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ABSTRACT: Lionfish Pterois volitans and P. miles have spread rapidly throughout the Caribbean
Sea since 1985, where they negatively impact native fish communities and therefore are consid-
ered by some as the most damaging invasive species in the Caribbean to date. To combat further
population growth and spread of lionfish and to protect native fish communities, various
Caribbean islands have started control efforts. On Bonaire, a removal program based on volun-
teers using spear guns was started immediately after the first lionfish was sighted in 2009, and a
similar program was started on neighboring Curacao 2 yr later. To determine the effectiveness of
these removal efforts, differences in the density and biomass of lionfish were compared between
areas in which lionfish were directly targeted during removal efforts (i.e. 'fished’ areas) on
Bonaire and areas where they were not (i.e. ‘unfished areas’) on both Bonaire and Curacao. Lion-
fish biomass in fished locations on Bonaire was 2.76-fold lower than in unfished areas on the same
island and 4.14-fold lower than on unfished Curacao. While removal efforts are effective at reduc-
ing the local number of lionfish, recruitment from unfished locations, such as those too deep for
recreational diving and at dive sites that are difficult to access, will continuously offset the effects
of removal efforts. Nevertheless, our results show that the immediate start and subsequent contin-
uation of local removal efforts using volunteers is successful at significantly reducing the local
density and biomass of invasive lionfish on small Caribbean islands.
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INTRODUCTION

Eradicating and controlling populations of marine
invasive species has been shown to be a challenging
task. In contrast to terrestrial invasions, experiences
with and methods to deal with marine invasions are
limited (Bax et al. 2001, Secord 2003), and while
some management efforts on land have been suc-
cessful, relatively few marine invaders have been
fully removed from their non-native range (Culver &
Kuris 2000, Bax et al. 2001, Secord 2003, Wotton et al.
2004, Anderson 2005, Genovesi 2005). Full removal
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or control of marine invasives is complicated by the
ability of marine invasives to disperse across large
distances (e.g. through currents or in ballast water),
limited financial and physical resources in areas
where invasions have occurred and a persistent
reservoir of invasives in remote or hard to access
locations (Lafferty & Kuris 1996, Johnston et al.
2009). Furthermore, given the large dispersal poten-
tial of marine invasives, management of such species
often requires international collaboration to ensure
effective control (Bax et al. 2003, Hewitt et al. 2009).
However, creating such collaborative networks takes
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time, and as a result, local and rapid response efforts
are often not sufficiently considered as a (temporary)
alternative to international action to minimize the
effect of marine invasives, despite the fact that such
rapid response strategies are sometimes successful
(Anderson 2005, Frazer et al. 2012).

All aforementioned aspects are relevant to man-
agement efforts aimed at minimizing the negative
effects of the invasive Pacific lionfish Pterois volitans
and P. miles on native marine communities in the
Atlantic Ocean. P. volitans/miles were first sighted in
the Atlantic region near the southeast coast of North
America in 1985, where they had likely been
released by aquarists (Semmens et al. 2004). From
there, they first spread northward along the east
coast of the USA and since 2004 also southward
toward the Caribbean Sea, the Gulf of Mexico and
the north coast of South America (Schofield 2009,
2010, Johnston & Purkis 2011, Frazer et al. 2012). In
the Caribbean, lionfish have established themselves
in a variety of marine habitats, including coral reefs,
mangroves, sea grass beds, coastal estuaries and
deep waters up to 300 m (Barbour et al. 2010, Biggs &
Olden 2011, Jud et al. 2011). They are generalist
predators of small and juvenile fish (Albins & Hixon
2008, Morris & Akins 2009, Coté & Maljkovi¢ 2010,
Green et al. 2011, Munoz et al. 2011, Layman & All-
geier 2012, Valdez-Moreno et al. 2012) and charac-
terized by higher predation rates than similarly sized
native predators with similar life-history characteris-
tics (Albins 2013). In most areas, natural control of
lionfish is unlikely as overfishing has reduced the
number of native predators potentially capable of
consuming them, e.g. Atlantic grouper species (Malj-
kovi¢ et al. 2008, Mumby et al. 2011). The density of
Atlantic lionfish presently exceeds that in its native
range (the Pacific and Indian Oceans) by a factor of
13 to 15 (Darling et al. 2011, Kulbicki et al. 2012),
which is attributed to factors such as the species’ high
fecundity and low parasite load, in addition to the
absence of potential native predators (Fishelson
1975, Morris 2009, Morris et al. 2011a, Albins &
Hixon 2013). It has been suggested that invasive lion-
fish may become one of the most ecologically harm-
ful marine fish introductions to date (Albins & Hixon
2013).

