non-
native or possibly non-native

A. Introduced species mistakenly redescribed from non-native regions

Species Native to Redescribed as (from) Reference

Turbellaria (flatworms)

Caenoplana coerulea Australia Geoplana vaga Hyman, Ogren (1989b)
Moseley, 1877 1943 (California)
Polychaeta (worms)
Pseudopolydora kempi Indo-West Pacific  Pseudopolydora Radashevsky and
(Southern, 1921) kempi californica Hsieh (2000)
(California)
Cirripedia (barnacles)
Balanus amphitrite Darwin, Indo-Pacific Balanus amphitrite Henry and
1854 saltonensis Rogers, McLaughlin,
1949 (Salton Sea, (1975); Flowerdew
California) (1985); Raimondi
(1992)
Amphipoda (amphipods)
Caprella mutica Schurin,  Japan Caprella acanthogaster Marelli (1981)
1935 humboldtiensis
Martin, 1977
(California)
Mysidacea (mysids)
Hyperacanthomysis longi- Asia Acanthomysis bowmani Fukuoka and Murano
rostris 1i, 1936 Modlin & Orsi, (2000)

1997 (California)
Gastropoda (snails)

Myosotella myosotis Europe Alexia setifer Cooper, Cooper (1872);
(Draparnaud, 1801) 1872 (California) Martins (1996)

Tunicata (sea squirts)

Eusynstyela hartmeyeri Red Sea, Indian Eusynstyela aliena Monniot and Monniot
Michaelsen, 1904 Ocean Monniot, 1991 (2001)

(New Caledonia)

B. Species first described from non-native regions and subsequently found elsewhere

Species Native to Described from Reference
Hydrozoa (hydroids)
Craspedacusta sowerbii China Kew Gardens, London Russell (1953)

Lankester, 1880
Polychaeta (worms)

Ficopomatus enigmaticus ~ Australia France Cohen and Carlton
(Fauvel, 1923) (1995)

Copepoda (copepods)

Oithona davisae Ferrari & Asia California Ferrari and Orsi (1984)
Orsi, 1984

(continued)
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Table 2.4 Examples of introduced species recognized at the time of their description as non-
native or possibly non-native

Isopoda (isopods)

Gnorimosphaeroma rayi ~ Japan California Hoestlandt (1973)
Hoestlandt, 1969

Bryozoa (bryozoans)

Watersipora edmondsoni  Indo-Pacific Hawaii Winston and Heimberg
Soule & Soule, 1968 (1986)

C. Species first described from non-native regions and remaining unknown elsewhere

Species Native to Described from Reference

Turbellaria (flatworms)

Bdellocephala exotica Asia? Washington, D.C. Hyman (1953)
(Hyman, 1953)

Bipalium pennsylvanicum  Asia? Pennsylvania Ogren (1987)
Ogren, 1987

Anthozoa (sea anemones)

Diadumene franciscana Indo-Pacific/Asia? California Cohen and Carlton
Hand, 1956 (1995)

Amphipoda (amphipods)

Transorchestia enigmatica New Zealand/Chile California Bousfield (2007)
Bousfield & Carlton,
1969

Corophium alienense Southeast Asia California Chapman (1988)

Chapman, 1988
Mysidacea (mysids)

Deltamysis holmquistae Asia California Bowman and Orsi
Bowman & Orsi, 1992 (1992)

Decapoda (crabs)

Acantholobulus pacificus  Tropical Eastern ~ Hawaii Felder and Martin
(Edmondson, 1931) Pacific (2003)

lesson in systematic biogeography — of a species being discovered in a non-native
region, followed by biologists taking the unusual pro-active step (in this case eco-
nomically motivated) to discover the origin of the species.

Category 4: introduced species misidentified as previously known native
species Introduced species may be misidentified as native species because of insuf-
ficient taxonomic resolution, or because, despite seemingly adequate morphological
taxonomy, cryptic invasions may occur that can only be revealed genetically.

Imperfect taxonomy Non-native species may be misidentified as described native
species; we might say, “similar-looking native species,” but such is not always the
case. The introduced Atlantic gem clam Gemma gemma was misidentified as the
quite distinct native Pacific clam Transennella tantilla (now Nutricola tantilla)
throughout the American Pacific Northwest for many years (Carlton 1979). The
introduced Atlantic amphipod Ampelisca abdita was referred to for many years in
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San Francisco Bay as the Pacific amphipod Ampelisca milleri, despite the fact that,
apart from clear morphological differences, the former occurred in estuarine muds
in the Bay, and the latter was described from the open ocean, 75 m offshore of San
Miguel Island, in southern California (Chapman 1988). The Japanese snail
Batillaria attramentaria was misidentified as the native snail Cerithidea californica
when first found in 1951 in Monterey Bay, California (Carlton 1979).

