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a b s t r a c t
The invasion and expansion of the Indian Ocean seagrass Halophila stipulacea into the Eastern Caribbean
raises the question of how local seagrass communities respond to this fast-growing, ecologically ﬂexible species. An in situ transplant experiment examining the effect of H. stipulacea within beds of the
dominant native seagrass Syringodium ﬁliforme found the invasive seagrass capable of rapid expansion,
with the displacement of the native seagrass beginning in 10–12 weeks. Fish traps placed in monocultures of the invasive seagrass yielded statistically similar ﬁsh measures as traps in the native seagrass,
except for H. stipulacea supporting larger ﬁsh and S. ﬁliforme supporting twice the proportion of juvenilestage ﬁsh. The invasive seagrass supported signiﬁcantly more epibiotic invertebrates than the native
seagrass. Evidence suggests H. stipulacea had a negative effect on S. ﬁliforme via displacement, yet
supported equal or higher abundances of different trophic groups relative to the native seagrass. Furthermore, the formation of H. stipulacea fragments by locally used ﬁsh traps reached 100% frequency when
traps were submerged for 7+ days, suggesting local ﬁshing can increase dissemination of the invasive
species.
© 2012 Elsevier B.V. All rights reserved.

1. Introduction
The planet’s aquatic environments are experiencing an extraordinary transformation via the pervasive spread of non-indigenous
species due to human activities (Mooney and Cleland, 2001; Naylor
et al., 2001; Byrnes et al., 2007; Williams and Smith, 2007), many
of which have negative impacts on ecological communities. Understanding how invasive species interacts with native macrophytes
and how the indigenous fauna respond to the arrival of an invader
are central in determining how the new species will ﬁt into the
existing system and what degree of eradication efforts are warranted.
The invasion of a non-indigenous macrophyte has resulted in the
loss or decline of native macrophytes. For example, the invasion of
Zostera japonica along the Paciﬁc Northwest coast of North America
has directly contributed to the decline of congener Z. marina via the
invasive species’ ability to out-competing the native species when
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co-occurring in soft-bottom habitats, and ability to out-perform the
native species after disturbances (Jun Bando, 2006). This one-two,
competition-recovery advantage of the invasive species helps to
explain the broad success of this invasive macrophyte. In this case,
the native species is largely displaced but is still present in the
shared habitat (Baldwin and Lovvorn, 1994; Jun Bando, 2006); yet
in other interactions the invasive species completely replaces the
native. For example, after the removal of the invasive kelp Undaria
pinnatiﬁda in Patagonia, indigenous seaweed diversity and richness increased signiﬁcantly, suggesting the invasive species was
competitively excluding natives (Casas et al., 2004), and congeners
Caulerpa taxifolia and C. racemosa, two of the best studied invasive
macrophytes, have been reported to overwhelm native ﬂoral communities, turning them into low diversity, alien algal beds (Meinesz
and Hesse, 1991; Piazzi et al., 2001; Meinesz et al., 2001; Klein and
Verlaque, 2008).
Invasive macrophytes also imposed changes on native communities via mechanisms that modify the habitat and vary indigenous
faunal composition. Caulerpa taxifolia altered ﬁsh and infaunal communities in the Mediterranean by creating a physical barrier for
ﬁsh consuming benthic food sources, thus increasing search time
for ﬁsh and sheltering infauna from predators (Levi and Francour,
2004; Longepierre et al., 2005). Further, C. taxifolia was believed
to enhance invertebrate infaunal recruitment to densities higher
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than native vegetation or bare mud (Gribben and Wright, 2006),
yet it was subsequently concluded that the invasive species created
a sub-optimal environment, with recruits and adults experiencing reduced survivorship, growth, and ﬁtness after the initial surge
(Gribben et al., 2009). Houston and Duivenvoorden (2002) found
an invasive macrophyte to support a 30-fold increase in vegetation
biomass and substantially alter the structural complexity of the
aquatic habitat, while lowering native plant diversity and simultaneously decreasing and shifting epibiota and ﬁsh assemblage
composition. These changes in tropic structure and feeding preference of epibiota and ﬁshes are observable after the arrival of
invasive macrophytes as a result of either bare mudﬂats or native
vegetation being replaced by a new palatable species (Baldwin
and Lovvorn, 1994; Levin et al., 2006; Lorenti et al., 2011) or due
to changes in macrophyte substrate availability and biomass for
prey items (Stoner, 1983; Edgar and Robertson, 1992). Likewise,
the morphology of a macrophyte, such as differences in available
surface area, inﬂuences epibiota abundance, diversity, and preference (Stoner, 1980; Bell and Westoby, 1986; De Troch et al., 2001;
Schmidt and Scheibling, 2006). The abundance and distribution of
prey can subsequently have inﬂuence on the density and distribution of larger predators (Bologna, 2007), thus creating higher tropic
level changes in the system.
After alien macrophytes are established, formation and dissemination of vegetative propagules may be created through natural
processes such as waves or storms (Macreadie et al., 2011), or by
anthropogenic activities occurring in or over the invaded habitat.
Correlations between the location of new infestations of invasive
macrophytes and popular boating or ﬁshing locations suggest these
activities facilitate spreading (Meinesz et al., 2001; Casas et al.,
2004; Gambi et al., 2009; Willette and Ambrose, 2009). Indeed,
empirical studies have shown bottom trawling, the casting of ﬁshing nets, the removal of boat anchors, the passing of boat propellers
over and through the invaded habitat, and even recreational swimming can create fragments (Relini et al., 2000; West et al., 2007,
2009). Bottom trawlers and anchor lockers can potentially carry
propagules tens of kilometers from where they originated (Relini
et al., 2000; Meinesz et al., 2001; Gambi et al., 2009). Macrophyte
propagules can survive for weeks in the water column, settle and
re-root (Hall et al., 2006), with the likelihood of successful colonization increasing as fragment abundance increases (Ceccherelli
and Cinelli, 1999; Smith and Walters, 1999). Further, fragment
size inﬂuences viability of propagules (West et al., 2007) with
different activities creating different size fragments (Relini et al.,
2000). Familiarity with how local anthropogenic activities may
increase fragment formation and dispersal can aid in predicting
future spread and developing more comprehensive management
strategies of the invasive species.
The expansion of Halophila stipulacea, which is indigenous to
the Red Sea and parts of the Indian Ocean (den Hartog, 1970), has
been extensive, spanning from the Suez Canal in the Mediterranean
Sea in 1869 (Por, 1971) to the Eastern Caribbean by 2002 (Ruiz and
Ballantine, 2004). H. stipulacea forms monocultures as well as multispecies assemblages throughout its native and extended range
(Ruiz and Ballantine, 2004; Short et al., 2007) and can be found
exposed at low tides (den Hartog, 1970) down to depths of 50 m
(Beer and Waisel, 1981), making it one of the deeper living seagrass
(Lipkin et al., 2003). Additional attributes facilitating its invasion
success are a tolerance to low and high light intensity (Beer and
Waisel, 1981; Schwarz and Hellblom, 2002), wide salinity range
(Por, 1971), adaptability to sediment quality (Coppejans et al., 1992;
Pereg et al., 1994), and rapid vegetative expansion (Marbá and
Duarte, 1998). Because of its potential and realized impact on biodiversity and socioeconomic losses, H. stipulacea has been assigned
to the 100 Worst Invasives in the Mediterranean by Streftaris and
Zenetos (2006), yet other studies report that H. stipulacea has had
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no impact in the Mediterranean (Duarte, 2002; Williams, 2007).
Little is known of H. stipulacea’s effects in its recently discovered
Caribbean locations.
H. stipulacea was ﬁrst documented in the Caribbean in Grenada
in 2002 (Ruiz and Ballantine, 2004), then in Dominica and St. Lucia
in 2007 (Willette and Ambrose, 2009). In these locations it grows
predominantly as mono-speciﬁc stands, though occasionally mixing with native seagrass Syringodium ﬁliforme at the bed margins. H.
stipulacea and S. ﬁliforme are both considered pioneer species based
on their reduced longevity and high turnover rates (Gallegos et al.,
1994); however, they differ in various parameters including H. stipulacea being more tolerant of lower light levels (Lee et al., 2007),
having shorter leaf lifespan (Hemminga et al., 1999); and having a
more profuse leaf production rate (Duarte, 1991). Further, Halophila
species has roughly twice the rhizome horizontal elongation rate
of Syringodium species (Duarte, 1991), and have a highly differentiated shoot system with orderly meristem growth; whereas
Syringodium shoots proliferate unregulated and grow with a higher
sensitivity to environmental disturbances (Tomlinson, 1974).
This paper addresses the ecological concerns of Eastern
Caribbean marine resource users and gaps in our current knowledge of H. stipulacea as an invasive species. We conducted in situ
experiments and ﬁeld observations to assess the interaction of the
invasive H. stipulacea in a native Caribbean seagrass bed. Our goals
were to determine (1) the effects of H. stipulacea on S. ﬁliforme; (2)
the effects of H. stipulacea on seagrass ﬁsh and epibiota communities; and (3) whether local ﬁshing activities such as the use of ﬁsh
traps facilitate the spread of the invasive seagrass.
2. Methods
2.1. Study site
Field experiments were conducted in Prince Rupert Bay
(15◦ 34 N, 61◦ 28 W), a 3.8 km wide bight along the northwest
coast of Dominica, West Indies. H. stipulacea covers more than
100,000 m2 of the benthos, which is the largest identiﬁed population of the invasive seagrass in the Caribbean (Willette and
Ambrose, 2009). H. stipulacea grows primarily as mono-culture
beds in the bay’s southern region, but is also found throughout the
bay interspersed with the native seagrasses S. ﬁliforme and Halodule wrightii (Willette and Ambrose, 2009). Thalassia testudinum also
occurs in Dominica but is rare along the northwest coast. Prince
Rupert Bay serves as the island’s primary recreational anchorage, a
port of entry for foreign vessels, and the site of multiple near-shore
ﬁshing activities (Honeychurch, 1995).
2.2. Transplant experiment
To assess the effect of H. stipulacea in S. ﬁliforme beds, a transplant experiment was conducted for 85 d from May to August
2008. The seagrass S. ﬁliforme was chosen as the host bed for this
study because it is the dominant seagrass species along Dominica’s
west coast where H. stipulacea is found and S. ﬁliforme was present
at every site where H. stipulacea has been reported (Steiner and
Willette, 2010; Willette and Ambrose, 2009). Ten-cm diameter
by approximately 20-cm long plugs of the invasive seagrass were
removed from an established H. stipulacea bed and transplanted in
an adjacent S. ﬁliforme bed with a comparable proﬁle and a depth
of three to ﬁve meters. Plugs began with greater than 80% cover
and included 8–16 shoots. A total of twenty-ﬁve plugs were transplanted at a distance of 20 cm apart in a single line, and each plug
was marked with a neon tag tied to a steel nail. Five H. stipulacea
control plugs were removed and then replanted in the same location to assess the effect of coring. Weekly to tri-weekly assessments
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of lateral expansion of transplanted plugs were taken by measuring
the maximum distance between the two shoots that were the furthest apart for each plug. Growth of H. stipulacea plugs was often
haphazard with runners stretching along one or two axes rather
than a symmetrical and consistent growth outward in all directions. Distance in centimeters was then divided by the number of
days since transplanting to express mean daily lateral expansion.
We selected the plug experimental unit over individual seagrass
fragments for several reasons.
First, preliminary observations indicated that H. stipulacea fragments generated by locally used ﬁsh traps included 2–4 shoots and
approximately 8 cm long rhizomes with roots and sediments still
attached. The plug unit served to include all of these dispersal structures in the transplant. Further, fragments were often interwoven
in the ﬁsh trap mesh and upon re-casting the newly created fragments would be in contact and pressed into the substrate. Based
on these criteria the plug unit was a better mimic than individual
shoots. Lastly, rhizome apical meristems (RAMs) RAMs were abundant in even a small sample of H. stipulacea (i.e. a 10 cm plug) and
this design allowed for a good representation of H. stipulacea to
expand under natural conditions.
In regards to the bio-security risk of this study, all transplants
were moved only within Prince Rupert Bay, a bay already heavily invaded by H. stipulacea (Willette and Ambrose, 2009) and no
transplants were placed in un-invaded habitats. Additionally, physical removal of all transplanted plant material was planned for
December 2008, 200 days after the initial planting; however, a powerful hurricane (Hurricane Omar) in October 2008 eliminated all
transplants and markers (and native seagrass beds) from the study
site. No evidence of transplants was observed in November 2008
or June 2009, indicating no bio-security risk.
2.3. Fish catch comparison between seagrass species
To compare ﬁsh species composition and biomass between the
invasive seagrass H. stipulacea and the native seagrass S. ﬁliforme,
locally used ﬁsh traps (double-funnel West Indian Z-type ﬁsh traps)
were baited with the traditional bait of green papaya and bread and
set in adjacent mono-culture beds and allowed to ﬁsh for four to
sixteen days from May 30 to July 29, 2008. Three pairs of ﬁsh traps
(90 cm by 190 cm by 250 cm) were built and covered on all sides
with wire mesh (2.54 cm diameter mesh). Fish traps were placed
within Prince Rupert Bay at depths where each seagrass species had
the highest percent cover, 8.5–11.5 m for H. stipulacea, and 6.5–9 m
for S. ﬁliforme. The difference in depth placement of ﬁsh traps was
dictated by where the two species occurred in proximity to one
another. Further, the steep bathymetry of the bay meant that a
half meter change in depth could occur in just several meters of
lateral distance off-shore (Steiner et al., 2010). Paired traps (one
trap for each seagrass species) were placed roughly 50 m apart
from each other in their respective seagrass bed with three pairs of
traps spaced approximately 1 km apart along the bay’s shoreline.
All traps were between 150 m and 300 m offshore. These parameters were within the typical zone selected by local ﬁshermen using
the West Indian Z-type ﬁsh trap. Fifty-four trap samplings, 27 for
each seagrass, were attempted during the study, although three H.
stipulacea and eight S. ﬁliforme samples were unusable due to damage from boat anchors or loss due to weather or theft. After the
allotted ﬁshing period, traps were removed from the bed, emptied
of their contents, re-baited, and re-deployed in the same location.
Individual ﬁsh were identiﬁed to species, photographed, weighed,
measured for standard and total length. For the ﬁve most commonly caught species from each bed, life stage (juvenile or adult)
was recorded based on maturation size classes in Munro (1983),
Mueller et al. (1994), Martinez-Andrade (2003), Bilgin and Celik
(2009) and Froese and Pauly (2009). A two-sample t-test was used

