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ABSTRACT: Invasions of non-native species in marine ecosystems can be ecologically damaging and
economically costly. Identifying ‘hot-spots’ of non-native species and their sources of introduction is
necessary to maximize the effectiveness of invasion quarantine programs. We use a large spatially
explicit marine fish database to show that there are a surprising number of non-native fishes on the
reefs of southeast Florida, USA. Two likely sources explain the occurrence of non-native marine
fishes in this region: introductions through ballast-water exchange, and introductions from aquaria.
Data on international shipping patterns and marine fish imports were used to evaluate the culpability of these 2 vectors. Our results suggest that the introductions are the result of aquarium releases.
Prevention of further releases and invasions will require education, outreach, and enforcement
efforts directed at marine aquarists and the aquarium industry.
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Biological invasions are increasingly recognized as a
primary threat to global biodiversity (Wilcove et al.
1998, Bax et al. 2001, D’Antonio et al. 2001). In aquatic
systems, ballast-water transfer by oceangoing vessels
has been identified as a leading invasion pathway
(Carlton & Geller 1993, Wonham et al. 2000, 2001).
Other frequently cited vectors for marine species introductions include the intentional or accidental transport
of species in shipments of fisheries products (Elton
1958, Carlton 1989) and the deliberate release of nonindigenous species to create or enhance commercial
fisheries (Randall 1987). Although the intentional release or escape of fishes from private aquaria and
ornamental fish farms has led to successful freshwater
fish invasions (Courtenay & Robins 1973, Courtenay &
Stauffer 1990, Shafland 1996), the role of the aquarium
trade in marine invasions has received little attention.
Recently, Whitfield et al. (2002) documented the
presence and likely establishment of the Indo-Pacific
lionfish Pterois volitans in the western Atlantic. They
postulated that the source of the introduction was

the marine aquarium trade. This is not the first time
that aquarium releases have been identified as the
probable source of marine fish introductions (Randall
1987), but to our knowledge it is the first time aquarium releases have been identified as the likely source
of a successfully established non-native marine fish.
While some of the most notorious invaders are freshwater fishes (Zaret & Paine 1973, Goldschmidt et
al. 1993), successful invasions of tropical marine fish
species are either rare or rarely reported. This may be
in part due to the fact that few biologists are underwater looking. Of the 1145 successful fish introductions documented in Froese & Pauly (2002), only 241
are marine. Of these, 94 occurred in the tropics. Given
the spatial extent and taxonomic richness of tropical
marine systems, the plethora of vectors, and the degree
of international trade and transport among coastal
regions, it is unclear why there have not been more
documented successful marine fish invasions.
Generally, invasion success may be influenced by
characteristics of the invader, such as intrinsic growth
rates, trophic status, and reproductive life history
(Byers & Goldwasser 2001, Fausch et al. 2001), as
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well as attributes of the recipient community, such as
degraded habitat, productivity, and species interactions (Simberloff 1986, Lodge 1993, Moyle & Light
1996, Reusch 1998, Levine & D’Antonio 1999). However, experimental and comparative evidence indicate
that all else being equal, the probability of success
increases with increasing propagule pressure, i.e. the
frequency of introduction attempts and the number of
individuals introduced (Levine 2000, Kolar & Lodge
2001).
There is ample evidence that given enough propagule
pressure, fishes can successfully invade tropical
marine systems (Planes & Lecaillon 1998). Probably
the best-known case of the successful establishment
of non-indigenous fish species has occurred in the
Hawaiian Islands (Randall 1987). Between 1955 and
1961 the Hawaiian Islands Division of Fish and Game
attempted to introduce 11 species of marine fishes
from the families Serranidae (grouper) and Lutjanidae
(snapper) for the purposes of enhancing near-shore fisheries. Of those, Cephalophis argus (peacock grouper),
Lutjanus fulvus (blackfin snapper), and Lutjanus kasmira
(bluestriped snapper) became established. Additionally,
2 silverside species, Herklotsichthys quadrimaculatus
(goldspot herring) and Sardinella marquesensis (Marquesan sardine) were unintentionally introduced when
dumped in large numbers from ship holds following research and exploratory fishing cruises off the Hawaiian
archipelago (Randall 1987). There is also anecdotal
information that 13 species from the tropical western
Atlantic were intentionally introduced to Bermuda for
commercial and game fishing in the 1920s (Walford &
Wicklund 1973). Of those, Pomacanthus ciliaris (queen
angelfish), Pomacanthus arcuatus (grey angelfish), and
Lutjanus analis (mutton snapper) have become es-

tablished (Walford & Wicklund 1973, REEF 2002). In
both Hawaii and Bermuda, when significant propagule
pressure was applied through intentional or unintentional introductions, exotic fishes have established
self-sustaining populations.
This paper synthesizes recent reports of non-native
marine fish species observed off the East Coast of the
US. The data presented are a product of the Reef Environmental Education Foundation (REEF), a marine
citizen science organization. Our intent is to highlight
evidence of significant non-native propagule pressure
in the tropical waters off the southeast coast of Florida,
and to evaluate the probability that either ballastwater or aquarium releases are the source of these
marine fish introductions.