In more recent and better-known examples, the invasion of the Japanese seastar
Asterias amurensis in Australia went unnoticed because it was misidentified for some
years as the native seastar Uniophora granulata (Buttermore et al. 1994), and the first-
observed specimens of the Caribbean barnacle Chthamalus proteus in Hawaii were
identified as the native Hawaiian barnacle Euraphia hembeli (Zabin et al. 2007).

It may thus be predicted with some confidence that invasions have gone, or will

go, unnoticed because of external morphological resemblances to similar-looking
native species. The northeastern Pacific barnacle Balanus glandula is now well
established in Argentina (Schwindt 2007) and in Japan (Kado 2003), but as a small
white “acorn barnacle,” may be overlooked elsewhere. Similarly, Chthamalus pro-
teus, now abundant in the Hawaiian Islands (Southward et al. 1998) would be a
challenge to detect if introduced to the warm coasts of California and Mexico
(C. Zabin, personal communication), where other Chthamalus species occur.
Godwin (2003) has noted that C. proteus survives on vessels on round-trip voyages
between California and Hawaii.
Cryptic genospecies invasions Cryptic species (Bickford et al. 2007) provide one
of the most difficult challenges in recognizing invasions, especially if a new invader
appears to be morphologically identical to a native congener. A well-known example is
the invasion of the Mediterranean mussel Mytilus galloprovincialis in southern
California in the mid-twentieth century, which although first believed to be an inva-
sion from Japan, was concluded to be a resurgence of the native mussel Myfilus
trossulus (then known as Mytilus edulis, and specifically described as a new sub-
species, M. edulis diegensis; Carlton 1979). As Geller (1999) has shown, this
“resurgence’ consisted of the invasion of the morphologically identical but geneti-
cally distinct non-native M. galloprovincialis.

In a parallel case, the marsh reed Phragmites australis “became” invasive in the
nineteenth and twentieth centuries in Eastern North America; the invasion was
caused by a non-native (but morphologically similar) genotype of P. australis
(Saltonstall 2002).

Genetic analyses have also aided in revealing invasions of species of the jellyfish
Aurelia (Dawson et al. 2005) and Cassiopeia (Holland et al. 2004), the polychaete worm
Myrianida (Nygren 2004), the vermetid snail Thylaeodus (Strathmann and Strathmann
2006; Carlton and Eldredge 2009), the freshwater limpet Ferrissia (Walther et al. 2006),
the bryozoans Bugula and Watersipora (Mackie et al. 2006), the brittlestar Ophiactis
(Roy and Spooner 2002), and others. Many more such cases are to be expected.
Unidentified species, including many ‘‘cosmopolitan” species In most surveys of
fauna and flora (sensu lato) some to many species cannot be identified for many
reasons. These taxa should not default to being listed as “native,” as is often the
case. Thus these species are often not amenable to biogeographic assessment unless
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they are demonstrably undescribed taxa recognized as probable endemics to the
region based upon habitat (such as deep cave endemics) or related taxa. Lee et al.
(2003) refer to unidentified species as “indeterminate taxa.” Clearly, introduced
species may be amongst these, and perhaps commonly so. As noted above, when
evidence can be mustered, some unidentified taxa can be considered cryptogenic,
but taxa resolved only to phyletic, class, or ordinal levels should generally be con-
sidered as unidentified, and not cryptogenic (as used, for example, by Wasson et al.
2004).

Added to this category would be certain “species” whose only apparently avail-
able scientific name is one used for the same, or similar-looking, taxon around the
world. These “cosmopolitan” taxa may include (1) species that have been globally
spread by ships or other vectors (introductions), (2) a species-complex (including
both native — and often undescribed — and introduced species), or (3) conceivably
one naturally widespread species, although adequate mechanisms for global gene
flow in ecological time that would prevent allopatric speciation are difficult to
imagine, especially when no dispersal corridors appear to exist.

Thousands of species groups have not been adequately sorted into one of these
three categories, and thus taxa with cosmonames should in many cases simply, but
frustratingly, revert to being regarded as unidentified. This strategy would serve to
strip away from a number of lists both introduced and cryptogenic species (for
example, Cohen and Carlton 1995; Wasson et al. 2004). Marine examples include
some “species” in the protist genera Zoothamnium and Vorticella, the sponge genus
Cliona, hydroid genera such as Plumularia, Sertularella, Campanularia, Obelia,
Gonothyraea, and Dynamena, bryozoan genera such as Bugula and Bowerbankia,
and the caprellid amphipod genus Caprella.