While consensus has been reached that the lionfish
has established itself permanently in both the Ca-
ribbean and the wider Western Atlantic, various
management agencies have proposed measures to
reduce and/or control the local lionfish abundance to
reduce their negative impact on native fish popula-
tions (Albins & Hixon 2008, Coté & Maljkovic¢ 2010,

Arias-Gonzadlez et al. 2011, Green et al. 2011, Muifioz
et al. 2011). Most strategies aimed at reducing local
lionfish abundance involve some form of controlled
or managed (spear) fishing by SCUBA divers and
snorkelers who target lionfish independently or in
organized groups (Frazer et al. 2012). In addition, the
consumption of lionfish is being promoted, and a
commercial fishery for lionfish has been proposed to
ensure constant fishing pressure on lionfish popula-
tions (Albins & Hixon 2013, Munoz et al. 2011).

On Bonaire and Curacao, 2 sister islands in the
southern Caribbean, the first official lionfish sighting
occurred on 26 October 2009 on Bonaire and the fol-
lowing day on Curacao. On Bonaire, the National
Parks Foundation (STINAPA) immediately started
active removal efforts by training ~300 local recre-
ational divers to kill lionfish using modified spear
guns (Eradicate Lion Fish [ELFs™]). On Curacao, a
similar program was started by the Curacaoan
Ministry of Health, Environment and Nature in July
2011, which eventually resulted in 70 divers trained
similarly as those on Bonaire. Spearfishing is illegal
on both islands, and local authorities provided di-
vers participating in aforementioned efforts with
special permits allowing the spearing of lionfish
using ELFs only.

To determine the effectiveness of these removal
efforts, differences in the density and biomass of lion-
fish were compared between areas in which lionfish
were directly targeted during removal efforts (i.e.
'fished’ areas) on Bonaire and areas where they were
not (i.e. 'unfished areas') on both Bonaire and Cura-
cao between June and August 2011. For the purpose
of the present study, we will use the term ‘unfished’
for sites that were not targeted during eradication
efforts but that likely experienced some moderate
form of fishing by individuals diving away from tradi-
tional dive sites in search of dense lionfish popula-
tions. Bonaire and Curacao are only 41 km apart,
occur in the same physicochemical province (Chollett
et al. 2012) and have very similar reef community
structure (van Duyl 1985, Van Veghel 1997, Sandin
et al. 2007). Lionfish appeared on both islands in
October 2009, suggesting that the influx of new indi-
viduals by currents is roughly similar between both
islands. Given the aforementioned similarities, we
assume that for the context of the present study, fish-
ing pressure on lionfish is the main factor that differs
between the 2 islands that affects the density and
biomass of lionfish. Density and biomass of lionfish
were quantified across a depth gradient on both
islands in fished (Bonaire) and unfished (Bonaire and
Curacao) sites along each island's leeward shore.
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MATERIALS AND METHODS
Study sites

