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Abstract
The genus Caulerpa is known for its invasion of tropical,
subtropical, and temperate coastal waters. Whereas the role
of humans as vectors for the introduction of Caulerpa has
been well documented, other anthropogenic factors that
may mediate the success of an invasion are poorly understood. We provide evidence that a recent invasion of
Caulerpa ollivieri into shallow Bahamian seagrass meadows
is facilitated by anthropogenic nitrogen enrichment from
sewage. Considering the accelerating nitrogen enrichment

of coastal waters worldwide, our results suggest that
reduction of anthropogenic nitrogen inputs must be achieved
as a means of controlling similar biotic invasions.
Humans are recognized as the primary vector in the
global epidemic of biotic invasions in aquatic ecosystems
(Carlton and Geller 1993). Much less is known about how
anthropogenic modification of ecosystems facilitate
biological invasions. We provide an example of how
anthropogenic nitrogen enrichment has supported a
successful invasion of the green alga Caulerpa ollivieri in
coastal waters of Green Turtle Cay, Abacos, Bahamas.
The islands of the Bahamas are surrounded by carbonate-rich subtropical waters that were historically oligotrophic
and contained healthy coral reefs and nutrient-limited
tropical seagrass ecosystems (Short et al. 1990). The
growing resident and tourist populations on Green Turtle
Cay, like many small island states globally, are increasing
land-based nutrient loads to coastal waters from a variety of
sources, especially untreated (raw) and/or partially-treated
(septic tanks) domestic sewage. Recent studies have shown
that the inshore waters of Green Turtle Cay are experiencing
nutrient enrichment1 and eutrophication primarily as a result
of localized sewage pollution (Barile 2001).
Common symptoms of nutrient pollution in shallow,
tropical and subtropical seagrass meadows include
macroalgal blooms and
epiphytization of seagrass
blades, which reduce light
and cause fragmentation and
die-off of seagrasses, especially turtle grass, Thalassia
testudinum (NRC 2000).
Historically, T. testudinum
meadows surrounding Green
continued on p. 3
Figure 1. A) A productive turtle grass
(Thalassia testudinum) meadow in
nearshore waters of Green Turtle Cay,
Abacos, Bahamas. B) Bloom of a matforming filamentous green macroalga
(Cladophora sp.) causing fragmentation
and die-off of T. testudinum in the Town
Harbor, Green Turtle Cay. C) Microfilamentous algal epiphytes on blades of
T. testudinum in Black Sound, Green
Turtle Cay. D) Invasive bloom of
Caulerpa ollivieri (denoted by arrow)
causing fragmentation of and die-off of
a T. testudinum meadow in Black
Sound, Green Turtle Cay.
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Turtle Cay were highly productive and had a low biomass
of associated macroalgae and few attached epiphytes
(Figure 1A). In Black Sound, a confined embayment on
Green Turtle Cay, symptoms of nutrient pollution have
developed in recent years that include blooms of matforming green seaweeds (Figure 1B) and microfilamentous
blade epiphytes (Figure 1C), which cause fragmentation
and die-off of T. testudinum.
During a survey of the degraded seagrass meadows in
Black Sound (a popular anchorage for vessels in transit) we
discovered extensive areas of organic-rich sediments that
supported thick mats of the green rhizomatous macroalga
Caulerpa ollivieri (Figure 1D). Prior to this discovery, C.
ollivieri had not been reported for either the Bahamas or
Caribbean region (Littler and Littler 2001). This finding
suggests that international maritime activities may have been
involved with this introduction, as commonly reported for
marine bioinvasions (Carlton 2000). Caulerpa ollivieri was
first recognized in the area of Villefranche-sur-Mer in the
Mediterranean by Ollivier (1929), who regarded it as a form
of C. prolifera and suspected that its proliferation resulted
from domestic pollution. Initially, Dostal (1928) published on
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this plant as C. prolifera but in subsequent studies (Dostal
1929) he concluded it was distinct from C. prolifera and
described it as a new species, C. ollivieri. Caulerpa ollivieri
was recently included in a checklist of seaweeds from the
Mediterranean (Gallardo et al. 1993) and it has also been
listed as an endangered species in the Mediterranean by the
Berne Convention (the European Centre for Nature Conservation, http://www.ecnc.nl). The first report of C. ollivieri
outside of the Mediterranean was from relatively deep-water
collections in the Gulf of Mexico offshore of Tampa Bay (30
m) and Loggerhead Key, Dry Tortugas (60 m, Hine and
Humm 1971). Whereas C. ollivieri is now rare in the Mediterranean, it is increasingly abundant in the shallow waters (< 5
m) of upper Black Sound where it exhibits invasive attributes.
To date, we have not observed C. ollivieri growing in other
coastal waters around Green Turtle Cay.
To determine if the invasive growth of C. ollivieri is
being supported by land-based sewage pollution as
suggested by Ollivier (1929), we collected native
Caulerpa spp. and the invasive C. ollivieri from several
polluted sites in Black Sound for comparison with native
Caulerpa species collected at reference locations along
an offshore gradient of decreasing nutrient pollution. The