An immediate derivative of this perspective is that assessments of regional bio-

diversity should divide all taxa into four categories: native, introduced, cryptogenic,
and unidentified.
Small species Many microbial (Finlay 2002; Fenchel and Finlay 2004) and micro-
scopic (Wyatt and Carlton 2002) species — essentially many taxa less than 1 mm in
size — are considered naturally cosmopolitan, in part based upon the presumption
that global dispersal for small organisms is naturally fluid and continuous, thus
preventing allopatric speciation. Arguing against this is that wind and water do not
act to homogenize the entire world; recent molecular evidence (Green and
Bohannan 2006) thus suggests, not surprisingly, that greater provincial diversity
exists among small organisms.

Because of severe taxonomic and biogeographic challenges, including the per-
ception of natural cosmopolitanism noted above, small organisms are reported as
introductions far less often than larger organisms. Newly-discovered small organisms—
perhaps noticed because they have become common to abundant — are often assumed
to be native. This rationale is based in part upon two arguments: (1) previously rare
taxa may respond to environmental changes and become abundant (and thus detect-
able), and (2) new techniques permit the discovery of previously undetectable taxa.
Relative to the first case, newly recognized taxa invoked as native were not
simply previously rare — they were never previously recorded. In contrast, in most
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biotas, many extremely rare species may have been recorded over time. This argu-
ment thus requires that the species were so rare as to have survived no previous
detection, and had no previous episodes of becoming common or abundant. Relative
to the second case, improved microscopic and molecular techniques do permit fine-
scale resolution of taxa previously undetectable, but previously undetectable taxa are
not by default native — they were simply previously undetectable.

Carlton (in Wyatt and Carlton 2002) referred to this phenomenon as the “smalls
rule of invasion ecology,” defined as an inverse correlation of body size with the
ability to be recognized as non-native (Carlton 2003). Thus small filamentous
algae, other protists (such as foraminiferans, rhizopods, actinopods, ciliates, dino-
flagellates (including Pfiesteria spp.), pelagophyceans (including Aureococcus
spp.), diatoms, etc.), hydroids, flatworms, small nemerteans, rotifers, gastrotrichs,
kinorhynchs, nematodes, oligochaetes, small polychaetes, copepods, mites, bryo-
zoans, and a host of other taxa are rarely reported as invasions.

The same arguments that underlie the principles of natural dispersal of small
organisms — ease of transport, the ability to form dormant life stages, large popula-
tion sizes, and other characteristics (Fenchel and Finlay 2004; Green and Bohannan
2006) — equally support the possibility that many modern-day distributions of small
organisms were created by the movement of terrestrial and aquatic media over the
past centuries by human activity. Given this, it cannot logically be assumed that
only natural dispersal has been in play.

Karling et al. (2000) examined the genetic variation (in the small subunit ribos-
omal RNA gene) of three species of planktonic foraminiferans that occur in both
the Arctic and Antarctic, and identified at least one identical genotype in all three
species, “indicating that trans-tropical gene flow must have occurred.” Oceanographic
phenomena that would lead to such gene flow in ecological time are speculative and
have not been clearly demonstrated (Karling et al. 2000). In contrast, there has been
clear potential for centuries of transtropical gene flow of planktonic foraminiferans
—including between high-latitude waters — by means of steamship bath water in the
nineteenth and early twentieth centuries, and by means of ballast water since the
nineteenth century and continuing to date. Carlton (1985) has commented on the
potential for the interchange of oceanic plankton by such human-mediated means
as an alternative hypothesis to natural mixing.

The nearly complete absence of reports of introductions of such prominent
planktonic and benthic taxa as diatoms and ciliate “protozoans” may be one of the
larger gaps in introduced species diversity assessment. Indeed, in estuarine systems
such as San Francisco Bay, it is possible that over 100 species of “protozoans”
associated with soft and hard substrates, could be introduced, which, if so, alone
would increase by more than one third the known invasions in the Bay. I comment
upon the rarity of reports of introduced diatoms below.

Uninvestigated taxa A hallmark of modern censuses of marine life is that there are
few or no systematists available to assist in the specialized collection and identifica-
tion of an increasing number of taxa. The importance of the involvement of taxo-
nomic experts in both field and laboratory work cannot be underestimated. Passive
collections — samples taken by others and then provided to a systematist — often miss
many small and cryptic taxa. Based upon my experience with “rapid assessment
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surveys” — in this case, biological surveys focused on boat harbor fouling communities
along the coasts of North America and England — systematists working in the field
often recover significantly more species in their specialty than do general field biologists.
More importantly, there are often no available systematists in a region or country to
assist either with such field work or with the identification of specimens.