to assess if differences existed between ﬁsh catches in H. stipulacea
and S. ﬁliforme beds. Statistical power was calculated using Lenth’s
Java applet (Lenth, 2009).
2.4. Epibiota community structure on the seagrasses
The availability of epibiotic food resources for ﬁsh within the
two seagrass mono-cultures was estimated by gently lowering a
500 mL plastic beaker with the base removed and a nylon mesh
stocking attached at the upper end over upright shoots of seagrass, then cutting entire blades at the sediment level. The beaker
was then inverted, the net slid off and tied, and the contents preserved in a 70% ETOH and Rose Bengal solution until sorted. A
total of 12 epibiota samples were taken from each seagrass species.
Samples were collected from native and invasive seagrass beds cooccupied by the ﬁsh traps. Placement of beaker was selected by
haphazardly dropping the sampling beaker from the water surface
and extracting a sample from where the beaker landed, so long as
it was within the seagrass bed. Samples were individually rinsed
through a 500 m ﬁlter and then sorted under a microscope, with
all mobile epibiota enumerated and identiﬁed to lowest practicable taxonomic level. After sorting, seagrass shoots/blades were
counted and dried to obtain the biomass of each sample. A twosample t-test was used to compare epibiont abundances between
seagrass species.
2.5. Fragment generation by ﬁsh traps
West Indian Z-type ﬁsh traps are commonly and repeatedly used
in the seagrass beds along Dominica’s Caribbean coast. The mesh
composition of the traps combined with H. stipulacea’s shallow,
creeping rhizome system (den Hartog, 1970) and high aboveground to below-ground biomass ratio (Wahbeh, 1988) create
a favorable situation for fragment generation. Hall et al. (2006)
demonstrated that not only are fragments of Halophila able to survive for several days in the water column and disperse over short
distances, but also that that vegetative fragments have the ability
to settle to the substrate and root. To quantify the frequency of new
fragment production, ﬁsh traps cast in H. stipulacea beds for the ﬁsh
trap experiment were inspected for rhizomal fragments upon each
removal from the seagrass bed. All fragments were collected, measured for total fragment length, number of shoots, and then dried
in the lab to obtain biomass. A two-sample t-test was used to compare the number and biomass of fragments created when ﬁsh traps
were allowed to ﬁsh for 6 or fewer days versus 7 or more days.
3. Results
3.1. Transplant experiment
Survival after the initial transplanting was high for H. stipulacea, with 23 of 25 plugs (92%) surviving at least one week. All
ﬁve of the control plugs (100%) survived the initial transplanting
and were indistinguishable from the surrounding bed at the end of
the experiment.
Between Week 1 and Week 12, H. stipulacea plugs increased by
186% on average (8.2 ± 0.9 cm to 25.2 ± 5.7 cm [mean ± SE]) (Fig. 1).
Over the entire time period, H. stipulacea expressed a mean positive growth rate of 0.13 cm d−1 . Shoots from the host S. ﬁliforme bed
were observed to be loosely intermixed with the laterally expanding H. stipulacea plants both within the transplant plug and in the
host bed as the invasive species expanded. Towards the end of the
study, surviving H. stipulacea plugs were densely populated with
new shoots and blades and had begun to displace S. ﬁliforme shoots
near the transplanted plugs. H. stipulacea plugs largely remained
isolated units, though those with the most extensive expansion did
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Fig. 1. Mean diameter (±SE) of Halophila stipulacea plugs transplanted into Syringodium ﬁliforme bed measured weekly, bi-weekly, or tri-weekly. n = 25 transplant plugs. *
indicates signiﬁcant difference between weeks 7 and 10.

