Nonindigenous Species Introductions on Coral Reefs:
A Need for Information!

S. L. Coles?3 and L. G. Eldredge?

Abstract: Nonindigenous species invasions have caused disruptions of native
communities and detrimental economic impacts to fisheries in many temperate
marine areas. However, comparatively little information exists for tropical re-
gions, and even less is known about occurrences and impacts of nonindigenous
species on coral reefs. Studies in the Tropics to date have mostly been limited to
surveys in harbors and ports where corals and reef organisms are usually missing
or rare and environmental conditions are usually quite different from those
found on coral reefs. The few studies available for coral reefs suggest that non-
indigenous species are thus far a relatively minor component of the total biota,
but some species, especially introduced red algae, can be invasive and dominate
reef areas. With limited information available, there is a need for studies of the
occurrence and impacts of nonindigenous species that are focused on coral reef
environments. This review summarizes the information for nonindigenous spe-
cies from harbors, embayments, and coral reef surveys in the tropical Pacific and

outlines procedures for studies to detect species introductions.

THE INTRODUCTION OF nonnative marine
algae, invertebrates, and fishes (hereinafter
called nonindigenous species) into receptor
areas where they may proliferate uncon-
trolled by predators or other controlling fac-
tors has become recognized as a significant
disturbance to balanced native ecosystems.
Nonindigenous species can rapidly monopo-
lize energy resources, act as voracious preda-
tors, overcome endemic species, or transmit
parasites and diseases that can be passed to
humans through the food chain or direct ex-
posure. Because of the serious consequences
that can result from nonindigenous intro-
ductions, marine species invasions have been
ranked among the most serious potential
sources of stress to marine ecosystems (Carl-
ton 1993).
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In the last century, and more especially
during the last two decades, human-related
redistributions of marine shallow-water or-
ganisms have become more frequent and
increasingly important in their impacts on
native communities. Since the 1970s, a sub-
stantial increase in instances of exotic species
invasion has occurred in harbors, ports, and
other coastal ecosystems in temperate regions
around the world (see Carlton 1985, Carlton
and Geller 1993, Ruiz et al. 1997 for reviews).
Such introductions have produced serious en-
vironmental and economic impacts at various
locations. Table 1 summarizes a few of the
more famous examples of marine bioinvasions
that have disrupted temperate marine areas.
These invasions demonstrate similar char-
acteristics in having become more perva-
sive during the 1980s and 1990s and having
occurred throughout many of the world’s
oceans. Although increased movement of lar-
val organisms in cargo ships’ ballast water is
usually attributed to be the principal cause of
these increases in bioinvasions (Carlton 1985,
Chu et al. 1997, Smith et al. 1999, Wonham
et al. 2000), other factors such as release of
imported exotic aquarium or aquaculture
organisms or vessel hull fouling may also
have made important contributions to non-
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TABLE 1
Marine Bioinvasions in Temperate Regions
Area/Date of Origin or
Species Common Name Introduction Previous Range Impacts References
Caulerpa Fern alga Mediterranean,  Tropical oceans  Substrata Bourdouresque et al.
taxifolin 1984 monopolization 1992, Bellan-Santini
et al. 1996, Meinesz
1999
Mnemiopsis ~ American comb  Black Sea, 1980  Western Predation on Vinogradov et al. 1989,
Jeidyi jelly Atlantic anchovies Shushkina et al.
1990, Mutlu 1999
Carcinus European green  San Francisco Europe-NW Predation on Behrens Yamada et al.
meanas crab Bay, 1990 to Africa; shellfish 1999, Cohen 1999,
Puget Sound, western Grosholz and Ruiz
1999 Adantic 1999
Hemigrapsus ~ Pacific grapsid New Jersey, Western Pacific  Competition McDermott 1991, 1999,
sanguineus crab 1988 (Japan) with native Larson et al. 1999,
species Seeley 1999
Potamocorbula  Asian clam San Francisco China, Japan, Pipe clogging, Carlton et al. 1990,
amurensis Bay, 1986 Korea resource Thompson and
monopolization Luoma 1999
Asterias Pacific seastar Tasmania, 1992 Bering Sea, Predation on Buttermore et al. 1994,

amurensis

Japan—Russia

shellfish Rodriguez et al. 1999

indigenous species proliferation (Godwin and
Eldredge 2001).

AVAILABLE INFORMATION FOR
TROPICAL AREAS

Most of the available information for ma-
rine and brackish-water introductions has
been limited to observations and studies in
temperate regions (e.g., Carlton et al. 1990,
Shushkina et al. 1990, McDermott 1991,
Bourdouresque et al. 1992, Buttermore et al.
1994, Cohen et al. 1995, Lambert and Lam-
bert 1998). These surveys of resident biota,
focusing on nonindigenous species, have been
concentrated in areas of substantial shipping
activity most likely to receive species intro-
ductions from ballast water discharge or hull
fouling. Also, the receiving water and surfaces
in harbors and ports may promote the sur-
vival and growth of organisms that have been
transported from ports where a vessel began
its voyage. Harbors, ports, and embayments
are therefore the most likely areas to observe
outbreaks of nonindigenous species, but suc-
cessful invaders may spread rapidly from these
areas of introduction.