Notable dearths in expertise now occur in “protozoans,” sponges, hydrozoans,

flatworms, nemerteans, nematodes, gastrotrichs, kinorhynchs, rotifers, kamptozo-
ans, tardigrades, “oligochaetes,” polychaetes, leeches, ostracodes, copepods, per-
acarid crustaceans in general (mysids, cumaceans, tanaids, isopods, amphipods),
pycnogonids, mites, marine insects, bryozoans, and ascidians. In all of these
groups, with regional exceptions, invasions are rarely reported. This category (unin-
vestigated taxa) overlaps with that of another, undersampled parasitic, commensal,
or symbiotic associations, below.
Known but unreported taxa Interviews with systematists, naturalists, local biolo-
gists with many years of regional residence, and others, reveal that researchers are
frequently aware of unpublished records of introduced species in a given region.
Primary reasons cited for not publishing such records are lack of a perceived outlet
to publish a paper on a new geographic record of one species, lack of time to write
such papers, and, with some museum taxonomists, surprise that there would be
interest in a new record of a small or “obscure” species.

2.3 Invader Underestimation — Biogeographic
and Community History

2.3.1 Widespread Intraoceanic and Interoceanic
Corridor Species

Widespread species within an ocean basin (intraoceanic) and between ocean basins
(interoceanic) are almost always interpreted as natural distributions, in place for an
undetermined length of time. When corridors are present — coastlines, continental
shelves, islands, and so on — the interpretation of such distributions as natural and
long-standing appears logical. On the other hand, absent paleontological and
archeological evidence, we often have little to no understanding of the aboriginal
distributions of many such widespread “corridor” species prior to the onset of glo-
bal shipping, whose multi-millennial antiquity relative to invasions is clear (di
Castri 1989; Leppikoski et al. 2002; Wolff 2005).

What is the scale of this ancient potential human-mediated homogenization of
biota, resulting in biogeographic patterns that mirror presumptive natural patterns?
The Indo-Pacific marine biota serve as an example: here, presumably millions of
species (most undescribed) occur in shallow waters from the Red Sea to Australasia,
and often to outlying island groups, as far as the Hawaiian Archipelago, with less
diverse groups reaching as far as the tropical and subtropical Eastern Pacific islands
and coastlines. From the 1500s to the 1800s, ocean-going ships were floating zoos
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and botanical gardens of entrained species inside and outside their hulls (Carlton
1987, 1999a; Carlton and Ruiz 2003). Carlton (1999a) constructed an “imaginary
assemblage of marine organisms on a wooden sailing vessel of 1750,” excluding
parasites, commensals, and other symbiotic species. Noting the scale of microhabi-
tats available — hull fouling, hull boring, hull nestlers, the anchor, anchor chain, and
anchor chain locker, sand and rock ballast — total species richness was calculated as
easily over 150 species.

Carlton (1987) noted that this potential for ship-mediated homogenization
“throughout the atolls and high islands of the central and South Pacific has rarely
been considered.” That a great many interoceanic and intraoceanic species had
more restricted ranges prior to the onset of shipping — even if corridors were appar-
ently available to such taxa — needs careful examination, a possibility that can now
be tested with genetic analysis. In a similar fashion, Carlton and Hodder (1995)
have argued that even along a moderately uniform coastline, ships transporting
native species for centuries may have obscured original patterns of distribution.

In addition, species introduced to a coastline (or to an archipelago) can, over the
centuries, become so widespread as to mimic natural patterns: we are often disin-
clined to suspect a species’ natural status if it occurs from Alaska to Mexico, or
from the Bay of Fundy to the Gulf of Mexico. Since many introduced species on
these (and all) coasts have easily achieved such wide distributions, latitudinal
breadth of occurrence can rarely alone be used to indicate either endemicity or
aboriginal distributional patterns: the Asian alga Neosiphonia harveyi now ranges
from Newfoundland to the Caribbean. Strasser (1999) has also noted that distribu-
tions created by human activity in modern time can recreate and parallel ancient
distributions: the clam Mya arenaria was once widespread through the high lati-
tudes of the North Atlantic and North Pacific Oceans until Pleistocene glaciation
eliminated all but the Western North Atlantic populations: it was subsequently
introduced (not reintroduced, having never been introduced in the first place) by
humans to the Pacific Ocean and to Europe, recreating Tertiary patterns.