begin to merge and form a single plug. The 20 cm distance between
plugs did not appear to have any effect on which plugs survived,
expanded, or died out. At the conclusion of the transplant experiment a total of 17 H. stipulacea plugs (78%) and all control plugs
had survived the entire 12 weeks while all other plugs either died
out or were displaced by the host bed.

3.2. Epibiota community structure on the seagrasses
Epibiota abundances were signiﬁcantly higher on H. stipulacea
than on S. ﬁliforme for total abundance of all taxa, for the most
numerous epibiont group, Crustacea, and for the most abundant
group within Crustacea, Amphipods, despite no signiﬁcant differences in mean seagrass dry weight per sample (Table 1). Abundance
of other taxa was not signiﬁcantly different.

3.3. Fish catch comparison between seagrass species
H. stipulacea supported signiﬁcantly larger ﬁsh than native S. ﬁliforme (Table 1). Other comparisons of ﬁsh trap data between the
two seagrasses were not signiﬁcantly different, yet the invasive seagrass tended to capture more ﬁsh, a greater total species richness
of ﬁsh, but smaller mean species richness per catch than those in
the native seagrass (Table 1).

Lutjanidae was the most common ﬁsh family caught in traps
placed in both H. stipulacea and S. ﬁliforme (63% and 57%
respectively; Table 2). Likewise, Lutjanidae made up the largest percentage of total ﬁsh biomass caught in traps placed in the seagrasses
(H. stipulacea 72%, S. ﬁliforme 60%, Table 2). The most abundant
species within the family Lutjanidae in traps placed in H. stipulacea
was yellowtail snapper Ocyurus chrysurus, whereas lane snapper
Lutjanus synagris was most abundant in traps placed in S. ﬁliforme.
The next most frequently caught ﬁsh families in traps placed in
the invasive seagrass were scorpion ﬁsh Scorpaenidae (12%) and
porcupineﬁsh Diodontidae (11%), while Diodontidae (10%), seabass
Serranidae (9%), and jacks Carangidae (7%) were the next most common in traps placed in the native seagrass. No other family made
up more than 5% of total ﬁsh abundance. Four of the ﬁve most commonly caught ﬁshes in traps placed in S. ﬁliforme and all of the top
ﬁve species from H. stipulacea were seagrass-associated ﬁsh species
(Bohlke and Chaplin, 1968) (Table 2).
Twenty percent of the most commonly caught ﬁshes captured
in H. stipulacea beds were juvenile-stage, which is much lower
than the 55% found in S. ﬁliforme (Fig. 2 and Table 2). At the
species level, juveniles of the most commonly caught ﬁsh in H.
stipulacea beds, the yellowtail snapper Ocyurus chrysurus, were
never observed, whereas the majority of balloonﬁsh Diodon holocanthus (>65%) and mahogany snappers Lutjanus mahogoni (>90%)
in both H. stipulacea and S. ﬁliforme beds were juveniles (Fig. 2). In

Table 1
Epifaunal and ﬁsh abundances and values from measures taken in Halophila stipulacea and Syringodium ﬁliforme seagrass beds. Average and standard error values are shown
for all measures, except total ﬁsh species richness. Paired (epifauna) and unpaired (ﬁsh) t-test values and p-values between seagrasses are shown with values below 0.05
indicating statistical signiﬁcant difference.
Halophila stipulacea

Epifauna measures
Total epifaunal abundancea
Amphipod abundancea
Crustacean abundancea
Annelid abundancea
Mollusk abundancea
Nematode abundancea
Dry blade biomassb
Fish measures
Average no. ﬁsh captured per sample
Average total ﬁsh length (cm)
Mean ﬁsh species richness per sample
Total ﬁsh species richness
a
b

Individual per m2 of seagrass.
Grams per m2 of seagrass.

Syringodium ﬁliforme

t-Value

P-value

Average

±SE

Average

±SE

16716.0
8457.5
13250.1
2326.3
332.7
332.7
93.0

2456.6
1517.2
2127.0
421.5
123.3
151.7
21.6

8523.8
2835.8
5240.3
2272.9
464.1
514.3
91.8

1580.4
530.5
823.5
721.4
107.7
195.1
11.9

2.4
3.0
3.1
−3.8
−1.1
−0.7
−61.1

0.04
0.01
0.01
0.60
0.28
0.50
0.97

7.0
27.8
2.3
21.0

0.9
0.6
0.1

5.1
22.7
3.1
17.0

0.2
0.4
0.1

0.6
7.1
−1.5

0.52
0.01
0.15

78

D.A. Willette, R.F. Ambrose / Aquatic Botany 103 (2012) 74–82

Table 2
Fish species captured in ﬁsh traps placed within Halophila stipulacea and Syringodium ﬁliforme seagrass beds. For each ﬁsh species the family name, total number of ﬁsh
captured, ranking in terms of abundance for the seagrass type, and proportion of total biomass of all ﬁsh captured the species represents within the said seagrass type.
Proportion of total biomass adds sums to more than 100% due to rounding. * signiﬁes non-seagrass-associated ﬁsh, all other species are seagrass-associated based on Bohlke
and Chaplin (1968) (ND = no data due to lack of complete length measurements, escaped ﬁsh).
Halophila stipulacea

Syringodium ﬁliforme
Rank

Proportion of
total biomass

Species

Family

62

1

39%

Lutjanidae

Scorpaenidae

18

2

14%

Diodon holocanthus
Lutjanus mahogoni

Diodontidae
Lutjanidae

17
13

3
4

ND
7%

Lutjanus analis

Lutjanidae

10

5

16%

Lutjanus synagris
Dactylopterus volitans

Lutjanidae
Dactylopteridae

10
5

5
6

9%
6%

Epinephelus fulvus*

Serranidae

2

7

1%

Haemulon carbonarium

Pomadasyidae

2

7

1%

Chaetodipterus faber*

Ephippidae

2

7

2%

Pomacanthus paru
Sparisoma chrysopterum

Pomacanthidae
Scaridae

2
2

7
7

ND
2%

Sparisoma viridae

Scaridae

1

8

1%

Lutjanus apodus

Lutjanidae

1

8

1%

Anisotremus surinamensis

Pomadasyidae

1

8

1%

Mulloidichthys martinicus

Mullidae

1

8

1%

Caranx ruber*

Carangidae

1

8

1%

Lutjanus
synagris
Lutjanus
mahogoni
Lutjanus analis
Diodon
holocanthus
Epinephelus
fulvus*
Caranx ruber*
Scoraena
plumieri
Lactophrys
triqueter*
Sparisoma
chrysopterum
Sparisoma
viride
Scarus vetula
Scarus
guacamaia
Ocyurus
chrysurus
Dactylopterus
volitans
Haemulon
album
Haemulon
carbonarium
Calamus
proridens

Lactophrys triqueter*
Myripristis jacobus*
Aulostomus maculatus
Total

Ostraciidae
Holocentridae
Aulostomidae

1
1
1
153

8
8
8

ND
ND
1%

Species

Family

Ocyurus chrysurus

Lutjanidae

Scorpaena plumieri

Total ﬁsh
captured

addition, more than 70% of mutton snappers Lutjanus analis captured in S. ﬁliforme beds were juvenile-stage while only mature
ﬁsh of these species were found in traps placed in H. stipulacea beds
(Fig. 2).