Knowledge of aquatic nonindigenous spe-
cies in the Tropics principally has been based
upon literature studies that have summa-
rized introductions of organisms primarily for
aquaculture purposes in the Pacific. Most of
the available information pertains to fresh-
water systems. The first major review was by
Walford and Wicklund (1973), who described
a case history of the Hawaiian Islands based
on a review by Brock (1960). Maciolek (1984)
reviewed the fishes introduced to the tropical
Pacific, to which Randall (1987) added new
information for Hawaiian fishes. Uwate et al.
(1984) conducted a country-by-country re-
view of aquaculture activities in the tropical
Pacific. Andrews (1985) provided information
on a wide range of aquatic animals introduced
to Fiji, and West and Glucksman (1976),
Allen (1991), and Werry (1998) described
fish introductions for New Guinea. Munro
(1993) described aquaculture development
with respect to environmental issues in the
Pacific. Introductions to coral reefs in the
tropical Pacific were reported by Eldredge
(1987), who also reviewed commercially sig-

nificant organisms imported to Pacific is-
lands (Eldredge 1994) and freshwater fishes,
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TABLE 2

Tropical Nonindigenous Species Surveys

Location Date Biota Surveyed Source
Ports and harbors
Hawai‘i: Pearl Harbor 1996 Algae, invertebrates, fish Coles et al. 1997, 19994
Hawai‘i: O‘ahu south and west 1997-1998 Algae, invertebrates, fish Coles et al. 1999
shore harbors
Guam: Apra Harbor 1997 Invertebrates” Paulay et al., unpubl. data
Australia: 12 Queensland ports 1997 (Literature review) Hilliard et al. 1997
Australia: Hay Point Port 1997 Algae, invertebrates, fish Hewitt et al. 1998
Australia: Mourilyan Harbour 1999 Algae, invertebrates, fish Hoedt et al. 2000
and Abbot Point
Australia: Lucinda Port 1999 Algae, invertebrates, fish Hoedt et al. 2001
Reef areas
Hawai‘i: Kaho‘olawe 1998 Algae, invertebrates Coles et al. 1998
Hawai‘i: Midway 1997 Algae, invertebrates, fish DeFelice et al. 1998
Johnston Atoll 2000 Algae, invertebrates, fish Coles et al. 2001
Guam 1997-1999 Invertebrates Paulay et al. in press
Hawai‘i: Kane‘ohe Bay 1999-2000 Algae, invertebrates, fish In progress

“ Includes only sponges, echinoderms, and ascidians.

amphibians, and crustacean introductions
throughout the tropical Pacific (Eldredge
2000). One important and widely introduced
group—the tilapia—was the topic of a single
review by Nelson and Eldredge (1991). Rus-
sell (1992) summarized the introduction of 17
taxa of marine algae to Hawai‘i, some of
which have become invasive and nuisance. J.
T. Carlton and L.G.E. (unpubl. data) have
reviewed the marine and brackish-water in-
vertebrates of Hawai‘i and determined ap-
proximately 343 species to be demonstrably
or potentially nonindigenous, about 7% of
the approximate 5000 marine species esti-
mated for Hawaii (Allison et al. 1995).

Only recently has site-specific information
on nonindigenous species introductions be-
come available for tropical areas, and these
results are based solely in the Pacific, mostly
for harbors on Of‘hu, Hawai‘i (Coles et al.
1997, 19994,b); in Guam (G. Paulay, L. Kir-
kendale, G. Lambert, and J. Starmer, unpubl.
data); and ports in North Queensland, Aus-
tralia (Hilliard et al. 1997, Hewitt et al. 1998,
Hoedt et al. 2000, 2001) (Table 2). Surveys
emphasizing detection of nonindigenous spe-
cies on coral reefs have been completed for
only three locations: at Kaho‘olawe in the
main Hawaiian Islands (Coles et al. 1998),

at Midway Atoll at the western end of the
Hawaiian chain (DeFelice et al. 1998), and at
Johnston Atoll (Coles et al. 2001). Studies are
in progress to make similar determinations
for the coral reef environments of Kane‘ohe
Bay and Waikiki (S.L.C., R. C. DeFelice, and
L.G.E., unpubl. data), and for French Frigate
Shoals, Northwestern Hawaiian Islands, and
proposed for the harbors of Fiji and Nauru.
The findings for the completed studies are
summarized in Table 3. The results include
species designated as nonindigenous and cryp-
togenic (i.e., neither demonstrably native nor
introduced sensu Carlton [1996]), and these
are compared with the total numbers of spe-
cies identified in each study. Nonindigenous
and cryptogenic status for the Hawai‘i studies
were based on information presented in J.
T. Carlton and L.G.E. (unpubl. data). The
greatest proportion of nonindigenous and
cryptogenic species occurred in the harbors
of O‘ahu, which included Pearl Harbor
(Figure 1a; Coles et al. 1997, 19994) and
the five other harbors of O‘ahu’s south and
west shores (Figureld—d; Coles et al. 19995).
These areas receive virtually the entire ship-
ping, fishing, and other oceangoing traffic for
O‘ahu and much of the Hawaiian Islands.
Both studies (Table 3) found about 100 non-
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TABLE 3