Fieldwork was conducted from June to August
2011 on the leeward side of Bonaire (12°N, 68°W)
and Curacao (12°N, 69°W) in the southern Carib-
bean. The windward shores of both islands are gen-
erally non-accessible to divers due to high wave
action and high rocky shores. In contrast, the fringing
reefs on the leeward (southwestern) shores are char-
acterized by relatively calm conditions and are easily
accessible from shore year-round. As a consequence,
lionfish removal efforts are concentrated foremost on
the leeward sides of both islands. On Bonaire, a dis-
tinction between fished and unfished areas was
made. Fishing of lionfish commonly occurs on easily
accessible and popular dive sites and house reefs of
dive operators. It is assumed that divers generally
move no more than 150 m from the location where
they entered the water in a single dive (Hawkins et
al. 1999, Rouphael & Inglis 2002). Such frequently
visited areas, where divers enter the water at marked
and therefore consistent locations, are hereafter con-
sidered fished areas. Areas that are relatively un-
fished or less fished compared to fished areas are
assumed to start at least 200 m away from regular
entry points in any direction and are from here on
referred to as 'unfished’ sites. STINAPA maintains an
online database where volunteers enter number and
location data for the lionfish they caught (see www.
lionfishcontrol.org). These data were used to test our
assumption that the majority of lionfish were indeed
caught within 150 m of entries or
buoys of marked dive sites. This data-
base contains total catch data from
October 2009 to January 2013 and lists
the locations of 9150 caught fish, of
which 75.9 % were caught in areas we
assumed to be fished. This confirmed
our assumption that eradication efforts
are foremost focused on easily accessi-
ble sites according to the definition
mentioned above.

between, some locations on Bonaire could be consid-
ered as fished sites only (n = 10). One location was
considered unfished only, i.e. the Karpata No Diving
Reserve, since removal efforts had not been allowed
here. Hence, a total of 22 fished and 13 unfished sites
were surveyed on Bonaire. On Curacao, 11 sites
were surveyed that were all considered unfished as
removal efforts had not yet started on this island at
the time of our surveys (Fig. 1).

Fish surveys

At all fished and unfished sites, four 50 x 4 m belt
transects were laid out parallel to shore at each depth
(15, 25 and 35 m), resulting in a total of 12 transects
per site. At each depth, the 4 transects were sep-
arated by a distance of 5 m. A diver recorded all lion-
fish in each transect by intensively searching in holes,
in crevices or under ledges. This method is known to
yield similar density and biomass data compared to
methods whereby all fish hiding in the reef structure
are chemically killed using Rotenone and counted
(Kulbicki et al. 2012). The size (total length [TL]) of
each individual was then measured to the closest cm
by holding a ruler next to the fish. These measure-
ments were later converted to weight estimates (W)
in g using the following standard weight-length rela-
tionship for fish (Froese & Pauly 2010):

W = 0.00002285 (TL x 10)%8° (1)

This relationship (r = 0.96) was previously calculated
from 1450 collected lionfish on Bonaire ranging in size
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On Bonaire, 23 sites were surveyed e

(Fig. 1). At 12 of these 23 locations, T - S ors,
lionfish density and biomass was sur- Caribbean Sea c“ram_%?
veyed in paired sites, of which one f,-/fgig‘:f;:é
was fished (<150 m away from access
point) and the other was unfished
(>200 m away from access point).
Since neighboring dive sites were too
close to allow for unfished sites in

Fig. 1. Surveyed locations on the leeward side of Curacao and Bonaire. Open

circles indicate locations where lionfish were not fished in 2011; closed circles

indicate fished locations. Neighbouring black and white circles at certain

locations on Bonaire indicate that surveys at 1 location were conducted at a
fished site and an unfished site nearby (>200 m)
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from 2.5 to 40.2 cm. For each transect, biomass esti-
mates per area (g m~2) were obtained by dividing the
sum of all weight estimates by the area surveyed (i.e.
200 m?). All surveys were conducted by the same sur-
veyors, and because lionfish were easily approachable
by divers, we did not consider the possibility that the
presence of divers caused them to hide or move away,
which would have led to an underestimation of lion-
fish density or biomass in areas frequently visited by
divers. On Bonaire, the 3-dimensional complexity of
the benthos was recorded for each site depth combi-
nation by assigning 1 of 3 qualitative categories:
‘High' for reef communities dominated by large
framework-building corals (>1 m in diameter) and
characterized by large holes and cavities (>0.5 m in
diameter) in the reef framework; ‘Medium’, similar to
High but lacking large holes and cavities in the reef
framework; and '‘Low’ for reef communities dominated
by coral colonies <1 m in diameter. Habitat complexity
was included to determine whether lionfish density
and biomass was higher in more structurally complex
reef environments.