2.3.2 Neritic Species with Presumptive Oceanic Dispersal

As noted above, for many taxa there is a presumption that natural dispersal may
play the greater role in the distribution of a species, even if such taxa are recorded
from ship fouling and are unknown from ocean currents. Orensanz et al. (2002) and
Castilla et al. (2005), presenting the first inventories of marine bioinvasions of
Uruguay/Argentina, and Chile, respectively, thus excluded from consideration
hydromedusae (and their hydroid polyps) and wood borers (such as gribbles, lim-
noriid isopods) and shipworms (teredinid bivalves), under the argument that their
dispersal may also be natural on ocean currents. This will very likely lead to an
underestimation of invader biodiversity.

Hydrozoan taxa involved represent harbor-dwelling fouling species in such gen-
era as Obelia, Campanularia, Sarsia, Ectopleura, Pinauay, and Plumularia. Wood-
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boring taxa involved live in shallow bays, estuaries, and harbors; these include
certain species of shipworms in the genera Teredo and Lyrodus, and certain spe-
cies of gribbles in the genus Limnoria, known to infest wooden ships for centu-
ries. None of the wood-boring species that are found in estuaries or harbors (or
in wooden-hulled vessels), and none of the hydroids (polyps and medusae) found
in fouling communities or open waters of marinas, ports, and harbors (or on
ships’ hulls or in ballast water) have been reported from ocean currents. Carlton
(1999b) detailed the arguments, using shipworms as a model, that neritic taxa
capable of floating or being floated require discovery in the open ocean before
oceanic dispersal can be invoked. Relative to shipworms, the species found in
floating wood at sea are, not surprisingly, a guild of neustonic, oceanic species,
capable of living in that environment (and, in turn, are not the shipworm species
found in harbors and ports).

2.3.3 Resident Species

As noted above, historical invasions are often difficult to detect, albeit less so now
with the availability of genetic techniques. Not surprisingly, most invasions in the
ocean have been recognized only since marine biologists appeared on the scene,
even though vectors such as shipping had been in place for many centuries. Thus,
European species were regularly transported to New England (and vice versa) on
and in ships from the 1500s and on (and with more episodic earlier Viking voyages
500 years earlier). The documentation of the marine fauna and flora on both sides
of the North Atlantic commenced 200-300 years later, in the 1700s and 1800s, with
North American animals and plants being shipped back to European biologists for
study and naming. Although larger fish, mollusks, and crustaceans reached
European cabinets and universities by the late 1600s, most smaller taxa (such as
bryozoans, sponges, hydroids, ascidians, small crustaceans, worms, and the remain-
ing plethora of small invertebrates) were not specifically collected and shipped as
such. The long history of invasions prior to collectors and biologists being present,
combined with the lack of early investigations of many animal and plant groups, set
the stage for the presumption of natural amphiatlantic distributions for many shal-
low-water taxa (Carlton 2003).

Stachowicz et al. (1999, 2002a, b) thus categorize certain fouling ascidians that
occur both in Europe and New England as “native” species, including Ciona intes-
tinalis and Botryllus schlosseri, as well as the fouling bryozoan Cryptosula palla-
siana, and examine the interaction between these species and the introduced
ascidians Ascidiella aspersa, Diplosoma listerianum, and Botrylloides violaceus.
Stachowicz et al. (2002b) note that “Although the true status of the New England
sea squirts as natives or invaders is difficult to resolve due to the poor fossil record
of these soft-bodied organisms, all of these species have been present in New
England for as long as humans have been studying these animals. Thus, these spe-
cies form the resident community that current invaders encounter upon arrival.”
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Species status is not a dichotomy of native or introduced, and Ciona, Botryllus and
Cryptosula can be considered cryptogenic, but not native. Genetic investigations
will materially aid in sorting out these histories. Van Name (1945) considered
Botryllus schlosseri to be introduced by ships from Europe to North America, and
Carlton (2005) has proposed that it may in fact be native to the southwestern Pacific
Ocean. Equally — or more — interesting, of course, is the interaction between a
newer set of invaders and a previous set of invaders in terms of community history
and development. Regardless, the concept of “resident” or “naturalized” is not a
separate or distinct category of biogeographic, ecological, environmental, histori-
cal, or evolutionary status. Taxa capable of being identified to the species level are
either native, introduced, or cryptogenic.

2.4 Invader Underestimation — Sampling

2.4.1 Species in Underexplored Habitats and Associations

All of the historical and taxonomic challenges noted above are further compounded
when attempting to assess the systematics and biogeographic history of parasitic,
commensal, and symbiotic organisms associated with either native species or
demonstrably introduced taxa. In large part these challenges are rarely addressed
since these associated taxa are rarely sampled in standard surveys. Monographic
reports of invasions in marine and freshwater habitats from most areas of the world
record the occasional parasitic or symbiotic species that were encountered by spe-
cialists, but the undersampling of this biotic component may rival the undersam-
pling of microscopic free-living taxa.