Numbers of Marine Nonindigenous, Cryptogenic, and Total Species Determined from Hawai‘i, Johnston Atoll,
Guam, and Australian Surveys

Nonindigenous Cryptogenic Total Total %

Location (N) ©) N+C Species N+C
Hawai‘i

Ofhu: Pearl Harbor 69 26 95 419 23.0

O‘ahu: S and W shores 73 27 100 585 17.0

Midway 4 0 4 444 1.5

Kaho‘olawe 3 0 3 298 1.0
Johnston Atoll 5 5 10 668 1.5
Guam

Apra Harbor 274 29« 46~ 682 6.7

Islandwide 40 40 80 4,635 1.7
Australia

12 Queensland ports 15 15 30 — —

Hay Point Port 9 3 12 506 24

Mourilyan Harbour 2 2 4 401 1.0

Abbot Point Port 0 5 5 593 0.8

Lucinda Port 2 9 11 480 23

“ Includes only sponges, echinoderms, and ascidians.

indigenous and cryptogenic species, or about
20% of the totals of 420-585 species of
benthic algae, macroinvertebrates, and fishes
observed or collected in these two studies.
These proportions substantially exceed values
that have been determined for Apra Harbor
in Guam (Paulay et al., unpubl. data), where
only 46 nonindigenous and cryptogenic spe-
cies, or about 6.7%, were listed for a total
of 682 sponges, echinoderms, ascidians, and
other invertebrate species. This nonindige-
nous component, dominated by hydroids and
ascidians (Lambert 2002, Paulay et al. in
press), was substantially lower for Guam as a
whole. Surveys around Guam indicated only
80, or 1.7%, of a total of 4635 invertebrate
taxa unidentified islandwide (Paulay et al. in
press). Of these, only 16 nonindigenous or
cryptogenic species were found to occur on
coral reefs or other areas outside Apra Har-
bor. Comparably low nonindigenous percent-
ages have been found for surveys of four
North Queensland, Australia, ports where all
major taxonomic groups were evaluated and
only 1 to 2% of the 400-600 species found
were considered to be nonindigenous or
cryptogenic by the criteria utilized by the in-
vestigators (Hewitt et al. 1998, Hoedt et al.
2000, 2001). Hewitt (2002), in a comparison

of nonindigenous species occurring in Aus-
tralian ports, found a significant increase in
introduced species going from tropical to
temperate environments, with approximately
eight new introductions occurring with each
10 degrees of latitude.

Results for the three nonindigenous species
surveys that have been conducted on coral
reef areas in the Hawaiian Islands indicate
similarly low proportions of nonindigenous
species. Only 4 out a total of 444 species,
or 1.5%, were nonindigenous in a 1997 sur-
vey conducted in the small harbor and reefs
of Midway Atoll (Figure 24; DeFelice et al.
1998), and only three nonindigenous fishes
were found on a survey around Kaho‘olawe
Island in 1998 (Figure 2b; Coles et al. 1998),
or 1% of a total of 298 species found. The
latter is a somewhat biased result, because
fishes were not systematically surveyed in the
Kaho‘olawe study and their inclusion would
have reduced the nonindigenous percentage
even further. From the beginning of its use as
a bombing range by the U.S. Navy since the
early 1950s, Kaho‘olawe had been isolated
from the rest of the Hawaiian Islands, which
may in part explain the lack of nonindigenous
invertebrates and algae. Likewise, Midway is
at the most remote location in the Hawaiian
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chain and, although utilized by the U.S. Navy
up until the late 1990s, it still received little
ship traffic that could have provided a vector
for introduction of marine species. The re-
sults from these two isolated areas, which
suggest that invasions of nonindigenous spe-
cies in tropical regions on the coral reefs are
not numerous or invasive, may therefore be
atypical. However, only one nonindigenous
hydroid, two cryptogenic polychaetes, three
cryptogenic and one nonindigenous bryozoan
species, and three nonindigenous ascidians
have been determined out of 668 taxa identi-
fied for a survey recently conducted at John-
ston Atoll (Coles et al. 2001). This finding is
surprising, because of the proximity of John-
ston to Hawai‘i, a history of high vessel traffic
and human impact, and monthly visits by a
supply barge from Honolulu on which speci-
mens of the nonindigenous barnacle Chtha-
malus proteus (Southward et al. 1998) have
been observed (S.L.C., pers. obs.).