Analyses and statistics

Data on lionfish density and biomass were non-
normal, even after applying commonly used transfor-
mations. To determine significant differences in the
density (n m™2) and biomass (g m~2) of lionfish be-
tween fished and unfished areas, islands and depths,
permutational analysis of variance (PERMANOVA;
Anderson 2001) was used because (1) it is robust to
datasets with many zeros, (2) it allows testing interac-
tions in multivariate data, (3) it makes no assumptions
about underlying data distributions, and (4) it is robust
to unbalanced designs. PERMANOVA uses a permu-
tation procedure to assess significance and does not
rely on the assumption of normality. Analyses were
conducted on untransformed data using Bray-Curtis
dissimilarities and 9999 permutations. Significant dif-
ferences in a PERMANOVA approach can result from
differences in location, spread or a combination
thereof (Anderson 2006). We therefore performed a
distance-based test for homogeneity of multivariate
dispersion using the program PERMDISP2 (Anderson
2006) to obtain measures of spread using principal
coordinate axes (least-absolute-deviation residuals).
Again, p-values were obtained by running 9999 per-
mutations. Because fishing status could not be nested
within island, as fished areas did not exist on Curacao,
we used the 3 island fishing status combinations (ar-
eas) as a fixed factor within which depth was nested.

As our main interest was the differences in lionfish
density and biomass between fished and unfished ar-
eas, we used both site and transect number to con-
struct replicates for both these factors and their inter-
action. When a factor with >2 levels was identified as
significant (at o = 0.05), post-hoc pairwise tests were
conducted, again using 9999 permutations. A similar
approach was used to compare the density and bio-
mass of lionfish among habitats characterized by dif-
ferent levels of topographical complexity, whereas
parametric factorial ANOVASs were used to assess sig-
nificant differences in average individual lionfish
weights and sizes for all aforementioned factors after
data had been log-transformed to ensure data nor-
mality and homogeneity of variances.

RESULTS
Comparison between fished and unfished locations

On Curacao, lionfish were present in 73.5% of all
(n = 147) surveyed transects. On Bonaire, lionfish
were present in 54.9% of transects surveyed in
unfished locations (n = 151) and in 37.5% of all tran-
sects surveyed in fished locations (n = 264). The aver-
age number of lionfish encountered per transect was
0.60 (30 fish ha™') in fished locations on Bonaire, 1.32
(66 fish ha™!) in unfished locations on Bonaire and
2.54 (127 fish ha™') in unfished locations on Curacao.
In unfished sites, lionfish biomass on Bonaire ranged
between 0.00 and 10.75 g m~2, while in fished loca-
tions, it ranged between 0.00 and 6.93 g m~2 Both of
these maximum values resulted from groups of lion-
fish consisting of 7 and 5 ind. respectively, in the sur-
veyed areas. In Curacao, where removal efforts had
not yet started in 2011, biomass ranged from 0.00 to
18.49 g m2 Again, the high maximum values were
caused by groups of lionfish within 1 transect where
the aforementioned value corresponded to a group of
16 lionfish.

Lionfish biomass and density differed significantly
among the 3 combinations of island and fishing status
(Fig. 2, Table 1). A change in lionfish density with
depth was only observed in unfished areas on
Bonaire (negative relationship) and contributed fore-
most to the significant interaction term (area x depth)
for lionfish density (post hoc test; p < 0.05; Table 1).
For biomass, the interaction term was also significant
(Table 1) and caused by a negative relationship
between depth and lionfish biomass in unfished
areas on Bonaire and a positive relationship between
the same factors in unfished areas on Curacao (post
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Fig. 2. (A) Lionfish Pterois spp. density, and (B) biomass in
fished locations on Bonaire (white) and unfished locations
on Bonaire and Curacao (grey and black, respectively) for
3 different depths. Number of sites surveyed per each
combination of factors indicated below boxes in upper
panel. Box plots display the interquartile range (box), me-
dian (center line in box), 10th and 90th percentiles
(whiskers), and minimum and maximum values (@)

Table 1. PERMANOVA results for differences in lionfish
Pterois spp. density and biomass among the 3 areas studied:
Bonaire (fished), Bonaire (unfished), Curacao (unfished)

and depth

SS df MS F P
Density
Area 316.0 2 158.0 53.2 <0.01
Depth 10.9 2 54 1.8 0.13
Interaction 435.3 4 108.8 36.7 <0.01
Residual 1641.5 553 3.0
Total 2403.7 561
Biomass
Area 362.6 2 181.3 56.0 <0.01
Depth 1.7 2 0.9 0.26 0.75
Interaction 296.3 4 74.1 22.9 <0.01
Residual 1788.8 553 3.2
Total 2449.4 561

hoc test; p < 0.05). The test for homogeneity of multi-
variate dispersions showed that none of the signifi-
cant differences observed were due to differences in
spread (all p > 0.12).