3.4. Fragment generation by ﬁsh traps
Fish trap removal from H. stipulacea beds generated fragments
72% of the time. Traps submerged for 6 or fewer days (n = 12) had
a lower frequency of fragment generation (42%) than traps submerged for 7 or more days (100%) (n = 13). The average number
of fragments created and average biomass fragments per sampling
were not signiﬁcantly different between the two time periods (tvalues > −1.2, p-values > 0.20), likely due to a single outlying value.
Upon exclusion of this value, the longer ﬁshing period produced signiﬁcantly more fragments (t = −4.0, p < 0.01) and signiﬁcantly larger
fragments (total dry weight, t = −3.7, p < 0.01). Fragments were created when the traps were removed from the bed by either (a) a
dragged ﬁsh trap hooking and liberating protruding rhizomes and
shoots, or (b) severing complete segments that had grown through
the mesh of the ﬁsh trap. Created fragments were observed to
have one of three fates, with larger fragments falling back to the
sea ﬂoor, smaller fragments ﬂoating to the water surface or in the
water column, and complete segments with rhizomes and sediment interwoven into the mesh transported along with the ﬁsh
trap to a different location. A total of 197 fragments were generated from the 18 times the ﬁsh traps were removed from the

Total

Total ﬁsh
captured

Rank

Proportion of
total biomass

28

1

33%

Lutjanidae

15

2

18%

Lutjanidae
Diodontidae

13
10

3
4

9%
ND

Serranidae

9

5

9%

Carangidae
Scorpaenidae

7
4

6
7

12%
5%

Ostraciidae

4

7

ND

Scaridae

2

8

3%

Scaridae

1

9

1%

Scaridae
Scaridae

1
1

9
9

1%
2%

Lutjanidae

1

9

1%

Dactylopteridae

1

9

2%

Pomadasyidae

1

9

1%

Pomadasyidae

1

9

1%

Sparidae

1

9

5%

100

H. stipulacea beds. The mean length of generated fragments was
101.7 ± 30.1 mm [mean ± SE] having 2.8 ± 1.4 shoots per fragment,
with an average of 11.4 ± 3.0 mm pieces formed per trap with a
mean biomass of 1.6 ± 0.4 g per trap. The removal of West Indian
Z-traps from seagrass beds was also destructive in the adjacent S.
ﬁliforme beds, with blades and rhizomes often liberated from the
sea ﬂoor.

4. Discussion
4.1. Effects of H. stipulacea on a native Eastern Caribbean
seagrass bed
This study provides the ﬁrst in situ experimental data on effects
of the invasive seagrass H. stipulacea on the native seagrass S. ﬁliforme. H. stipulacea demonstrated the capacity to expand rapidly
into transplanted host S. ﬁliforme beds with observations at the
end of the study indicating eventual overtaking of the indigenous seagrass. The experimental design using plugs is a good
representation of how H. stipulacea may arrive to un-invaded
habitats in Dominica and similar environments elsewhere in the
Caribbean. Despite the limited duration of the transplant experiment, patterns of rapid expansion of the invasive and competitive
displacement of the native seagrass are characteristic of other invasive macrophyte scenarios in seagrass beds (Williams, 2007). Algal
species Sargassium muticum, Caulerpa ollivieri, C. prolifera, C. taxifolia, C. racemosa, the cordgrass Spartina alternifolia, and the seagrass
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Fig. 2. Relative abundance of the most abundant ﬁsh divided into size classes in (a) Halophila stipulacea, and (b) Syringodium ﬁliforme beds. Total number of specimens caught
in parentheses. Vertical dotted line indicates size class cut-off of maturation size (to right of line is mature size) based on Bohlke and Chaplin (1968).

Zostera japonica have all been shown to compete, overtake, and/or
displace indigenous seagrass species (Ceccherelli and Cinelli, 1999;
den Hartog, 1997; Smith et al., 2002; Lapointe et al., 2005; Stafford
and Bell, 2006; Jun Bando, 2006). Interestingly, the success of the
aforementioned C. prolifera over the Caribbean seagrass Halodule wrightii was mediated by sediment disturbances (Stafford and
Bell, 2006). Observations after two hurricane disturbances near our
study sites in November 2008 and June 2009 found H. stipulacea
occupying areas where S. ﬁliforme previously occurred, as surveyed
in 2007 by Steiner and Willette (2010). Disturbances, both natural
and anthropogenic, can increase the susceptibility of a habitat to
invasive species (Cohen and Carlton, 1998). This is in part because
disturbances open up bare ground and the availability of bare
ground is strongly correlated to invasion vulnerability of indigenous communities (Burke and Grime, 1996). Further, invasions are
highest in scenarios where resources, including space, are available and where propagule pressure, the number of non-indigenous
fragments arriving to a habitat, is high (Catford et al., 2011). Thus
here, where the ecosystem is prone to tropical storms, local ﬁshing
methods increase the frequency of invasive propagules (discussed
below), and the non-native species has a capacity for rapid expansion and quick recovery in the native habitat (this study, Marbá and
Duarte, 1998; Willette and Ambrose, 2009), H. stipulacea has a negative effect on the native S. ﬁliforme seagrass beds. It is, however,
worth reiterating that the Caribbean’s dominant seagrass Thalassia
testudinum is rare where H. stipulacea occurs in Dominica and St.
Lucia (Willette and Ambrose, 2009), and in Dominica these sites are
largely dominated by S. ﬁliforme or bare sand (Steiner et al., 2010;
Steiner and Willette, 2010). Although high species diversity does
not necessarily correlate with a habitat’s ability to resist invasion
(Keeley et al., 2003), high density may (Capers et al., 2007; Catford
et al., 2011). Thus, the success of H. stipulacea may be a result of
a more complex combination of factors than those examined to
date.