These findings of generally lower rates of
species introduction into tropical compared
with temperate regions have led to a devel-
oping paradigm (Coles et al. 19995, Hutch-
ings et al. 2002) of tropical areas being less
susceptible to marine pest invasions, perhaps
due to the more diverse tropical communities
offering fewer opportunities for introduced
organisms to occupy and compete in their new
habitats on arrival (Hutchings et al. 2002).
However, this proposed resistance does not
necessarily apply to all coral reef areas. Find-
ings of recent surveys in Kane‘ohe Bay, O‘ahu,
Hawai‘i, and Waikiki may be of greater sig-
nificance for coral reef areas that are more
likely to be exposed to nonindigenous species
introductions or may offer environmental
conditions more amenable to the survival and
propagation of introduced organisms. Ob-
servations of the Waikiki reef (S.L.C., pers.
obs.) indicate it to be highly degraded and
overwhelmingly dominated by blooms of
the introduced algae Gracilaria salicornia and
Acanthophora spicifera along with the native
algae Ulva reticulata nearshore and Dictyopteris
australis offshore. In contrast with this exposed
reef, Kane‘ohe Bay is the largest embayment
in Hawai‘i, with a substantial history of urban
impact (Smith et al. 1981) and multiple uses.
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It contains three recreational boat harbors
and two docking areas for small U.S. Navy
vessels at the Kane‘ohe Marine Base, and it
receives substantial runoff from the Kane‘ohe
Bay watershed. Its habitats include introduced
mangroves, inshore mud flats, and coral reefs
occurring in both sheltered and oceanic envi-
ronments. It therefore provides a wide variety
of environments that might be utilized by
nonindigenous species within diverse shallow
marine and brackish-water communities.

Figure 3 shows the numbers of introduced
macroalgae, macroinvertebrates, and fishes
that were observed in surveys conducted at
25 stations in Kane‘ohe Bay from November
1999 to January 2000. These results include
only species that could be identified while
diving and are known to be nonindigenous or
cryptogenic (Table 4). The list is therefore
highly preliminary and will be increased sub-
stantially by identifications and analysis being
completed on preserved samples. Neverthe-
less, the results indicate a substandally greater
number of introductions than were found at
Midway, Kaho‘olawe, or Johnston Atoll. A
total of 22 nonindigenous and two crypto-
genic species (four algae, 17 invertebrates,
and three fishes) was observed at the 25 sta-
tions. The distribution of these reports in-
dicates the influence of both habitat and
proximity to likely locations of introduction.
The greatest number occurred on and around
a metal structure (“Floating City”) that has
been in place for about 25 yr in the south-
central sector of the bay. Other areas showing
relatively high numbers were mostly located
near the bay shoreline and on artificial struc-
tures such as metal or concrete pier pilings
and near harbor areas at He‘eia in midbay,
and in the south bay at the Kane‘ohe Yacht
Club and the Marine Base dock.

CASE STUDIES OF TROPICAL
NONINDIGENOUS SPECIES

In contrast to algal species that have become
nuisance invaders of many Hawaiian reefs
(Russell 1992, Smith et al. 2002) and three
species of introduced fishes that are abundant
through most of the main Hawaiian islands
(Randall 1987), most of the nonindigenous
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Ficure 3. Numbers of nonindigenous and cryptogenic species counted at each of 25 stations in Kane‘ohe Bay, O‘ahu,

Hawai‘i, during visual surveys in 1999-2000.

invertebrate organisms that have been de-
tected in Hawai‘i are found almost entirely in
harbors or embayments. These areas have a
quite predictable community of nonindige-
nous invertebrates in the fouling community
on hard surfaces, composing about 20% of
the total harbor biota by species (Coles et al.
1997, 19994,b). With the exception of Ka-
ne‘ohe Bay, few nonindigenous invertebrates
have been detected on reefs outside harbors,
and these in relatively low abundance (Coles
et al. 1998, DeFelice et al. 1998; S.L.C., R. C.
DeFelice, and L.G.E., unpubl. data). Only
four instances have been well documented
where nonindigenous invertebrate species

have recently arrived on coral reefs and in
tropical waters and proliferated to where they
were abundant and invasive. These are the
stomatopod Gonodactylaceus falcatus (Manning
& Reaka, 1981); the barnacle Chthamalus
proteus Dando & Southward, 1980; the dreis-
senid bivalve Mytilopsis (Congeria) sallei (Re-
cluz, 1849); and the octocoral Carijoa riisei
(Duchassaing & Michelotti, 1864).