Location

Station

Species

δ15N

sewage polluted harbor

Swanson’s

C. ollivieri

4.97 ± 0.06

(Black Sound)

Escape

C. ollivieri

2.62 ± 0.19

Linton’s

C. ollivieri

3.68 ± 0.64

Shipyard

C. ollivieri (small form)

5.13 ± 0.51

Shipyard

C. ollivieri (large form)

5.19 ± 0.57

Shipyard

C. verticillata

4.34 ± 0.18

mean (n = 24)

4.32 ± 1.01

Sewage polluted harbor

Swanson’s

C. ollivieri

2.61 ± 0.17

(Black Sound)

Escape

C. ollivieri

2.62 ± 0.19

Linton’s

C. ollivieri

3.08 ± 0.60

Shipyard

C. ollivieri (small form)

5.66 ± 1.15

Shipyard

C. ollivieri (large form)

6.07 ± 0.36

Shipyard

C. verticillata

3.07 ± 0.02

mean (n = 24)

3.85 ± 1.58

Seagrass Meadow

Sand Bar

C. cupressoides

1.59 ± 0.51

Coral Reef

Raven’s Cliff

C. verticillata

1.75 ± 0.06

Coral Reef

Raven’s Cliff

C. racemosa

0.67 ± 0.43

Coral Reef

No Name North

C. racemosa

0.78 ± 0.37

mean (n = 16)