METHODS

Data sources. Non-native tropical marine fish sightings (Table 1) were documented primarily by sportdivers affiliated with REEF. In most instances, photographic or videographic validation of the sightings was
collected and provided to REEF, and multiple individuals have corroborated sightings. When sportdivers reported sightings to REEF they either provided
geographic coordinates or gave the name of the dive
site where the sighting occurred.
The REEF Fish Survey Project is an ongoing volunteer marine fish monitoring effort that has maintained
a publicly accessible database of fish sightings and
relative abundance information since 1993. In the tropical western Atlantic, REEF volunteer divers have conducted over 49 000 REEF surveys using the Roving
Diver Technique (RDT; Schmitt & Sullivan 1996),
including over 16 000 surveys off the
coast of Florida. During RDT surveys
Table 1. Non-native fish species documented by REEF volunteers and the
number of locations at which each has been sighted
divers swim freely throughout the dive
site for 30 to 60 min and classify the relative abundance of every observed
Common name
Scientific name
Locations
species into 4 categories: single (1); few
Lionfish
Pterois volitans (Linnaeus, 1758)
5
(2 to 10); many (11 to 100); and abunPanther grouper
Chromileptes altivelis (Valenciennes, 1828) 1
dant (>100). The species data are then
Racoon butterflyfish
Chaetodon lunula (Lacepède, 1802)
1
transferred to a scansheet and optically
Orbicular batfish
Platax orbicularis (Forsskål, 1775)
3
Blue ringed angelfish
Pomacanthus annularis (Bloch, 1787)
1
scanned into a web-accessible dataArabian angelfish
Pomacanthus asfur (Forsskål, 1775)
2
base (http://www.reef.org). In FebruEmperor angelfish
Pomacanthus imperator (Bloch, 1787)
6
ary 2002, REEF added a non-native
Yellowbar angelfish
Pomacanthus maculosus (Forsskål, 1775)
3
Semicircle angelfish
Pomacanthus semicirculatus (Cuvier, 1831) 3
species reporting form so divers could
Moorish idol
Zanclus cornutus (Linnaeus, 1758)
1
report sightings without having to
Orangespine unicornfish Naso lituratus (Forster, 1801)
1
complete an RDT survey. Our analysis
Sohal surgeonfish
Acanthurus sohal (Forsskål, 1775)
1
Sailfin tang
Zebrasoma desjardinii (Bennett, 1836)
1
is based on RDT surveys and additional
Yellow tang
Zebrasoma flavescens (Bennett, 1828)
3
non-native sightings data collected
Sailfin tang
Zebrasoma veliferum (Bloch, 1795)
6a
from 1993 to 2002. All REEF data were
Yellowtail sailfin tang
Zebrasoma xanthurum (Blyth, 1852)
2
a
plotted to develop maps of non-native
The species of 1 sailfin tang sighting is unknown (veliferum vs desjardinii)
sightings and surveyor effort.

241

Semmens et al.: A hotspot of non-native marine fishes

Data from the Global Marine Aquarium Database
(GMAD) on US tropical marine fish imports were used
to evaluate the likelihood that the sighted non-native
species derived from the aquarium trade (GMAD
2002). GMAD provides country- or continent-level
import and export data on marine aquarium wholesale
companies. The database has been maintained since
2000 as a partnership by the United Nations Environment Program’s World Conservation Monitoring
Center and the Marine Aquarium Council. Wholesaler
participation is voluntary; the industry has no formal
monitoring or reporting framework. Despite its limitations, GMAD provides the best available information on global marine aquarium trade practices. We
searched the database for marine aquarium fish
imports into the US and extracted the total number of
individuals of each species reported during 1999−2001.
We only used data from these years because the reporting from this time period was the most complete.
The National Ballast Information Clearinghouse
(NBIC) Database summarizes information on ballast
water management practices reported by ships entering US waters from outside the Exclusive Economic
Zone (NBIC 2002). Each record of a ship visit to a
US port includes the ship’s class, previous port of
call (including geographic coordinates), and amount
of ballast water discharged. Ship operators are not
required to indicate where discharged ballast was
acquired, or the location of prior ballast exchanges. In
our analysis we only used NBIC data between July
1999 and October 2001 because according to the NBIC
website, data from this time period was the most comprehensive (NBIC 2002). Records of ships visiting
Florida were grouped by marine geographic regions
(Froese & Pauly 2002) based on previous ports of call.
Only ships with previous ports of call in tropical or subtropical marine waters (between 40° N and 40° S) were
included. All ships with previous ports of call in the
tropical western Atlantic were excluded.
Statistical analysis. If the aquarium trade is the
source of the non-native marine fishes, then species
imported in relatively large quantities are most likely
to be observed in the wild. We performed a randomization procedure to test the null hypothesis that the
sighted species represent a random sample from all
aquarium species imported into the USA. Of the 16
sighted non-native species, 2 species, Zebrasoma
veliferum and Z. desjardinii, were not distinguished in
the import records and were treated as a single taxon
for this analysis. We randomly drew samples of 15
species without replacement from the list of all 790
imported species and calculated the median imported
quantity for each sample. This was repeated 50 000
times to generate a distribution of import abundances
for the random samples. We compared this distribution