Gonodactylaceus falcatus

Gonodactylaceus falcatus is a stomatopod com-
mon in coral rubble in Hawai‘l that was
described by Manning and Reaka (1981) as
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TABLE 4
Nonindigenous Species Observed on Surveys in Kine‘ohe Bay, November 1999-January 2000
First Hawai‘i
Phylum/Class Family Species Report
Rhodophyta Gracilariaceae Gracilaria salicornia (C. Agardh) Dawson 1971
Rhodomelaceae Acanthophora spicifera (Vahl, 1802) 1952
Solieriaceae Kappaphycus alvarezii? (Doty) 1974
Gigartinaceae Hypnea musciformis (Wulfen) J. Ag. 1974
Porifera Callyspongiidae Callyspongia diffusa (Ridley, 1884) 1947
Mycalidae Mycale cecilia de Laubenfels, 1936 1947
Niphatidae Gelloides fibrosa (Wison, 1925) 1996
Cnidaria Pennariidae Pennaria disticha (Goldfuss, 1820) 1929
Telestidae Carijoa riisei (Duchassaing & Michelott, 1860) 1972
Polychaeta Chaetopteridae Chaetopterus sp. 1976
Sabellidae Pomatleios kraussi (Baird, 1865) 1967
Sabellidae Sabellastarte spectabilis (Grube, 1878) 1976
Serpulidae Salmacina dysteri (Huxley, 1855) 1935
Crustacea Balanidae Balanus cf. amphitrite Darwin, 1854 1915
Chthamalidae Chthamalus proteus Darbo & Southward, 1980 1996
Molllusca Vermetidae Eulates tulipa (Chenu, 1843) 1972
Ostreidae Crassostrastrea cf. gigas Thunberg, 1793 1926
Ectoprocta Vesiculariidae Amathia distans Busk, 1886 1935
Schizoporellidae Schizoporella sp. 1935
Ascidiacea Pyuridae Herdmania palida or H. insolita (= H. momus Savigny) ?
Ascidiidae Phallusia nigra Savigny, 1816 :
Osteichthyes Lutjanidae Lutjanus fulvus (Bloch & Schneider, 1801) 1956
Lutjanidae Lutjanus kasmira (Forsskal, 1775) 1956
Cichlidae Oreochromis mossambicus (Peters, 1852) 1952

a new species, Gonodactylus aloba. Previously
this stomatopod had been reported by Kinzie
(1968) as Gonodactylus falcatus (Forsskal, 1775),
an introduced species originally described
from the Red Sea and not found in Hawai‘i
before 1954. Kinzie (1968) proposed that the
more aggressive, nonindigenous Gonodactylus
falcatus had come to Hawai‘i from the Philip-
pines on concrete barges at the end of World
War II and had displaced the native stomato-
pod Pseudosquilla ciliata (Fabricius, 1787) from
coral rubble habitats in Hawai‘i where P. cil-
inta had formerly dominated. Manning and
Reaka (1981) argued that this stomatopod was
a previously undescribed endemic species that
had gone unreported because of its rarity and
that it had become more abundant because
of expansion of its population into an in-
creasingly dead coral habitat, especially in
Kane‘ohe Bay. They proposed that it had
not displaced P. ciliata, which was primarily
adapted for a sandy rather than a rubble hab-
itat. Kinzie (1984) responded with a detailed

set of arguments that questioned the validity
of the new species designation instead of G.
falcatus and substantiated the nonoccurrence
of this stomatopod before the 1950s. More-
over, Kinzie (1984) proposed that even if this
were a new species, it could be an exotic form
that had a greater probability of being de-
tected in its area of introduction than where it
was native, particularly if the area of intro-
duction lacked restrictive factors that pre-
vented it from proliferation. Therefore Kinzie
proposed “cryptogenic” to be an appropriate
designation for this species until its taxonomic
identity and relationship with other stomato-
pods was clarified.

Erdmann (1997) showed that the color dif-
ferences used by Manning and Reaka (1981) to
separate Gonodactylus aloba from Gonodactylus
falcatus were within the range of color varia-
tion for Gondactylaceus mutatus from Indone-
sia. Recent work by Barber and Erdmann
(2000) using mitochondrial DNA analysis
proposed that Gonodactylus aloba is a junior
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synonym of Gondactylaceus mutatus, which has
a previously reported range from the western
Indian Ocean to New Caledonia. However,
more recently Ahyong (2001) synonymized
Gondactylaceus  mutatus with  Gondactylaceus
falcatus and supported its designation as a
species introduction in Hawai‘l. In Hawai‘i, it
has been reported in Kane‘ohe Bay (Kinzie
1968, Reaka 1975, 1976, 19794,b, Grovhoug
and Rastetter 1980, Manning and Reaka
1981), Pearl Harbor (Evans et al. 1974, Grov-
houg and Rastetter 1980, Brock 1995, Coles
et al. 1997, 19994), and Honolulu Harbor,
Ke‘ehi Lagoon, Kewalo Basin, the Ala Wai
Yacht Harbor, and Barbers Point Deep Draft
Harbor (Coles et al. 19995).