Comparison between fished and unfished
locations: size distribution

The average weight of lionfish in fished areas on
Bonaire was less than the average weight of lionfish
from unfished areas on both islands (Fig. 3; factorial
ANOVA, area x depth, F, 730= 4.8, p < 0.001, followed
by Tukey post-hoc tests; p < 0.01). The significant in-
teraction term resulted from a positive relationship be-
tween mean lionfish weight and depth in unfished ar-
eas on Curacao (post-hoc tests; p < 0.01). The average
length of lionfish followed a pattern similar to average
lionfish weight, with the average length in fished areas
on Bonaire being 15 to 26 % smaller than in unfished
areas on both islands (Fig. 4; ANOVA, F, 395 = 12.2,
p <0.001, followed by Tukey post-hoc tests; p < 0.01).

Influence of habitat complexity
Data on habitat complexity was only collected on

Bonaire, and approximately the same number of
habitat type x depth combinations were sampled in
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Fig. 3. Effect of depth and fishing on the weight of individual
lionfish Pterois spp. Number of sites surveyed per each com-
bination of factors indicated below boxes. Box plots display
the interquartile range (box), median (center line in box),
10th and 90th percentiles (whiskers) and minimum and
maximum values (black dots). Same letters indicate factor
combinations that are not significantly different from each
other
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fished (n = 158; white) and unfished locations on Bonaire
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fished and unfished areas. Although lionfish density
and biomass significantly differed among habitat
types (PERMANOVA; F, 35, = 3.53 and 3.95 respec-
tively; p < 0.001) and fished vs. unfished areas
(PERMANOVA; F, 35 = 5.09 and 5.36 respectively;
p < 0.001), the expected relationship between in-
creased habitat complexity and increased lionfish
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Fig. 5. Average lionfish Pterois spp. biomass in sites charac-
terized by high, medium and low habitat complexity in
fished and unfished locations on Bonaire. Number of sites
surveyed per each combination of factors indicated below
boxes. Box plots display the interquartile range (box), me-
dian (center line in box), 10th and 90th percentiles (whiskers),
and minimum and maximum values (black dots). Same let-
ters indicate factor combinations that are not significantly

different from each other

density or biomass could not be supported (Fig. 5).
Lionfish density and biomass were low overall and
did not differ among habitat types in fished areas
(post-hoc tests; p > 0.05); in the unfished areas they
were lowest in habitats of intermediate complexity
(post-hoc tests; p > 0.05). Again, none of the signifi-
cant differences observed were due to differences in
spread (test for homogeneity of multivariate disper-
sions; p > 0.10).

In summary, the biomass (in g m™) of lionfish in
fished locations on Bonaire was 2.76-fold less com-
pared to unfished areas on the same island and 4.14-
fold lower than on unfished Curacao. Secondly, the
density of lionfish (ind. m™2) in fished locations on
Bonaire was 2.21-fold lower than in unfished areas
on the same island and 4.25-fold lower than on un-
fished Curacao. Lastly, the average weight of indi-
vidual lionfish in fished locations on Bonaire was
1.83-fold less than in unfished locations on the same
island and 2.24-fold less than on unfished Curacao.