Similarly, “microhabitats” that require specialized techniques, knowledgeable
investigators, and experienced systematists, remain largely uninvestigated relative
to invasions. Meiofaunal communities are a striking example. Ecotonal habitats,
such as the supralittoral fringe (Carlton 2002) or oligohaline zones in estuaries,
often have unique assemblages of species, but are the subject of few studies, and
fewer still for invasions, as habitat-oriented ecologists often do not find themselves
in transitional environments. Thus few terrestrial or marine ecologists have studied
the intermediate maritime zone; similarly, freshwater and marine biologists have
rarely studied the oligohaline zone between these two habitats.

2.4.2 Incipient Invasions: Species with Small Population Sizes

Newly invading species will, in the early stages of colonization, generally have
small and restricted populations that are often difficult to detect through standard
sampling programs, unless haphazardly stumbled upon. These are thus initially rare
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species, and fall into sampling challenges universal to assessing alpha diversity in
a community (Rabinowitz et al. 1986; Chapman 1999). If vectors are present that
lead to the continual inoculation (release) of propagules into a system, it is probable
that at any given time some species are in the early stages of establishment, and
may not be detected until several generations have reproduced. This is one of the
most enduring challenges of quickly assessing the efficacy of vector management,
as population lag times may lead to the detection of a new invader years after it is
thought that a given vector is under some measure of control.

2.5 The Overestimation of Invader Diversity

Miscategorizing native species as introduced is rare, in large part because the clas-
sical default in systematics, evolutionary biology, and biogeography, is to assume
that a species is native. Galil et al. (2002) note that the alpheid shrimp Automate
branchialis Holthuis & Gottlie, 1958 was first considered to be a Lessepsian
invader, but is in fact native to the Mediterranean Sea. Carlton and Eldredge (2009)
note several cases of native Hawaiian mollusks, including Bulla vernicosa, Vitularia
miliaris, and Conus capitaneus, mistaken as invasions. Understandably, based upon
previous literature, Calcinai et al. (2004) treat the octocoral Carijoa riisei as an
Atlantic species introduced to the Indo-Pacific, but it now appears to be native to
the Pacific (Kahng 2005).

A classic and more complex case involves the history of the perception of the
biogeography of the Atlantic South American xanthid crab Pilumnoides perlatus
(Poeppig, 1836). Barnard (1950) noted its presence on ship-bottoms in South
Africa; combined with its report of having been transported by ships to Britain, he
suggested that it might be introduced to South Africa. However, Kensley (1981,
p 10) speculated that its presence in both southern South America and in South Africa
might be natural, explained by larval transport on the West Wind Drift, but he also
believed that the question remained open as to whether it was introduced one way
or the other (B. Kensley, personal communication).

Guinot and MacPherson (1987) then showed that the South African species,
previously identified as P. perlatus, was in fact an undescribed taxon, naming it
Pilumnoides rubus. In a further complication, they also then described the British
specimens as a new native species, Pilumnoides inglei, rejecting the idea that it
was introduced by ships. In addition to the fact that P. inglei had not been collected
since 1913, they remarked that it was with “beaucoup d’hesitation que nous avons
separe ce Crabe des cotes anglaises sous un nom distinct” [great hesitation that we
have separated this crab from the British coasts under a distinct name]. They
speculated that perhaps it was a cryptic species (“au biotope sans doute tres par-
ticulier” [without doubt a very special habitat]) in an attempt to explain why it had
not been rediscovered. They noted it was, however, extremely close to the South
American P. perlatus; despite describing it as a new species, they further noted
that “nous n’avons pas releve de differences vraiment importantes entre ces deux
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especes” (!) [we have not noticed any truly important differences between the two
species]). Ingle (1997) subsequently treated P. inglei as an introduced South
American species, where, if it is distinct from P. perlatus, it remains unreported.
As the systematics remains unsettled, it is not included here in Table 2.3, a cate-
gory where P. inglei may eventually reside, returning to the original hypothesis
that it was introduced.

2.6 Discussion

Taken as a whole, the combination of species that are cryptogenic, pseudoindige-
nous (including cryptic), unidentified, small, uninvestigated, unreported, pseudo-
intraoceanic, pseudo-interoceanic, pseudo-oceanic, introduced “resident species,”
undersampled, and rare, potentially significantly alters our perception of the scale
of invasions over time and space.