Following Ahyong (2001) and J. T. Carl-
ton and L.G.E. (unpubl. data) we consider
this stomatopod to be an introduction to
Hawaiian coral reefs under its original name
Gondactylaceus falcatus. If, as appears likely, it
is truly introduced, it is the only example
currently known in which a nonindigenous
invertebrate has displaced a native species,
Pseudosquilla ciliata, from its habitat on a coral
reef. Both P. ciliata and G. falcatus stll occur
on reefs in Kane‘ohe Bay, but semiquantita-
tive samples from recent surveys indicate that
G. falcatus outnumbers P. cilinta by more than
100 to 1 (S.L.C,, R. C. DeFelice, and L.G.E.,
unpubl. data).

Chthamalus proteus

Chthamalus proteus is a small barnacle that
lives in the upper subtidal and is native to
the Caribbean, Gulf of Mexico, and Brazil
(Southward et al. 1998). It was first reported
in Hawai‘i in 1995 from Kane‘ohe Bay by J.
Hoover while preparing his book on Hawai-
ian marine invertebrates (Hoover 1998) and
by Coles et al. (1997, 19994) from surveys
conducted in Pearl Harbor. This species was
not present when Matsuda (1973) surveyed
barnacles around Of‘ahu in 1972-1973, nor
was it was reported in Pearl Harbor from a
comprehensive survey of harbor biota con-
ducted in 1971-1973 (Evans et al. 1974).
Chthamalus proteus therefore arrived in Ha-
wai‘l sometime between the mid-1970s and
mid-1990s. It is now the most abundant or-
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ganism in the upper intertidal in harbors and
bays throughout the main Hawaiian Islands,
and it occurs as far west as Midway and Guam
(Southward et al. 1998). Although not strictly
a coral reef organism, it does occur in Ka-
ne‘ohe Bay and other semienclosed areas that
support reef corals and reef biota. Its main
requirement for settlement and survival ap-
pears to be low water turbulence, and it
reaches very high densities on hard surfaces
in harbors. It does not seem to have com-
petitively excluded any organism, because the
upper intertidal zone in Hawail is generally
quite barren. However, in areas of interme-
diate turbulence, such as at the entrance to
Kahalui Harbor on Maui, it can compete with
the native Hawaiian and commercially valu-
able limpets Cellana spp. (R. DeFelice, pers.
obs.).

Mytilopsis (Congeria) sallei

The black-striped mussel Mytilopsis (Congeria)
sallei is native to the western Atlantic coast of
Central America and believed to have entered
the Pacific after the opening of the Panama
Canal in 1914 (Pyne 1999). In late March
1999 this species was observed in Cullen Bay
Marina and later in two other marinas and on
vessels in Darwin, Australia, at densities up to
26,350/m? (Willan et al. 2000) by researchers
conducting surveys for the Darwin Port
Authority in support of a ballast water risk
assessment. It is believed that the mussel en-
tered the marina on the hulls of yachts arriv-
ing from the Panama Canal in 1998, and a
yacht was found with live specimens on its
hull in nearby Frances Bay Marina (Pyne
1999). Fortunately, because of the high tidal
exchange, the marinas are isolated from open
waters by locked gates, and a rapid response
was mounted to eradicate the introduced
mussels. This involved the enactment of emer-
gency legislation to permit the use of over
260 tons of liquid sodium hypochlorite and
nine tons of copper sulphate, over 280 people
including 28 divers, and a cost of over $1.6
million (Pyne 1999). Posteradication surveys
found no live Mytilopsis sallei in any marina or
Darwin harbor, but subsequently this species
was observed in September 2000 on two In-
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donesian fishing boats quarantined in Darwin
Harbor for illegal fishing (Willan et al. 2000).
Both boats left without apparent further in-
festation of the area, but it is probable that
this organism is likely to invade Australian
waters unless a means of strict quarantine is
devised to prevent its entry on pleasure or
fishing vessels.

Carijoa riisei

The octocoral Carijoa riisei was originally
described as Telesto rusei (Duchassaing &
Michelotti, 1860) from St. Thomas, Virgin
Islands, after which the name was revised
to Telesto riisei (Duchassaing & Michelotti,
1864). This Caribbean species was previously
reported to occur from Florida to Brazil
growing in dense clusters in fouling com-
munities below the low tide line on pilings
(Bayer 1961, Verseveldt 1978).

