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Abstract The invasion by Indo-Pacific lionfish
(Pterois volitans and P. miles) of the western
Atlantic, Caribbean and Gulf of Mexico is emerging
as a major threat to coral reef communities across the
region. Comparing native and introduced populations
of invasive species can reveal shifts in ecology and
behaviour that can accompany successful invasions.
Using standardized field surveys replicated at multi-
ple sites in Kenya and the Bahamas, we present the
first direct comparisons of lionfish density, body size,
biomass and behaviour between native and invaded
coral reefs. We found that lionfish occur at higher
densities with larger body sizes and total biomass on
invaded Bahamian coral reefs than the ecologically
equivalent species (P. miles) does on native Kenyan
reefs. However, the combined average density of the
five lionfish species (Pterois miles, P. antennata,
P. radiata, Dendrochirus brachypterus and D. zebra)
on Kenyan reefs was similar to the density of
invasive lionfish in the Bahamas. Understanding the
ecological processes that drive these differences can
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help inform the management and control of invasive
lionfish.
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Introduction

An invasion is currently unfolding across shallow-
water habitats of the northwest Atlantic and Carib-
bean region. Two species of lionfish, Pterois miles
and P. volitans—generalist carnivores native to the
Indo-Pacific region—were introduced to Florida
waters, probably through the aquarium trade, in the
1980s and 1990s (Morris and Whitfield 2009). Over
the following decade, the range of lionfish expanded
northward along the American Atlantic coast, and in
2004, they were first recorded on coral reefs in the
Bahamas (Schofield 2009). They have since become
established around the Caribbean basin (Schofield
2009, 2010), inhabiting a range of habitats including
coral reefs, seagrass meadows and mangroves (Bar-
bour et al. 2010). Their diet in the introduced range is
broad (Morris and Akins 2009), and grave concerns
have been raised about their impact on native fish
fauna [Albins and Hixon 2008; Green et al. (in
review)].
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Invasions by predatory vertebrates are exceedingly
rare in the marine realm (Byrnes et al. 2007). Beyond
lionfish, examples to date include the peacock
grouper Cephalopholis argus (Dierking et al. 2009),
the black-tailed snapper Lutjanus fulvus and the blue-
lined snapper L. kasmira (Friedlander et al. 2002)—
all introduced to the Hawaiian Islands from other
Pacific islands in the 1950s to enhance fisheries—and
the red drum Sciaenops ocellatus, brought from the
northwestern Atlantic to Taiwan for aquaculture in
1987 (Liao et al. 2010). At least two of these
(peacock grouper and blue-lined snapper) are now
abundant in their introduced range, dominating the
density and biomass of coral reef fish communities
(Dierking et al. 2009; Friedlander et al. 2002).
However, there is little information on the ecology,
behaviour or life history of any introduced marine
predators in their native range to place their responses
to their new environment in context.

Comparisons of invasive species in their native
and introduced ranges can reveal potential shifts in
ecology and behaviour and ultimately shed light on
the factors contributing to invasion success and point
to potential control methods. Such comparisons have
seldom been made for marine invaders. Our goals in
this study were therefore two-fold. First, we first
sought to empirically test the widely held notion that
lionfish on invaded Caribbean reefs have reached
greater abundance than they normally do on reefs in
their native range (Green and Coté 2009; Grubich
et al. 2009). We also examined differences in lionfish
body size and activity levels between the native and
introduced ranges as additional gauges of potential
ecological differences between the two areas.

Methods
Lionfish surveys

We conducted underwater visual surveys of lionfish
on coral reefs in both their native (Kenya) and
introduced (Bahamas) ranges. In Kenya, we surveyed
seven reef sites (depths: 2—-18 m) within the Mom-
basa Marine National Park and Reserve between
March and May 2010. Sites were located on shallow
patch reefs in a matrix of sand and seagrass and along
a continuous coral reef wall. In the Bahamas, we
surveyed 13 reef sites (depths: 5-20 m) along a
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continuous coral reef wall off the southwest coast of
New Providence Island between May and July 2008.
Some of the Bahamian sites had wrecks but transects
were not conducted near them. Lionfish were first
observed on New Providence reefs in 2004 (Schofield
2009; REEF 2010).

The survey method was identical across both
locations. At each site, we conducted three to nine
belt transects (10 m wide x 50 m long = 0.05 ha)
laid parallel to the reef crest. We conducted 98
transects in total (23 in Kenya, 75 in the Bahamas).
On each transect, we recorded the abundance, size
(total length, TL, to the nearest cm) and species of all
lionfish encountered. We spatially stratified transects
by reef zone and depth to reduce the possibility of
recounting individual lionfish. During each survey,
observers (ESD, JKO and SJG) thoroughly searched
the transect area for hidden and cryptic lionfish,
including looking under overhangs and inside large
crevices and spaces within the reef framework.
Survey time per transect was ~ 30 min.

We also recorded lionfish behaviour during our
transect surveys in Kenya and the Bahamas. We
classified the behaviour of all lionfish encountered in
Kenya (N = 70) and a subset of the lionfish encoun-
tered on transects in the Bahamas (208 of 239
lionfish; observations occurred at all sites). The
behaviour of each individual lionfish was classified
as active (i.e., either hunting, swimming, hovering in
the water column or moving over the substratum) or
inactive (i.e., resting motionless on the substratum).
Hunting lionfish are distinguished by a typical,
almost immobile hunting posture where the pectoral
fins are fanned out from the body, the dorsal spines
erect, the tail undulating and the head is often facing
downwards (Coté and Maljkovi¢ 2010). All surveys
were conducted between 09:00 and 16:00.