to the median quantity imported for the sighted taxa
to calculate a 1-tailed p-value.
If the non-native fishes arrived in ballast water, their
native ranges should coincide with areas where shipping traffic originated. However, because fish diversity
differs across ocean regions, multiplying regional
species richness by the number of shipping voyages
may yield a more appropriate index of the opportunity
for species introductions from a region. We used each
of these indices, shipping traffic and the product of
shipping traffic and regional species richness, to calculate the expected number of introduced species from
each region, given a total of 16 species. We compared
these expected distributions to the observed regional
distribution of sighted species using a χ2-test. Because
some sighted species are native to more than one
ocean region, we performed the test using all possible
assignments of species to a unique region of origin.

RESULTS
Since 1999, divers have reported 16 non-native
marine fish species from 32 locales in the western
Atlantic through the REEF Fish Survey Project and the
online reporting form (Fig. 1). Of the 40 species-by-site
reports, 32 have been confirmed by multiple independent sightings or photographic documentation. Ten of
the 16 non-native species have been seen at more than
1 location, although only Platax orbicularis (orbicular
batfish) and Pterois volitans (Indo-Pacific lionfish)
were seen in schools of 2 or more individuals. Only P.
volitans was reported from a western Atlantic location
(Bermuda) outside US waters. All but 8 of these sightings were from a localized area along Palm Beach
and Broward Counties, Florida, while only 30% of the
monitoring program surveys were from Florida (REEF
2002). Since all individual fishes were not uniquely
identified, it is possible that some individuals were
recorded at more than one location; however, we feel
this is unlikely given the site fidelity and small home
ranges of most reef fish (Kramer & Chapman 1999).
Several of the non-native species have been reported
from the same sites over multiple years. For instance,
the same individuals of P. orbicularis have been
resighted on Molasses Reef, Key Largo, Florida, more
than 50 times over the last 3 yr.
All of the observed non-native species have been
imported in the marine aquarium trade (with the possible exception of Zebrasoma desjardinii, which was not
distinguished in trade data from the morphologically
similar Z. veliferum). Also, sighted species were imported in far larger quantities than would be expected
if they were drawn randomly from the list of aquarium
imports (p < 0.0001, Fig. 2). We considered the pos-
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sibility that this result was driven by the sighting of
yellow tang Zebrasoma flavescens, which is imported
in very large numbers. When we excluded yellow tang
from the sightings list and repeated the randomization
analysis with the highest-ranked species discarded
from each sample, the results were unchanged. This
strongly suggests that, for ornamental marine fishes, a
link exists between the magnitude of importation and
the probability of being sighted along the eastern US
coast.

Arabian Angelfish

Fig. 1. Locations of non-native marine fish sightings
along the southeastern US
(A) and along Palm Beach
and Broward Counties,
Florida (B). The REEF database also includes sightings
of Pterois volitans from Bermuda that are not shown
here. Sightings are reported
by sport-divers through the
Reef Environmental Education Foundation (REEF) Fish
Survey Project (REEF 2002)
and through an on-line reporting form (http://www.
reef.org/exotic)

The native range distribution of sighted species deviated strongly from the expected distribution based on
either shipping traffic or the product of ship visits and
regional species richness (χ2 ≥ 552.0, df = 9, p < 10–15, for
all possible assignments of species to regions). The
sighted species are native to just 2 ocean regions, the
tropical western Pacific Ocean and the northwest Indian Ocean and Red Sea, which together contribute
9.4% of all shipping visits to Florida (Fig. 3).