Carijoa viisei was first reported as a likely
introduction to Hawai‘i in 1972 (as Telesto
riisei) from specimens taken in Pearl Harbor
(Evans at al. 1974, Devaney and Eldredge
1977). These were identified by D. M. Deva-
ney of the Bishop Museum and identifications
were verified by R. T. Rees of the Bodega
Marine Laboratory and F. M. Bayer of
the Smithsonian Institution U.S. National
Museum (Thomas 1979). Carijoa riisei was
originally reported to be common in harbor
fouling communities, but by 1979 it was also
noted at eight sites on coral reefs around
Of‘ahu from Koko Head to Hale‘iwa (Tho-
mas 1979) and later at the entrance to the
Ala Wai boat harbor and at Papikea, O‘ahu
(Baker and Scheuer 1994). Recently, sport
divers have reported it outside harbors
throughout the main Hawaiian Islands at nu-
merous sites around Kaua‘, O‘ahu, Maui,
Lana‘i, Molokini, and the island of Hawai‘i
(pers. comm. to S.L.C.). It commonly occurs
in caves and under ledges along O‘ahu’s North
Shore from Waimea Bay to Ka‘ena Point,
where it often reaches high growth densities
(S.L.C,, pers. obs.).

The available information suggests that
Carijoa riisei has spread well beyond Hawai‘i
into the Indo-Pacific, and that it may have
occurred in other Pacific areas before it was
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first observed in Hawai‘l. Ross and Scheuer
(1979) and Baker and Scheuer (1994) reported
collecting it in shallow water off dock pilings
at Enewetak Atoll in 1976 and mentioned a
nudibranch feeding on colonies of Telesto in
Papua New Guinea (Baker and Scheuer 1994).
An unidentified octocoral very similar to C.
riisei is common on oil platforms in the Ara-
bian Gulf, and a close-up photograph of this
organism taken in the early 1970s is shown in
Biotopes of the Western Arabian Gulf (Basson
et al. 1977:147). Lyanage and Schmitz (1996)
reported on 7. riisei specimens collected at
Chuuk Atoll, and specimens identified by K.
Muzik as C. trichosterma were collected from
Chuuk in 1992 (J. Starmer, pers. comm.).
Unidentified Carijoa specimens kindly pro-
vided by J. Starmer were collected in 1993 to
1999 from Palau, the Philippines, Pohnpei,
Fiji, Tonga, and Mauritius. Inspection of
skeletal spicules from all of these specimens
and comparison with C. riisei from Honolulu
Harbor and Kine‘ohe Bay indicates no dif-
ferences among them (S.L.C., pers. obs.), and
their spicules closely resemble those dia-
grammed for Telesto riisei by Bayer (1961). It
is interesting that this species was not seen on
any of the Northwestern Hawaiian Islands
from Nihoa to Kure in a comprehensive sur-
vey conducted in October 2000 (R. DeFelice,
pers. comm.).

This summary of information points out
the need for a thorough systematic compari-
son of Carijoa riisei reported from the Pacific
with specimens obtained from the Carib-
bean, using both traditional and molecular
techniques such as DNA analysis. If speci-
mens are verified to be C. riisei throughout
the Indo-Pacific, the following research ques-
tions pertain: (1) What were the vectors for
C. riisei’s transport? (2) What were the path-
ways for its movement through the Pacific?
(3) Does this species represent a model by
which other more invasive nonindigenous
organisms may spread to coral reefs and dis-
turb native populations?

Carijoa riisei appears to be a relatively
benign introduction that is occupying pre-
viously underutilized habitat and producing
no recognized negative impacts on the overall
reef community. In this respect it appears to
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TABLE 5
CRIMP Sampling and Analysis Protocols (Adapted from Hewett and Martin 1996)

1. Nonindigenous target species
A. Dinoflagellates
1. Sediment sampling and cyst germination
2. Plankton sampling and culture
3. Analysis for saxotoxin with HPLC
B. Trapping for Carcinus meanas

C. Visual searches for Carcinus meanas, Asterias amurensis, Undaria pinnatifida, Sabella spallanzinii

II. Nontarget species
A. Zooplankton sampling
B. Hard substrate fouling surveys
1. Conducted on wharf piles; breakwaters, seawalls,
a. Quantitative sampling and photographs of 3 x
b. Video-recorded transect of piling/facing from
C. Soft substrate surveys
1. Sessile epibenthos
a. Video-recorded 50-m transect
2. Mobile epibenthos
a. Roller beam trawl sampling

natural reefs, wrecked vessels, and mariculture facilities
0.10 m? quadrats
surface to bottom

3. Benthic infauna adjacent to wharves, piles, or channel markers

a. 0.025 m? x 200-250 mm depth hand corers
D. Fish
1. Rotenone poison stations
2. 25 m x 15 mm beach seines
III. Environmental data
A. Temperature-salinity—turbidity data logger
B. Sediment sampling and particle size analysis
C. Sediment organic content
IV. Analysis and information storage
A. Processing, preserving, and identification of samples
and 2
B. Archiving of all data
C. Development and maintaining of voucher collection
D. 35-mm slide and video archiving
V. Report preparation

obtained in Activities I.A, IL.B.1.a, II.C.3.a, and I1.D.1

be similar to the barnacle Chthamalus proteus.
However, the rapid proliferation of both
species suggests that equally fast growing and
far more damaging introductions could occur
at any time. Along with enhanced vigilance
to prevent introductions that may occur
from shipping, aquaculture, and marine or-
namentals, there is a need for environmen-
tal surveys to develop knowledge of baseline
conditions and detect nonindigenous intro-
ductions. Early detection, such as occurred
when the black-striped mussel Mytilopsis sallei
was found in the 1999 survey of marinas in
Darwin, Australia, in time for its eradication
(Pyne 1999), can enable actions that prevent
spread of potentially devastating invaders to
coral reefs.