Perhaps no better examples of this are at hand than six recent independent stud-
ies in the Pacific and Atlantic Oceans (Table 2.5), summarizing known invasions in
Denmark, the Azores, South Africa, Uruguay/Australia, Japan, and Chile. Each of
these countries has experienced global shipping contact for many centuries. Despite
the antiquity of external contact, no invasions are recognized in Denmark, Azores,
South Africa, or Chile prior to the mid-nineteenth century (no earliest introduction
dates are provided in the studies from Uruguay/Australia and Japan). The sole
exception is the archeological recognition of the introduction by the Vikings of the
North American soft-shell clam Mya arenaria to the European theatre in the thir-
teenth or fourteenth centuries.

Further, despite the potential scale of introductions, only a relatively few inva-
sions are recognized from all of these locations, with a maximum of 33 species
from the Azores, ranging down to only 18 in Denemark. In each of the countries
shown in Table 2.5, we would expect significantly more invasions, at scales up to
5-10 times the numbers shown. The list of 22 species in South Africa (which has
had European and transglobal shipping contact steadily since the 1500s) is rapi-
dally expanding as more information is gathered; only 10 species were listed in the
Robinson et al. (2005) publication vs the 22 in Chap. 23, Griffiths et al. Heavily
obscured by the dark curtains of antiquity, the uncertainties of biogeographic inter-
pretation, and sitting at the mercy of taxonomy, we simply do not yet know how
many introduced species dominate the marine and estuarine environments of most
coastlines of the world.

One of the central goals of ecology and evolution studies is to understand the
patterns of the diversity, abundance, and distribution of species, and thus how com-
munities came to be structured. Without an understanding of the history of com-
munities, we cannot know the extent to which evolutionary processes have played
fundamental roles in precipitating structures currently observed. The elegant sum-
mary of phytoplankton dynamics in San Francisco Bay, California, by Cloern and
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Table 2.5 Estimates of number of introduced and cryptogenic marine species

Number of Number of Earliest
Location introductions  cryptogens introduction Reference
Atlantic Ocean
Denmark 18 None listed 1895 Jensen and
Knudsen (2005)
Azores 33 18 1887 Cardigos
et al. (2006)
South Africa 22 18 1955 Robinson
et al. (2005);
Chap. 23,
Griffiths and
Robinson
Uruguay/ Argentina 31 46 Not indicated Orensanz et al.
(2002)
Pacific Ocean
Japan 25 None listed Not indicated Otani (2004)
Chile 51 None listed 1864 Castilla et al.

(2005); Chap.
26, Castilla and
Neill

* Except for the North American clam Mya arenaria, introduced circa 1250-1300

Dufford (2005) provides an example of the potential importance of understanding
the history of invasions.

Cloern and Dufford (2005) report 500 distinct phytoplankton taxa in San
Francisco Bay, with 396 of these identified to species level. The 81 most important
species (by biomass) consist of a “community of cosmopolitan phytoplankton com-
monly observed in temperate estuaries and coastal waters globally,” and “many key
phytoplankton species in San Francisco Bay are the same taxa that develop blooms
in the adjacent coastal upwelling systems, sugesting that phytoplankton diversity
inside the estuary is influenced by exchanges with the coastal Pacific Ocean.”
Despite the predominance of phytoplankton in ballast water (McCarthy and
Crowder 2000; Hulsman and Galil 2002), and despite the number of other addi-
tional vectors that have transported benthic diatoms to San Francisco Bay, no intro-
duced diatoms, dinoflagellates, or other phytoprotists are recognized in San
Francisco Bay, at either the morphospecies or genospecies level. Whether the
presumably endemic coastal taxa informing San Francisco Bay populations are
genetically the same as the estuarine taxa has by and large apparently not been
established, although Cloern and Dufford (2005) note that “one mode of resilience
to environmental variability is the occurrence within morphospecies of genetically
distinct strains” (such as, we add here, might be introduced to estuarine environ-
ments). That diatoms in the open coastal zone can also be introduced is illustrated
by the invasion of the (Australasian?) surf diatom Attheya armatus ( = Chaetoceros
armatum) around 1950 into the Pacific Northwest of North America (Schaefer and
Lewin 1984).
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Cloern and Dufford (2005) note that “phytoplankton photosynthesis is the pri-
mary energy supply to metazoan food webs of San Francisco Bay,” and that growth
and fecundity of invertebrates are strongly correlated with the HUFA (highly
unsaturated fatty acids) of their food, particularly eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA). They note that 17 species comprise 89% of the phy-
toplankton biomass in the Bay, including two diatoms, two dinoflagellagtes, two
cryptophytes, and Mesodinium rubrum; in combination these are rich in DHA and
EPA and thus “the phytoplankton in San Francisco Bay are of high nutritional qual-
ity.” Since the biogeographic history of the phytoflora of the Bay is unknown,
whether this is a natural situation remains unknown.