DISCUSSION

The present study strongly suggests that removal
efforts on Bonaire are effective in reducing the num-
ber (i.e. the rate at which lionfish populations in-
crease) and size of invasive lionfish between depths
of 15 and 35 m. Lionfish biomass is on average 2.76-
fold less in fished areas on Bonaire than in nearby
unfished areas on the same island and 4.14-fold less
than on nearby Curacao where eradication efforts
had not yet started when the present study took
place. Between the depths at which the present study
was conducted, the reef communities on both islands
are very similar (van Duyl 1985, Van Veghel 1997,
Sandin et al. 2007), minimizing the possibility that
spatial variability in reef community structure caused
the observed differences in lionfish biomass and den-
sity between the 2 islands. Our initial hypothesis that
lionfish preferred highly complex reefscapes was not
supported (Fig. 5) although previous studies (Fishel-
son 1975, Biggs & Olden 2011, Jud et al. 2011, Jud &
Layman 2012) have found lionfish to prefer complex
landscapes in a variety of marine habitat types.
Because both islands were invaded simultaneously in
October 2009, our findings likely portray the out-
come of 2 different local management approaches,
i.e. the one on Curacao (no response) and the one on
Bonaire (immediate response). The immediate initia-
tion of organized, local removal efforts on Bonaire by
training many (+300) local divers for lionfish removal
efforts has resulted in lowered lionfish biomass and
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density relative to unfished sites on the leeward side
of the same island within 2 yr after the first lionfish
was sighted. A rapid (local) response to reduce the
abundance of invasive species is widely accepted as
the most efficient methodology to reduce excessive
growth of invasive populations (Culver & Kuris 2000,
Secord 2003, Wotton et al. 2004, Anderson 2005), and
the present study shows that such local management
interventions to reduce the local number of lionfish
can be successful, as has been shown elsewhere in
the Caribbean (Frazer et al. 2012).

That Bonaire has easily accessible reef sites along
its entire leeward coast likely contributed to the suc-
cess of local removal efforts. Unfished locations on
Bonaire that often bordered fished locations (Fig. 1)
also showed an average reduction in lionfish biomass
of 28% relative to unfished locations on Curacao,
which is probably related to the fact that some people
still target these areas to remove lionfish. Based on
actual catch data (see www.lionfishcontrol.org), the
intensity of removal efforts is 3.1-fold lower in areas
we assumed to be 'unfished' compared to ‘fished’
areas, and while substantially less, fishing in sites we
assumed to be unfished could explain the 28%
reduction in lionfish biomass at these sites.

For lionfish, a removal rate between 35 and 65 % of
the adult biomass per year (Barbour et al. 2011) or a
monthly 27 % reduction in adult lionfish density are re-
quired to significantly reduce population renewal
(Morris et al. 2011b). The >2-fold reduction in lionfish
density and biomass in fished locations on Bonaire
suggests that present removal efforts exceed afore-
mentioned removal rates estimated to achieve negative
population growth on a local level. Removal efforts
involving hundreds of volunteer divers thus generate
removal rates high enough to reduce the local popula-
tion of lionfish, confirming similar observations else-
where in the Caribbean (Frazer et al. 2012).

Larger lionfish generally occurred at greater depths
(Fig. 3). Size differences of lionfish across depth have
been associated with ontogenic shifts from shallow to
deeper reefs as individual fish mature (Barbour et al.
2010, Biggs & Olden 2011, Claydon et al. 2012). Such
behavior likely reduces the effectiveness of local
removal efforts as large, and therefore more fecund,
lionfish occur at depths largely inaccessible for
divers. Complete removal will thus be impossible as
lionfish populations on the windward sides of both
islands and those below traditional diving limits
(i.e. ~40 m) remain largely unfished. In addition to
the influx of larvae from other Caribbean locations
(Ahrenholz & Morris 2010, Johnston & Purkis 2011,
Véasquez-Yeomans et al. 2011), larvae produced by

these locally unfished populations will likely perma-
nently offset the effect of removals on the leeward
side assuming that local retention of larvae occurs to
some degree. Lionfish control efforts can therefore
never cease as local populations are likely replen-
ished by recruitment from external sources and
native predators feeding on or learning to feed on
lionfish are presently rare throughout the Caribbean
(Mumby et al. 2011). Although the present study
strongly suggests that removal efforts on Bonaire are
effective in reducing the number and size of invasive
lionfish, it remains unknown if the reduction in lion-
fish results in any ecological benefit. Nevertheless,
our data show that local removal efforts using volun-
teers represent a cost-effective, rapid-response option
that is successful at significantly reducing the density
and biomass of invasive lionfish on a small Carib-
bean island.
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