SAMPLING APPROACHES TO
NONINDIGENOUS SURVEYS

Nonindigenous surveys conducted to date in
the Tropics have been done primarily by two
different research groups with similar goals
but somewhat different approaches. The more
comprehensive approach, called the CRIMP
protocol (Hewitt and Martin 1996), was
developed by the Centre for Research on In-
troduced Marine Pests for surveys in tem-
perate Australian ports. This methodology is
being utilized in surveys of North Queens-
land ports, including those that have been
completed at Hay Point, Mourilyan Harbour,
and Abbot Point (Table 2). The methodol-
ogy is outlined in Table 5. An alternative
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TABLE 6
BPBM Sampling and Analysis Protocols

I.  Field
A. Diving observations
* Record common macrobenthos and fishes
B. Hard substrate fouling

* Selectively sample epibenthic biota from surfaces or chiseled reef substratum, total volume ca. 6-8 liters/

station
* Photograph dominant epibenthic macrobiota
. Soft substrate infauna

HOO0

solution before preservation
II. Laboratory

. Sample 1 sediment core/station 12.5 cm diameter by 15 cm deep adjacent to wharves or piles
Preserve in 70% ethanol, or for selected hydroids, actiniarians, polychaetes, and ascidians relax in MgSO,

A. Sieve samples through 0.5-mm mesh screen, re-preserve in 70% ethanol
B. Sort and identify to species or lowest level practicable
C. Confirm or refine identifications by taxonomic authorities

D. Catalog and archive voucher specimens
E. Prepare database of identifications

III. Literature and museum
A. Query Bishop Museum catalog listings

B. Search published and unpublished literature for previous species reports

IV. Analysis
A. Combine all information in a relational database

B. Determine and assign nonindigenous/cryptogenic/native status
C. Query for first report date, origin, or previous distribution

V. Report preparation

approach to nonindigenous species sampling
is shown in the protocol used by Bernice P.
Bishop Museum (BPBM) research staff in
sampling O‘ahu’s harbors and reefs (Table 6).

The CRIMP protocol is the more com-
prehensive and rigorous approach and would
be the better choice for researchers with a
high level of funding support and a large field
and support staff. The CRIMP program also
focuses on zooplankton and potentially toxic
dinoflagellates that could be spread in ballast
water, organisms that were beyond the scope
of the BPBM program. The BPBM studies
were conducted by only two researchers do-
ing the field observations, sampling, and most
of the identifications of specimens, with the
assistance of one technician sorting samples
to major taxonomic groups and the generous
contributions of taxonomic experts in identi-
fication and designation of species in regard
to nonindigenous status. Further advantages
have been having the Bishop Museum col-
lections available as a resource for verifying
species identifications and having the inverte-

brate database collection (http:/www.bishop.
hawaii.org/bishop/invert/invertdata.htnl)
and checklist of Hawaiian marine inverte-
brates (Eldredge and DeFelice 2001) available
to establish dates of first occurrence of species
in Hawai‘i.

CONCLUSIONS AND RECOMMENDATIONS

"The available information suggests that, with
the exception of marine algae in Hawaif,
nonindigenous species are still relatively rare
on coral reefs in the Pacific and have not
produced the substantial negative impacts that
have been caused in many temperate areas.
However, large numbers of nonindigenous
species occur in O‘ahu’s harbors, Waikiki, and
Kane‘ohe Bay, indicating that under the ap-
propriate environmental conditions, marine
pest invasions can and do occur on or near
coral reefs. The rapid movement throughout
the Pacific that has occurred for Chthamalus
proteus and is suggested for Carijoa riisei, and
the near invasion of Mytilopsis sallei into Aus-
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tralian waters indicate that spread and propa-
gation of nonindigenous species warrant
concern for and additional studies of marine
introductions on coral reefs throughout the
tropical Pacific. Virtually nothing is known
about marine introductions outside of O‘ahu,
Guam, and Australia, and areas near major
shipping hubs in the Tropics such as Suva,
Fiji, or in the Caribbean are of particular
interest. The BPBM protocol is a relatively
low-cost approach that can be utilized by any
organization with researchers familiar with the
local biota and some experience with simple
field and laboratory techniques, and this ap-
proach can be supplemented with procedures
from the CRIMP protocol as determined by
the researchers on site. Sampling and surveys
should begin as soon as possible and continue
throughout the Tropics to establish baselines
and document current and future impacts of
nonindigenous species on coral reefs.
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