4.2. Effects of H. stipulacea on fauna in a native Caribbean
seagrass bed
Mensurative comparisons of fauna associated with the invasive
seagrass H. stipulacea and native Caribbean seagrass S. ﬁliforme indicate clear change occurring in the invaded ecosystem. For ﬁsh, the
signiﬁcantly larger ﬁsh size, and tendency towards higher abundance and richness, of ﬁsh caught in H. stipulacea beds hint at the
invasive seagrass being a more productive assemblage than the
native seagrass. The comparison in ﬁsh catch between the invasive and native seagrasses was not signiﬁcant but had low power
to detect a difference (only 27% power to detect a 50% difference
at alpha = 0.05), so at this point we do not know whether H. stipulacea has changed the near-shore ﬁsh community. The likelihood
of eventual changes in ﬁsh assemblages is supported, however, by
the signiﬁcant differences in epibiota abundances, particularly the
crustaceans and amphipods that are preferred food items by some
predatory ﬁsh (Stoner, 1983). How native ﬁsh and epibiont faunal
community responds to a habitat-forming invasive species depends
in part on its suitability for ecological functions such as those associated with foraging. For example, the introduction of Zostera japonica
onto bare mud ﬂats increased local faunal richness and density
(Posey, 1988), whereas the colonization of Caulerpa taxifolia onto
bare sand acted as a chemical deterrent and physical barrier to
ﬁsh food resources and led to the decline in ﬁsh faunal densities
(Levi and Francour, 2004). A clear response to H. stipulacea is not
as apparent in our study as it supports higher epibiont abundances
(particularly Crustacea) than S. ﬁliforme but statistically indistinguishable ﬁsh abundances, except for total ﬁsh length. The limited
number of locations with mono-cultures of the two seagrasses
growing in similar conditions may partly explain the comparable
ﬁsh measurements as ﬁsh found on seagrass beds do not segregate into speciﬁc habitats or meadows, but rather use them as a
spatial continuum that is partitioned by animal age or nutritional
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requirements (Weinstein and Heck, 1979; Middleton et al., 1984).
Thus, the movement of ﬁsh between adjacent H. stipulacea and S. ﬁliforme beds could blur the broad scale effect of different availability
of food resources.
For epibiont ﬁsh prey, H. stipulacea supported signiﬁcantly
higher abundances of total epifaunal and crustaceans than the
native S. ﬁliforme, a result that may be inﬂuenced by attributes
of the host seagrass species. For example, Zostera capricorni and
Posidonia australis seagrasses in Australia both shared a number
of epibiota species and supported other species exclusively, with
the abundance of epibionts varying greatly in response to local
changes in the seagrass blade height and density (Bell and Westoby,
1986). De Troch et al. (2001) found a higher diversity of epibiota on
the structurally similar long, thin-bladed Syringodium isoetifolium
and Halodule wrightii than elliptic, oblong bladed H. stipulacea and
Halophila ovalis. The conclusions of De Troch et al. (2001) differ
from our study’s ﬁndings, which showed H. stipulacea supporting
a higher abundance of total epibionts than the long, thin-bladed
S. ﬁliforme. We attribute the differences in epibiotic abundances
to the architectural differences of the seagrass blades, yet with
the opposite conclusion from De Troch et al. in that the ﬂat, elliptic H. stipulacea support more epibiota than the thin, cylindrical
S. ﬁliforme. Our conclusion is further supported by Stoner (1980),
who similarly found seagrass surface area rather than biomass as
the driving factor in epibiota abundances. Predation and seagrass
structural complexity also inﬂuence epibiont abundances with low
ﬁsh abundances and dense, convoluted seagrass beds supporting
higher epibiont counts (Nelson, 1979; Nelson et al., 1982; Edgar
and Robertson, 1992). Thus H. stipulacea’s thick, creeping formation
may act as better refugia for epibiota than the S. ﬁliforme upright
and solitary blade morphology.
Another key difference between the invasive and native seagrasses was the relative abundance of juvenile ﬁsh, with the native
S. ﬁliforme supporting more than twice the proportion of juveniles
as H. stipulacea. Because the beds (and paired traps) were in close
proximity, it is difﬁcult to determine how well H. stipulacea could
provide a nursery function for Dominica ﬁsh species, but the differences in juvenile proportions suggest that S. ﬁliforme may be a
better nursery. Some ﬁsh life-stage dynamics from Dominican seagrass beds differed from other Caribbean reports. For example, only
adult yellowtail snapper Ocyurus chrysurus were captured in seagrass beds in Dominica, yet O. chrysurus is typically found in the
juvenile stage, not as adults, in these seagrass beds elsewhere in
the Caribbean (Nagelkerken et al., 2000, 2001). It is worth noting
that mangroves, an important ﬁsh nursery habitat (Baelde, 1990;
Mumby et al., 2004), do not occur in Dominica (Steiner, 2003).
Hence in Dominica, seagrasses, native or invasive, may be the only
nursery habitat available for juvenile ﬁsh prior to their migration
to coral reefs or the open ocean.
4.3. Involuntary dispersal of H. stipulacea by local ﬁshing gear
Local ﬁshing methods may increase the dissemination of H.
stipulacea propagules and the likelihood of the invasive seagrass
expanding to new habitat. Seagrasses naturally form vegetative
propagules (Cambridge et al., 1983; Alberte et al., 1994), but here,
locally used ﬁsh traps also, with the exclusion of a single outlying data point, create signiﬁcantly more propagules and larger
propagules with increased ﬁshing period. It is note-worthy that
in Dominica, ﬁsh traps are typically emptied and retrieved once
a week, given trap ﬁshing is supplemental to more frequent ﬁshing techniques such as line and net ﬁshing (personal observations).
The probability of an adult macrophyte forming from a fragment is
very low, yet these odds are improved as the number of fragments
increases (Smith and Walters, 1999). Additionally, the survivorship of a fragment improves with increased clump size (West

et al., 2007) and H. stipulacea’s rapid growth (Marbá and Duarte,
1998) through ﬁsh trap mesh may contribute to the formation
of larger clumps with increased submergence time. The average
size of fragments created by the ﬁsh traps were comparable to
what has been observed naturally for Halophila and Halodule in
Florida (Hall et al., 2006). Hence, in addition to the spread of H.
stipulacea by pleasure boats and anchoring (Ruiz and Ballantine,
2004; Gambi et al., 2009), sustenance ﬁshing via ﬁsh traps may
be directly contributing to the expansion of H. stipulacea in
Dominica.

4.4. Threats and beneﬁts of H. stipulacea
The rapid expansion and observed displacement capability H.
stipulacea is a potential threat to local seagrass diversity and may
create unknown shifts in trophic structure, as has been the case
with many other invasive macrophytes including Caulerpa taxifolia, C. racemosa, Undaria pinnatiﬁda, Caulerpa racemosa, and Spartina
spp. (Meinesz and Hesse, 1991; Verlaque et al., 2000; Grevstad et al.,
2003; Casas et al., 2004). The combination of H. stipulacea’s aggressive growth (Willette and Ambrose, 2009) along with its potential
capacity to disperse both short-range via fragments created by
ﬁsh traps and long-range via ship trafﬁc (Ruiz and Ballantine,
2004) put this invasive species in a position to alter the seagrass
community in Dominica, St. Lucia, Grenada, and elsewhere in the
Caribbean. Furthermore, the current worldwide decline in seagrass health and coverage (Duarte, 2002; Orth et al., 2006; Waycott
et al., 2009) is being driven by disturbances such as coastal development (Cambridge and McComb, 1984), wasting disease (den
Hartog, 1987), overﬁshing (Jackson et al., 2001), and eutrophication (Burkholder et al., 2007), disturbances that may make the
expansion of an invasive species even more likely (Byrnes et al.,
2007).
Invasive species are frequently reported as having devastating
ecological impacts with implications ranging from the local loss of
key species to the widespread decline in ecosystem functions and
services (Carlton et al., 1990; Spencer et al., 1991; Shiganova, 1998;
Lowe et al., 2000; Boudouresque and Verlaque, 2002). One of the
most visible changes with the arrival of a submerged macrophyte
is the loss of open mud and the mudﬂat’s associated fauna, which
proceed to have profound effects at multiple trophic levels (Posey,
1988; Baldwin and Lovvorn, 1994; Neira et al., 2005; Ayres et al.,
2004; Levin et al., 2006; Burfeind et al., 2009). It is unclear whether
the loss of unvegetated sediments, with their distinct biodiversity
and functional role, can be substituted ecologically by an invading
macrophyte. Still, some non-indigenous species can have “positive” ecological impacts in invaded habitats (Sax et al., 2007; Davis
et al., 2011). Invasive species have been reported to facilitate native
species through mechanisms including pollination, habitat modiﬁcation, and predatory release (see Rodriguez, 2006 for review). In
seagrass beds where the invasion of Zostera japonica into native
Z. marina habitats along the Paciﬁc Northwest coast resulted in
competition between the plants, vegetated benthic cover increased
overall and supported higher productivity within invaded bays
(Posey, 1988; Baldwin and Lovvorn, 1994; Ruesink et al., 2006).
Optimistically then, the expansion of H. stipulacea into unvegetated or low-density seagrass assemblages in Dominica and the
Caribbean may lead to a greater availability of trophic resources
such as epibiota prey, and may support an increased number of
both seagrass and non-seagrass associated ﬁsh. In Dominica particularly, present seagrass acreage is limited and H. stipulacea may
increase coverage by expanding into areas not currently inhabited
by seagrass. Thus, the consolation of decreased local seagrass biodiversity may be the creation of new seagrass habitat and its own
associated resources.