1.20 ± 0.55

Table 1. Stable nitrogen isotope (δ15N, ‰) values of Caulerpa ollivieri, Caulerpa cupressoides, Caulerpa verticillata, and Caulerpa racemosa sampled from several sewagepolluted sites in Black Sound, a nearshore seagrass meadow and offshore coral reefs near Green Turtle Cay, Abacos, Bahamas, in 2003/2004. Values represent means ± SD (n=4).
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samples were analyzed for stable nitrogen isotopes (15N/
14
N = δ15N, see Lajtha and Michener 1994). This biogeochemical technique has been used widely to discriminate between natural and anthropogenic nitrogen sources
potentially supporting growth of marine biota, including
macroalgae; low δ15N values close to 0 are indicative of
natural N fixation whereas values > + 3.0 ‰ are characteristic of sewage pollution (Costanzo et al. 1999).
Caulerpa ollivieri collected in February (dry season) and
July (wet season) of 2003 had mean δ15N values of + 4.32
± 1.01 ‰ (n = 20) and + 4.01 ± 1.53 ‰ (n = 20), respectively (Table 1), values characteristic of sewage pollution.
Native populations of the sibling species Caulerpa
verticillata and Caulerpa cupressoides were also collected from Black Sound, a nearshore Thalassia
testudinum meadow (Sand Bar), and two offshore coral
reefs (Raven’s Cliff, No Name North) and analyzed for
δ15N as reference material. Caulerpa verticillata from
Black Sound had a mean value of + 4.34 ± 0.18 ‰ in
February and + 3.07 ± 0.02 ‰ in July, values within the
range of sewage nitrogen and consistent with the results
for C. ollivieri. In contrast, C. cupressoides from the
nearshore T. testudinum meadow and Caulerpa
verticlllata from the offshore Raven’s Cliff reef in July
2003 had mean values of +1.59 ± 0.51 ‰ and +1.75 ±
0.06 ‰, respectively (Table 1), values significantly below
that of sewage. Similarly, C. racemosa sampled in
February 2004 at Raven’s Cliff and No Name North Reef
had values of + 0.67 ± 0.43 ‰ and + 0.78 ± 0.37 ‰, well
below the sewage signature. This pattern of decreasing
δ15N values with increasing distance from shore reflects
the dilution of land-based sewage discharges and possibly an increased importance of natural N-fixation in these
more offshore, oligotrophic locations.
The ability of Caulerpa ollivieri to replace Thalassia
testudinum in eutrophic Bahamian coastal waters may be
related to several physiological factors. Under natural
conditions, T. testudinum relies largely on N-fixation for its
nitrogen supply (Patriquin and Knowles 1972) and may
not be competitive with faster growing macroalgae like C.
ollivieri when anthropogenic nitrogen sources, such as
sewage, become available. Additionally, coastal waters
impacted by anthropogenic nutrient pollution, including
sewage, typically have increased light attenuation
(Yentsch et al. 2002). Because the minimal light requirement of seagrasses is > 10 % of incident surface irradiance (Duarte 1991) compared to < 1 % for Caulerpa spp.
(Gacia et al. 1996), increased light limitation2, coupled
with nitrogen enrichment, could favor expansion of
invasive C. ollivieri at the expense of native T. testudinum.
Ironically, these recent findings from the Bahamas
support Ollivier’s (1929) hypothesis that domestic pollution
may be supporting proliferation of Caulerpa in the Mediterranean Sea. Since the accidental introduction of C. taxifolia
at Monaco in the early 1980s (Jousson et al. 1998), this
alga has spread towards both Italy and Spain and was
recently estimated to cover up to 30,000 ha. of the Mediter-
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ranean sea bottom (Withgott 2002), although this estimate
has been challenged by Jaubert et al. (2003). The invasion
has resulted in extensive, monospecific stands of C.
taxifolia and controversy continues as to the potential for
deleterious alterations of the native Posidonia oceanica
communities (Meinesz and Hesse 1991, Jaubert et al.
1999). Bioassays of C. taxifolia in the Mediterranean
suggest nutrient-replete growth year-around (Delgado et
al. 1996) and areas of explosive growth of C. taxifolia are
consistently centered adjacent to land-based stormwater
and sewage discharges (Chisholm et al. 1997). Caulerpa
taxifolia has also invaded coastal waters of California
(Jousson et al. 2000), and a sibling species from southwestern Australia, C. racemosa var. cylindracea, has
recently formed a second Caulerpa invasion in the Mediterranean (Verlaque et al. 2003).
Considering that human activities are rapidly increasing
nitrogen inputs to nitrogen-limited coastal waters from
domestic and industrial wastewaters, fertilizers, top soil
loss, and fossil fuel combustion (Ryther and Dustan 1971,
NRC 2000, Vitousek et al. 1997), invasive blooms of
Caulerpa may become even more commonplace in the
future. In Hillsborough Bay, Tampa, Florida, for example,
increasing sewage pollution in the 1960’s and 1970’s led to
fragmentation and die-off of seagrasses with parallel
increases in macroalgae, including C. prolifera (Avery
1997). In the Indian River Lagoon on the east coast of
Florida, C. prolifera also expanded in areas receiving
sewage pollution and experiencing loss of seagrasses
(White and Snodgrass 1990). To moderate the conditions
supporting invasive Caulerpa blooms, planners and
resource managers must consider methods to reduce
nitrogen loads from sewage and other sources. For
example, C. prolifera decreased from 280 ha in 1988 to
less than 0.2 ha in 1995 as seagrasses expanded following
reductions in wastewater nitrogen loading into Hillsborough
Bay that began in 1979 (Avery 1997). More broadly, it is
likely that nitrogen enrichment has already facilitated
successful invasions of other macroalgal taxa in tropical
coastal waters, such as Hawaii (Rodgers and Cox 1999).
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Footnotes
1
Mean concentrations of dissolved inorganic nitrogen (DIN =
ammonium + nitrate + nitrite) we measured around Green Turtle Cay in
1998/1999 were over ten-fold higher in nearshore waters directly
impacted by sewage discharges (Town Harbor, White Sound, and Black
Sound, 14.0 ± 6.60 µM, n = 12) compared to seven offshore coral reef
sites (0.87 ± 0.47 µM, n = 28).
2
Laboratory measurements of photosynthesis (oxygen evolution) vs.
irradiance curves with Caulerpa verticillata, Caulerpa brachypus, and
Caulerpa racemosa collected from reefs off Palm Beach County, Florida,
during 2003 indicated that the compensation irradiance for these
species was consistently < 20 µmol photons . m-2 . s-1, a value ~ 1% of
full natural surface irradiance.
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Background
The impact of species movement beyond their natural
boundaries has been regarded as a major problem in the
conservation of aquatic resources. Introduced species
have been implicated in bringing some native species to
the brink of extinction through competition for food and
niche space, predation, genetic deterioration, introduction
of parasites, pathogens and diseases, spatial, habitat and
trophic modifications (Lever 1996).
However, the introduction of species is also instrumental in
the production of aquatic protein through aquaculture,
complementing fish catch. Fish catch worldwide has been
slowly declining since the late 1980s, aquaculture production
on the other hand, has been steadily increasing through the
years (FAO 2004). It is not surprising therefore that over 36%
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