In addition, phytoplankton size structure “influences energy allocation
between the competing benthic and pelagic food webs because of differences in
size-selective feeding between benthic suspension feeders (e.g. bivalve mollusks)
and crustacean zooplankton (e.g. calanoid copepods)”. Here again, which phyto-
plankters that contribute to the size spectrum in the Bay are or may be introduced
is not known, so that any changing balance struck in influencing energy allocation
over the decades is also not known. In turn it may be noted that a large proportion
of the benthic suspension feeding community is composed of known introduced
species in the Bay.

Cloern and Dufford (2005) further note that “92% of the [phytoplankton] bio-
mass in San Francisco Bay comes from two algal divisions (diatoms and dinoflag-
ellates) in which spore or cyst production is common” — benthic stages being a
“mechanism to retain a species’ genome within strongly advective systems such as
estuaries.” Cloern and Dufford (2005) suggest that this retentive mechanism may
explain the predominance of cyst-forming species in the Bay — in turn, it may also
explain the success of many of these species if they are introduced.

It seems clear that, in the absence of a phytoplankton history of the Bay, and
given the fundamental role of phytoplankton in structuring estuarine trophodynam-
ics, if a number of the species of abundant diatoms in San Francisco Bay were not
there 100 years ago, a remarkble conversion in energy flow has occurred. While we
use phytoplankton communities as a model here for the scale of what may have
changed, the principles apply to all taxa, from bacteria to fish.

Carlton (2000, 2003), using the phrase the “Missing 1000,” noted that the com-
bination of shipping history and the lack of historical records in many parts of the
world could have led to “nearly 1000 coastal species” being early introductions that
have been overlooked and are now regarded as native: the late (1990s) recognition
of the Asian alga Neosiphonia harveyi on the American Atlantic coast (there since
the 1840s or earlier), and the even more recent discovery that the “Caribbean”
octocoral Carijoa riisei (in the Atlantic since the 1850s or earlier) is native to the
Indo-Pacific, only serve to underscore the scale at which such invasions may have
occurred 100, 200, or more years ago. In retrospect, the number 1000 now seems
too low, when the full suite of the sources of error in estimating non-native species
is taken into account.

Ubi sumus? (Where are we?) Historical and continuing invasions preclude com-
munity equilibrium. In general, despite the number of macroinvasions that most
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marine ecologists are aware of around the world, the general sense of both the
ubiquity and potential of invasions, and their consequences, appear to remain “off
the radar” as a general principle in marine biogeography and community ecology.
Thus reports seemingly as simple as a newly discovered amphipod, Jassa mar-
morata, on the Uruguay and Argentinean coast (Alonso de Pina 2005) are made
without reference to the possibility of introduction, and yet J. marmorata is a poten-
tially important predator structuring communities (Armsby and Tisch 2006).
J. marmorata now occurs, distributed by ships over centuries, in many regions of
the world (Conlan 1990), and yet there are no reports of its role outside the North
Atlantic Ocean, because no ecological or experimental studies outside of its native
region have been conducted — exactly the type of non-report that has led not a few
recent investigators to conclude that most invasions have little to no impact in the
communities to which they are introduced. Ubi sumus?, indeed.

2.7 The Way Forward: Solutions

Despite the erosion of systematic resources, in terms of the declining availability of
taxonomic expertise, there are solutions. In the description of new species or the
re-evaluation of old species, eyebrows need to be arched more highly to encompass
all known global species within the genus or family of concern, even those from the
most distant shores. Such action will reveal that newly-encountered species may
well have names elsewhere; hints to potential source regions may arise from a hav-
ing a finger on the pulse of the diversity and origin of the vectors in one’s region
that would import non-indigenous species. Re-examination of highly-localized,
“endemic” species, especially in urbanized estuaries, will reveal that some of these
are redescriptions of species from far-flung corners of the world.

Materially aiding in this endeavor is the application of molecular genetics.
Morphological analyses remain the “bread and butter” of identifying species, as
laboratories that would undertake genetic studies are not available to or affordable
by all. However, genetic techniques in the twenty-first century will become less
expensive and will more universally supplement (but not supplant) morphological
studies, and we will thus expect significant breakthroughs in assessing both local
and global biodiversity, as well as the biogeographic origins of species.

Finally, as a working rule, fewer assumptions should be made about the endemic
or indigenous status of species, regardless of their apparently “natural” wide distri-
bution, their size, or their presumptive methods of “natural” dispersal. Being more
receptive to the potential scale of biogeographic complications that humans have
wrought upon the Earth, long before biologists were present to observe the seeds of
change, may reveal the depth and breadth of biotic transformations that commenced
many centuries ago.
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