D.A. Willette, R.F. Ambrose / Aquatic Botany 103 (2012) 74–82

Acknowledgements
We thank Dr. Sascha C.C. Steiner and the Institute for Tropical
Marine Ecology in Dominica for providing constructive comments
and logistical support. Comments by Dr. Peggy Fong and an anonymous reviewer were also immensely useful and appreciated. We
also thank the Ministry of Agriculture: Fisheries and the Environment Division, Government of Dominica and are grateful for the
warm hospitality extended by the many individuals in Dominica.
D. Willette was a Eugene Cota-Robles Diversity Fellow and Celia
and Joseph Blann Fellow during this study and his research was
supported in part by the UCLA Global Health Program.

References
Alberte, R.S., Suba, G.K., Procaccini, G., Zimmerman, R.C., Fain, S.R., 1994. Assessment
of genetic diversity of seagrass populations using DNA ﬁngerprinting: implications for population stability and management. Proceedings of the National
Academy of Sciences of the United States of America 9, 1049–1053.
Ayres, D.R., Smith, D.L., Zaremba, K., Klohr, S., Strong, D.R., 2004. Spread of exotic
cordgrasses and hybrids (Spartina sp.) in the tidal marshes of San Francisco Bay,
California, USA. Biological Invasions 6, 22–231.
Baelde, P., 1990. Differences in the structure of ﬁsh assemblages in Thalassia
testudinum beds in Guadeloupe, French West Indies, and their ecological signiﬁcance. Marine Biology 105, 163–173.
Baldwin, J.R., Lovvorn, J.R., 1994. Expansion of seagrass habitat by the exotic Zostera
japonica, and its use by dabbling ducks and brant in Boundary Bay, British
Columbia. Marine Ecology: Progress Series 103, 119–127.
Beer, S., Waisel, Y., 1981. Effects of light and pressure on photosynthesis in two
seagrasses. Aquatic Botany 13, 331–337.
Bell, J.D., Westoby, M., 1986. Variation in seagrass height and density over a wide
spatial scale: effects on common ﬁsh and decapods. Journal of Experimental
Marine Biology and Ecology 104, 275–295.
Bilgin, S., Celik, E.S., 2009. Age, growth and reproduction of the black scorpionﬁsh,
Scorpaena porcus (Pisces, Scorpaenidae), on the Black Sea Coast of Turkey. Journal
of Applied Ichthyology 25, 55–60.
Bohlke, J.E., Chaplin, C.C.G., 1968. Fishes of the Bahamas and Adjacent Tropical
Waters. Livingston Publishing, Wynnewood, PA.
Bologna, P.A.X., 2007. Impact of differential predation potential on eelgrass (Zostera
marina) faunal community structure. Aquatic Ecology 41, 221–229.
Boudouresque, C.F., Verlaque, M., 2002. Biological pollution in the Mediterranean
Sea: invasive versus introduced macrophytes. Marine Pollution Bulletin 44,
32–38.
Burfeind, D., Tibbetts, I., Udy, J., 2009. Habitat preference of three common ﬁshes for
seagrass, Caulerpa taxifolia, and unvegetated substrate in Moreton Bay, Australia.
Environmental Biology of Fishes 84, 317–322.
Burke, M.J.W., Grime, J.P., 1996. An experimental study of plant community invasibility. Ecology 77, 776–790.
Burkholder, J.M., Tomask, D.A., Touchette, B.W., 2007. Seagrasses and eutrophication. Journal of Experimental Marine Biology and Ecology 350, 46–72.
Byrnes, J.E., Reynolds, P.L., Stachowicz, J.J., 2007. Invasions and extinctions reshape
coastal marine food webs. PLoS ONE 2, e295.
Cambridge, M.L., Carstairs, S.A., Kuo, J., 1983. An unusual method of vegetative propagation in Australian zosteraceae. Aquatic Botany 15, 201–203.
Cambridge, M.L., McComb, A.J., 1984. The loss of seagrasses in Cockburn Sound,
Western Australia. I. The time course and magnitude of seagrass decline in
relation to industrial development. Aquatic Botany 20, 229–243.
Capers, R.S., Selsky, R., Bugbee, G.J., White, J.C., 2007. Aquatic plant community invasibility and scale-dependent patterns in native and invasive species richness.
Ecology 88, 3135–3143.
Carlton, J.T., Thompson, J.K., Schemel, L.E., Nichols, F.N., 1990. Remarkable invasion of
San Francisco Bay (California, USA) by the Asian clam Potamocorbula amurensis.
I. Introduction and dispersal. Marine Ecology: Progress Series 66, 81–94.
Casas, G., Scrosati, R., Piriz, M.L., 2004. The invasive kelp Undaria pinnatiﬁda
(Phaeophyceae, Laminariales) reduces native seaweed diversity in Nuevo Gulf
(Patagonia, Argentina). Biological Invasions 6, 411–416.
Catford, J.A., Vesk, P.A., White, D.A., Wintle, B.A., 2011. Hotspots of plant invasion
predicted by propagule pressure and ecosystem characteristics. Diversity and
Distributions 17, 1099–1110.
Ceccherelli, G., Cinelli, F., 1999. The role of vegetative fragmentation in dispersal
of the invasive algae Caulerpa taxifolia in the Mediterranean. Marine Ecology:
Progress Series 182, 299–303.
Cohen, A.N., Carlton, J.T., 1998. Accelerating invasion rate in a highly invaded estuary.
Science 279, 555–557.
Coppejans, E., Beeckman, H., Wit, M.D., 1992. The seagrass and associated macroalgal
vegetation of Gazi Bay (Kenya). Hydrobiologia 247, 59–75.
Davis, M.A., Chew, M.K., Hobbs, R.J., Lugo, A.E., Ewel, J.J., Vermeij, G.J., Brown, J.H.,
Rosenzweig, M.L., Gardener, M.R., Carroll, S.P., Thompson, K., Pickett, S.T.A.,
Stromberg, J.C., Tredici, J.G., Suding, K.N., Ehrenfeld, J.G., Grime, J.P., Mascaro,
J., Briggs, J.C., 2011. Don’t judge species on their origins. Nature 474, 153–154.
den Hartog, C., 1970. The Sea-grasses of the World. North-Holland, London.