DISCUSSION

Fig. 2. All marine fish species imported to the US in the aquarium trade (GMAD 2002) are rank-ordered by imported quantity from left (highest) to right (lowest). Points representing
non-native species seen in diver surveys are circled. Note the
log scale of the y-axis

Marine invasions have the potential to fundamentally shift the ecology of a region by modifying ecosystem processes, community composition, and food-web
dynamics (Verlaque & Fritayre 1994, Shiganova 1998,
Grosholz et al. 2000). Such ecological shifts can damage regional economies (Pimentel et al. 1999). In the
Black Sea and San Francisco Bay, for example, the
costs of invasion impacts and control efforts have been
staggering (Travis 1993, Cohen & Carlton 1998).
What has been the ecological impact of marine fish
introductions? The largest set of intentional marine fish
introductions were carried out in the temperate coastal
and inland seas of Russia (Baltz 1991). Sixteen species
became established, with ecologically and economically devastating results including harm to valuable
fisheries, parasite introductions, and the endangerment and extinction of native species (Baltz 1991).
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Fig. 3. Numbers of ships arriving in Florida between 1999 and
2001 from each marine geographic region (Froese & Pauly 2002)
and numbers of non-native species sighted off Florida with
native ranges in each region. Note that, because some species
are found in more than 1 region, the sum of thebar plots
is greater than 16 (the number of non-native species sighted)

To date, no reports of established non-native tropical
marine fishes have documented significant changes in
community composition, economic impacts, or superabundance of the invader (Randall 1987, Froese &
Pauly 2002). This may simply reflect limited opportunity, given the small number of successful tropical
marine fish introductions and the typically low proportion of invaders that attain pest status (Williamson & Fitter 1996). Alternatively, it may be due to the lack of
quantitative studies that examine the effect of marine
invasive fishes on native communities. Assessing the
ecological impact of non-native marine fishes rather
than simply documenting their presence, abundance,
and distribution must be a research priority in future investigations. With sufficient propagule pressure, it is
likely that continued introductions will result in invasions with significant negative ecological and economic
impacts. Furthermore, the changes in habitat characteristics and disturbance regimes that Caribbean reefs
are currently undergoing (GCRMN 2002) may ultimately facilitate such invasions as reef communities
become increasingly disturbed (Hobbs 1989, Moyle &
Light 1996).
The sightings reported here, combined with previous reports (Courtenay 1995), indicate that propagule
pressure of non-native tropical marine fish off southeastern Florida is both substantial and chronic. Moreover, recent sightings of juvenile and adult Pterois volitans along the eastern US and in the western Atlantic
suggest that at least one of these species has established a self-sustaining population (Whitfield et al.
2002). It remains to be seen what impacts P. volitans
will have on the regional ecology and economy.
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Ballast-water transport and aquarium releases are
the 2 most probable pathways of tropical marine fish
introductions in the Caribbean (Whitfield et al. 2002).
The higher abundance of non-native fishes near areas
of high human population density off the southeast
coast of Florida (Fig. 1) is consistent with both pathways. We used the best available information from
both the aquarium and shipping industries to evaluate
the culpability of these 2 pathways. Our results indicate that the non-native species seen are consistent
with the hypothesis that the individuals have escaped
or have been released from aquaria. In the near term,
this should be sufficient evidence to reallocate management and prevention resources to address the
problem of marine fish aquarium releases.
Intentional and unintentional aquarium releases
have been identified as a leading cause of freshwater
fish invasions (Courtenay & Robins 1973, Courtenay
& Stauffer 1990) and, more recently, as the vector
responsible for the invasion of the marine alga
Caulerpa taxifolia in the Mediterranean (Verlaque &
Fritayre 1994, Jousson et al. 1998). In Florida, as in
nearly all states, releasing fishes from captivity is illegal (King & Schrock 1985), but enforcement is difficult
and aquarists and the aquarium industry are not well
informed about the existence of such laws. Courtenay
& Robins (1973) suggested that the aquarium industry,
in conjunction with natural resource agencies, develop
a program to educate dealers and aquarists about the
legality and environmental impacts of exotic-species
introductions, but little progress has been made to date
(W. Courtenay pers. comm.). Public education is especially critical in areas such as the southeastern US and
Hawaii, which have regional climates and habitats
suitable for the tropical marine fish species common in
the aquarium trade, and hence are at relatively high
risk of successful introductions.
The presence of 16 non-native marine fish species
off the southeastern coast of the US should spur researchers and managers to take several actions. The
density and reproductive status of each exotic species
must be determined. If the problem is currently restricted to a few isolated adults, it may be possible to
remove all or most of the individuals and prevent the
establishment of a viable population. Rapid response
is crucial in the case of invaders with pelagic larval
dispersal because even a few successful reproductive
events will likely make eradication impossible (Simberloff 2003). If eradication is already infeasible, efforts
should be made to evaluate the rate and direction of
spread of the invasions and their ecological impacts. The
results presented in this paper identify a significant
threat to coastal ecosystems and present a rare opportunity for proactive management of marine-species introductions, provided managers and scientists act quickly.
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