81

den Hartog, C., 1987. “Wasting Disease” and other dynamic phenomena in Zostera
beds. Aquatic Botany 27, 3–14.
den Hartog, C., 1997. Is Sargassum muticum a threat to eelgrass beds? Aquatic Botany
58, 37–41.
De Troch, M., Fiers, F., Vincx, M., 2001. Alpha and beta diversity of harpacticoid
copepods in a tropical seagrass bed: the relation between diversity and species’
range size distribution. Marine Ecology: Progress Series 215, 225–236.
Duarte, C.M., 1991. Allometric scaling of seagrass form and productivity. Marine
Ecology: Progress Series 77, 289–300.
Duarte, C.M., 2002. The future of seagrass meadows. Environmental Conservation
29, 192–206.
Edgar, G.J., Robertson, A.I., 1992. The inﬂuence of seagrass structure on the distribution and abundance of mobile epifauna: pattern and process in a Western
Australian Amphibolis bed. Journal of Experimental Marine Biology and Ecology
160, 13–31.
Froese, R., Pauly, D., 2009. FishBase. www.ﬁshbase.org (accessed 01.11.09).
Gallegos, M.E., Merino, M., Rodriguez, A., Marba, N., Duarte, C.M., 1994. Growth patterns and demography of pioneer Caribbean seagrasses Halodule wrightii and
Syringodium ﬁliforme. Marine Ecology: Progress Series 109, 99–104.
Gambi, M.C., Barbierim, F., Bianchi, C.N., 2009. New record of the alien seagrass
Halophila stipulacea (Hydrocharitaceae) in the western Mediterranean: a further
clue to changing Mediterranean Sea biogeography. Marine Biodiversity Records
2, 1–7.
Grevstad, F.S., Strong, D.R., Garcia-Rossi, D., Switzer, R.W., Wecker, M.S., 2003.
Biological control of Spartina alterniﬂora, Willapa Bay, Washington using the
planthopper Prokelisia marginata: agent speciﬁcity and early results. Biological
Control 27, 32–42.
Gribben, P.E., Wright, J.T., 2006. Invasive seaweed enhances recruitment of a native
bivalve: roles of refuge from predation and the habitat choice of recruits. Marine
Ecology: Progress Series 318, 177–185.
Gribben, P.E., Wright, J.T., O’Connor, W.A., Doblin, M.A., Eyre, B., Steinberg, P.D.,
2009. Reduced performance of native infauna following recruitment to a habitatforming invasive marine alga. Oecologia 158, 733–745.
Hall, L.M., Hanisak, M.D., Virnstein, R.W., 2006. Fragments of the seagrasses Halodule wrightii and Halophila johnsonii as potential recruits in Indian River Lagoon,
Florida. Marine Ecology: Progress Series 310, 109–117.
Hemminga, M.A., Marba, N., Stapel, J., 1999. Leaf nutrient resorption, leave lifespan
and the retention of nutrients in seagrass systems. Aquatic Botany 65, 141–158.
Honeychurch, L., 1995. The Dominica Story – A History of the Island. Macmillan
Press, United Kingdom.
Houston, W.A., Duivenvoorden, L.J., 2002. Replacement of littoral native vegetation with the ponded pasture grass Hymenachne amplexicaulis: effects on plant,
macroinvertebrate and ﬁsh biodiversity of backwaters in Fitzroy River, Central
Queensland, Australia. Marine and Freshwater Research 53, 1235–1244.
Jackson, J.B.C., Kirby, M.X., Berger, W.H., Bjorndal, K.A., Botsford, L.W., Bourque,
B.J., Bradbury, R.H., Cooke, R., Erlandson, J., Estes, J.A., Hughes, T.P., Kidwell,
S., Lange, C.B., Lenihan, H.S., Pandolﬁ, J.M., Peterson, C.H., Steneck, R.S., Tegner,
M.J., Warner, R.R., 2001. Historical overﬁshing and the recent collapse of coastal
ecosystems. Science 293, 629–637.
Jun Bando, K., 2006. The roles of competition and disturbance in a marine invasion.
Biological Invasions 8, 755–763.
Keeley, J.E., Lubin, D., Fotheringham, C.J., 2003. Fire and grazing impacts on plant
diversity and alien plant invasions in the southern Sierra Nevada. Ecological
Applications 13, 1355–1374.
Klein, J., Verlaque, M., 2008. The Caulerpa racemosa invasion: a critical review. Marine
Pollution Bulletin 56, 205–225.
Lapointe, B.E., Barile, P.J., Wynne, M.J., Yentsch, C.S., 2005. Reciprocal Caulerpa invasion. Mediterranean Caulerpa ollivieri in the Bahamas supported by human
nitrogen enrichment. Aquatic Invaders 16, 1–5.
Lee, K.S., Park, S.R., Kim, Y.K., 2007. Effects of irradiance, temperature, and nutrients
on growth dynamics of seagrasses: a review. Journal of Experimental Marine
Biology and Ecology 350, 144–175.
Lenth, R.V., 2009. Java Applets for Power and Sample Size [Computer software],
Retrieved 6 July 2011 from http://www.stat.uiowa.edu/∼rlenth/Power.
Levi, F., Francour, P., 2004. Behavioural response of Mullus surmuletus to habitat
modiﬁcation by the invasive macroalga Caulerpa taxifolia. Journal of Fish Biology
64, 55–64.
Levin, L.A., Neira, C., Grosholz, E.D., 2006. Invasive cordgrass modiﬁes westland
trophic function. Ecology 87, 419–432.
Lipkin, Y., Beer, S., Zakai, D., 2003. In: Green, E.P., Short, F.T. (Eds.), The Seagrasses
of the Eastern Mediterranean and the Red Sea in World Atlas of Seagrasses.
University of California Press, Berkeley, CA, pp. 65–73.
Longepierre, S., Robert, A., Levi, F., Francour, P., 2005. How invasive alga species
(Caulerpa taxifolia) induces changes in foraging strategies of the benthivorous
ﬁsh Mullus surmuletus in coastal Mediterranean ecosystems. Biodiversity and
Conservation 14, 365–376.
Lorenti, M., Gambi, M.C., Guglielmo, R., Patti, F.P., Scipione, M.B., Zupo, V., Buia, M.C.,
2011. Soft-bottom macrofaunal assemblages in the Gulf of Salerno, Tyrrhenian
Sea, Italy, an area affected by the invasion of the seaweed Caulerpa racemosa var.
cylindracea. Marine Ecology 32, 320–334.
Lowe, S., Browne, M., Boudjelas, S., De Poorter, M., 2000. 100 of the World’s Worst
Invasive Alien Species – A selection from the Global Invasive Species Database.
World Conservation Union (IUCN), p. 12.
Macreadie, P.I., Bishop, M.J., Booth, D.J., 2011. Implications of climate change for
macrophyte rafts and their hitchhikers. Marine Ecology: Progress Series 443,
285–292.

82

D.A. Willette, R.F. Ambrose / Aquatic Botany 103 (2012) 74–82

Marbá, N., Duarte, C.M., 1998. Rhizome elongation and seagrass clonal growth.
Marine Ecology: Progress Series 174, 269–280.
Martinez-Andrade, F., 2003. A comparison of life histories and ecological aspects
among snappers (Pisces: Lutjanidae). Dissertation, Louisiana State University.
Meinesz, A., Hesse, B., 1991. Introduction of the tropical alga Caulerpa taxifolia and
its invasion of the Northwestern Mediterranean. Acta Oceanologica Sinica 14,
415–426.
Meinesz, A., Belsher, T., Thibaut, T., Antolic, B., Mustapha, K.B., Boudoureque, C.F.,
Chiaverini, D., Cinelli, F., Cottalorda, J.M., Djellouli, A., El Abed, A., Orestano, C.,
Grau, A.M., Ivesa, L., Jaklin, A., Langar, H., Massuit-Pascual, E., Peirano, A., Tunesi,
L., de Vaugelas, J., Zavodnik, N., Zulijevic, A., 2001. The introduced green algae
Caulerpa taxifolia continues to spread in the Mediterranean. Biological Invasions
3, 201–210.
Middleton, M.J., Bell, J.D., Burchmore, J.J., Pollard, D., Pease, B.C., 1984. Structural
differences in the ﬁsh communities of Zostera capricorni and Posidonia australis
seagrass meadows in Botany Bay, New South Wales. Aquatic Botany 8, 89–109.
Mooney, H.A., Cleland, E.E., 2001. The evolutionary impact of invasive species. Proceedings of the National Academy of Sciences of the United States of America
98, 5446–5451.
Mueller, K.W., Dennis, G.D., Eggleston, D.B., Wicklund, R.I., 1994. Size-speciﬁc social
interactions and foraging styles in a shallow water population of mutton snapper, Lutjanus analis (Pisces: Lutjanidae), in the central Bahamas. Environmental
Biology of Fishes 40, 175–188.
Mumby, P.J., Edwards, A.J., Arias-Gonzalez, J.E., Lindeman, K.C., Blackwell, P.G., Gall,
A., Gorczynska, M.I., Horborne, A.R., Pescod, C.L., Renken, H., Wabnitz, C.C.C.,
Llewellyn, G., 2004. Mangroves enhance the biomass of coral reef ﬁsh communities in the Caribbean. Nature 427, 533–536.
Munro, J.L., 1983. Caribbean Coral Reef Fishery Resources. International Center for
Living Aquatic Resources Management SR7, p. 283.
Nagelkerken, I., Dorenbosch, M., Verberk, W.E.C.P., Cocheret de la Morinere, E.C., van
der Velde, G., 2000. Importance of shallow-water biotopes of a Caribbean bay for
juvenile coral reef ﬁshes: patterns in biotope association, community structure
and spatial distribution. Marine Ecology: Progress Series 202, 175–192.
Nagelkerken, I., Kleijnen, S., Klop, T., van den Brand, R.A.C.J., de la Moriniere, E.C.,
van der Velde, G., 2001. Dependence of Caribbean reef ﬁshes on mangroves and
seagrass beds as nursery habitats: a comparison of ﬁsh faunas between bays
with and without mangroves/seagrass beds. Marine Ecology: Progress Series
214, 225–235.
Naylor, R.L., Williams, S.L., Strong, D.R., 2001. Aquaculture – a gateway for exotic
species. Science 294, 1655–1656.
Nelson, W.G., 1979. Experimental studies of selective predation on amphipods: consequences for amphipod distribution and abundance. Journal of Experimental
Marine Biology and Ecology 38, 225–245.
Nelson, W.G., Cairns, K.D., Virnstein, R.W., 1982. Seasonality and spatial patterns of
seagrass-associated amphipods of the Indian River lagoon, Florida. Bulletin of
Marine Science 32, 121–129.
Neira, C., Levin, L.A., Grosholz, E.D., 2005. Benthic macrofaunal communities of three
sites in San Francisco Bay invaded by hybrid Spartina, with comparison to uninvaded habitats. Marine Ecology: Progress Series 292, 111–126.
Orth, R.J., Carruthers, T.J.B., Dennison, W.C., Duarte, C.M., Fourqurean, J.W., Heck, K.L.,
Hughes, A.R., Kendrick, G.A., Kenworthy, W.J., Olyarnik, S., Short, F.T., Waycott,
M., Williams, S.L., 2006. A global crisis for seagrass ecosystems. BioScience 56,
987–996.
Pereg, L.L., Lipkin, Y., Sar, N., 1994. Different niches of the Halophila stipulacea seagrass bed harbor distinct populations of nitrogen ﬁxing bacteria. Marine Biology
119, 327–333.
Piazzi, L., Ceccherelli, G., Cinelli, F., 2001. Threat to macroalgal diversity: effects of
the introduced green algae Caulerpa racemosa in the Mediterranean. Marine
Ecology: Progress Series 210, 149–159.
Por, F.D., 1971. One hundred years of Suez Canal – a century of Lessepsian migration:
retrospect and viewpoints. Journal of Systematic Zoology 20, 138–159.
Posey, M.H., 1988. Community changes associated with the spread of an introduced
seagrass, Zostera japonica. Ecology 69, 974–983.
Relini, G., Relini, M., Torchia, G., 2000. Fish population changes following the invasion
of the allochthonous alga Caulerpa taxifolia in the Ligurian Sea (N-W Mediterranean). ICES Journal of Marine Science 57, 1421–1427.
Rodriguez, L.F., 2006. Can invasive species facilitate native species? Evidence of how,
when, and why these impacts occur. Biological Invasions 8, 927–939.
Ruesink, J.L., Feist, B.E., Harvey, C.J., Hong, J.S., Trimble, A.C., Wisehart, L.M., 2006.
Changes in productivity associated with four introduced species: ecosystem
transformation of a ‘pristine’ estuary. Marine Ecology: Progress Series 311,
203–215.

Ruiz, H., Ballantine, D.L., 2004. Occurrence of the seagrass Halophila stipulacea in the
tropical West Atlantic. Bulletin of Marine Science 75, 131–135.
Sax, D.F., Stachowicz, J.J., Brown, J.H., Bruno, J.F., Dawson, M.N., Gaines, S.D., Grosberg,
R.K., Hastings, A., Holt, R.D., Mayﬁeld, M.M., O’Connor, M.I., Rice, W.R., 2007.
Ecological and evolutionary insight from species invasions. Trends in Ecology &
Evolution 22, 465–471.
Schmidt, A.L., Scheibling, R.E., 2006. A comparison of epifauna and epiphytes on
native kelps (Laminaria species) and an invasive alga (Codium fragile ssp. tomentosoides) in Nova Scotia, Canada. Botanica Marina 49, 315–330.
Schwarz, A.M., Hellblom, F., 2002. The photosynthetic light response of Halophila
stipulacea growing along a depth gradient in the Gulf of Aqaba, the Red Sea.
Aquatic Botany 74, 263–272.
Shiganova, T.A., 1998. Invasion of the Black Sea by the ctenophore Mnemisopsis leidyi
and recent change in pelagic community structure. Fisheries Oceanography 7,
305–310.
Short, F.T., Carruthers, T., Dennison, W., Waycott, M., 2007. Global seagrass distribution and diversity: a bioregional model. Journal of Experimental Marine Biology
and Ecology 350, 3–20.
Smith, C.M., Walters, L.J., 1999. Fragmentation as a strategy for Caulerpa species:
fates of fragments and implications for management of an invasive weed. Marine
Ecology 20, 307–319.
Smith, J.E., Hunter, C.L., Smith, C.M., 2002. Distribution and reproductive characteristics of non-indigenous and invasive marine algae in the Hawaiian Islands.
Paciﬁc Science 56, 299–315.
Spencer, C.N., McClelland, B.R., Stanford, J.A., 1991. Shrimp stocking, salmon collapse,
and eagle displacement. BioScience 41, 14–21.
Stafford, N.B., Bell, S.S., 2006. Space competition between seagrass and Caulerpa prolifera (Forsskaal) Lamouroux following simulated disturbances in Lassing Park,
FL. Journal of Experimental Marine Biology and Ecology 333, 49–57.
Streftaris, N., Zenetos, A., 2006. Alien marine species in the Mediterranean – the
100 ‘worst invasives’ and their impact. Mediterranean Marine Science Journal
7, 87–118.
Steiner, S.C.C., 2003. Stony corals and reefs of Dominica (Lesser Antilles). Atoll
Research Bulletin 498, 1–17.
Steiner, S.C.C., Willette, D.A., 2010. The distribution and size of benthic marine habitats in Dominica, Lesser Antilles. Revista de Biologia Tropical 58, 589–602.
Steiner, S.C.C., Macfarlane, K.J., Price, L.M., Willette, D.A., 2010. The distribution of
seagrasses in Dominica, Lesser Antilles. Revista de Biologia Tropical 58, 89–98.
Stoner, A.W., 1980. Perception and choice of substratum by epifaunal amphipods
associated with seagrasses. Marine Ecology: Progress Series 3, 105–111.
Stoner, A.W., 1983. Distributional ecology of amphipods and tanaidaceans associated with three sea grass species. Journal of Crustacean Biology 3, 505–518.
Tomlinson, P.B., 1974. Vegetative morphology and meristem dependency – the foundation of productivity in seagrasses. Aquaculture 4, 107–130.
Verlaque, M., Boudouresque, C.F., Meinesz, A., Gravez, V., 2000. The Caulerpa racemosa (Caulerpales, Ulvophyceae) complex in the Mediterranean Sea. Botanica
Marina 43, 49–68.
Wahbeh, M.L., 1988. Seasonal distribution and variation in the nutritional quality of
different fractions of two seagrass species from Aqaba (Red Sea), Jordan. Aquatic
Botany 32, 383–393.
Waycott, M., Duarte, C.M., Carruthers, T.J.B., Orth, R.J., Dennison, W.C., Olyarnik, S.,
Calladine, A., Fourqurean, J.W., Heck Jr., K.L., Hughes, A.R., Kendrick, G.A., Kenworthy, W.J., Short, F.T., Williams, S.L., 2009. Accelerating loss of seagrasses
across the globe threatens coastal ecosystems. Proceedings of the National
Academy of Sciences of the United States of America 106, 12377–12381.
Weinstein, M.P., Heck, K.L., 1979. Ichthyofauna of seagrass meadows along the
Caribbean coast of Panama and in the Gulf of Mexico: composition, structure
and community ecology. Marine Biology 50, 97–107.
West, E.J., Barnes, P.B., Wright, J.T., Davis, A.R., 2007. Anchors aweigh: fragment
generation of invasive Caulerpa taxifolia by boat anchors and its resistance to
desiccation. Aquatic Botany 87, 196–202.
West, E.J., Davis, A.R., Barnes, P.B., Wright, J.T., 2009. The role of recreational activities in creating fragments of invasive Caulerpa taxifolia. Journal of Experimental
Marine Biology and Ecology 376, 17–25.
Willette, D.A., Ambrose, R.F., 2009. The distribution and expansion of the invasive
seagrass Halophila stipulacea in Dominica, West Indies, with a preliminary report
from St. Lucia. Aquatic Botany 91, 137–142.
Williams, S.L., 2007. Introduced species in seagrass ecosystems: status and concerns.
Journal of Experimental Marine Biology and Ecology 350, 89–110.
Williams, S.L., Smith, J.E., 2007. A global review of the distribution, taxonomy, and
impacts of introduced seaweeds. Annual Review of Ecology, Evolution, and Systematics 38, 327–359.