Analyses

To estimate lionfish body mass, we converted indi-
vidual lionfish lengths (TL in cm) to weight using the
allometric relationship:

W =alL® (1)

where a and b were species-specific scaling constants
relating body mass, W (wet weight, g), to total length,
L (cm). We used scaling constants of a = 0.0129 and
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b = 3.201 obtained from Fishbase (www.fishbase.org)
for Dendrochirus brachypterus in our calculations of
body mass for individuals of the two Dendrochirus
species (D. brachypterus and D. zebra), observed on
Kenyan reefs. To calculate the body mass of Pterois
spp. individuals, we used values of a = 0.00497 and
b = 3.291 reported by Green et al. (in review) for
Bahamian Pterois volitans. Transect-specific biomass
was then calculated as the sum of the body mass of
individual lionfish encountered on that transect.

We calculated average lionfish size and body mass
per site from estimates of all individuals encountered
within each region. In these cases, pooling of data
across transects and sites was justified because there
were no difference in either variable among sites
within region (size: Kenyan sites, Fyr — 564 = 0.74,
P = 0.59; Bahamian sites: Fgr - 12206 = 1.49, P =
0.13; body mass: Kenyan sites, Fgr— 564 = 1.11,
P = 0.36; Bahamian sites: Fgr - 12206 = 1.32, P =
0.21). By contrast, we calculated average lionfish
density and biomass per unit area for each site by
averaging the values obtained across the multiple
transects conducted at that site. Both density and
biomass were expressed per ha. We then compared
site-averaged estimates of lionfish density and total
lionfish biomass, and pooled estimates of size and
individual body mass between Kenyan and Bahamian
reefs using parametric ¢ tests. When variances were
unequal, we adjusted the degrees of freedom using
the Welsh modification. We used chi-squared tests to
compare the proportion of active and inactive indi-
viduals of P. miles, P. volitans and the lionfish
assemblage on Kenya reefs.

Results

On Kenyan reefs, we observed 70 lionfish of five
species: Pterois antennata, P. miles, P. radiata,
Dendrochirus brachypterus, and D. zebra (Table 1).
On Bahamian reefs, we observed 239 individual
lionfish. Given the result of genetic analyses of
Bahamian lionfish (Freshwater et al. 2009; Morris
et al. 2009), it is likely that most or all were Pterois
volitans, although some may have been P. miles, a
sister species that is visually identical to P. volitans.
The average density of P. volitans on Bahamian reefs
(101.7 £ 103.0 individuals ha™') was nearly five
times higher than the density of its ecological
equivalent, P. miles, on Kenyan reefs (fz — 163 =
2.4, P = 0.03; Table 1; Fig. 1). However, the density
of P. volitans in the Bahamas was not significantly
higher than the combined density of the five lionfish
species on Kenyan reefs (mean + SD: 71.7 + 90.1
individuals ha™"; tgr — 13 = 0.6, P = 0.55; Fig. 1).
Bahamian P. volitans (mean + SD: 23.0 4 6.5 cm)
were ~ 1.5 times longer than both the average Kenyan
P. miles (ty — 259 =5.2, P < 0.0001; Table 1; Fig. 2a)
and the average of all lionfishes (five species) on Kenyan
reefs (TL: 14.0 &£ 4.4 cm; 4 — 1635=13.2, P <0.0001;
Fig. 2a). Pterois volitans in the Bahamas (194.5 +
159.2 g) was three times heavier than P. miles
(tar = 465 = 7.3, P < 0.0001; Table 1; Fig. 2b), and
over 4.5 times heavier than the average lionfish (all
species combined) on Kenyan reefs (41.5 + 44.6 g;
tar = 3067 = 13.2, P < 0.0001; Fig. 2b). Overall, the
total biomass of lionfish on Bahamian reefs (19.2 £+
21.3 kg ha™') was 13 times higher than the biomass of

Table 1 Activity levels, density, size, body mass and site biomass of five lionfish species on their native Kenyan reefs (N = 7 reefs).
Values are presented as mean =+ standard deviation (minimum value—maximum value)

Species No. individuals No. active Total length (cm)  Body mass (g) Site density, Site biomass,
(no. sites individuals individuals ha™" kg ha™!
present)
Dendrochirus 10 (2) 0 11.8 £ 2.1 (8-15) 38.0 £ 19.9 (10.0-75.0) 12.6 + 30.6 (0-81.8) 0.5 £ 1.1 (0-3.0)
brachypterus
Dendrochirus 2 (1) 0 16.5 + 4.9 (13-20) 118.0 £ 99.7 (47.5-188.5) 1.9 £ 5.0 (0-13.3) 0.2 +£ 0.6 (0-1.6)
zebra
Pterois 27 (4) 1 12.9 £ 3.2 (5-20) 27.1 £ 19.1 (1.0-95.1) 28.5 £29.3 (0-72.7) 0.8 £ 0.9 (0-2.2)
antennata
Pterois miles 22 (5) 7 15.5 £ 6.2 (7-27) 65.5 + 68.0 (3.0-255.3) 25.1 £45.7 (0-110.5) 1.5 + 2.4 (0-6.7)

Pterois radiata 9 (1) 159 £ 2.5 (10-19)

47.9 £ 18.8 (9.7-80.3)

8.6 & 22.7 (0-60.0) 0.4 &+ 1.1 (0-2.9)
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Fig. 1 Densities of lionfish on native (Kenyan) and invaded
(Bahamian) reefs. i Total density of five lionfish species on
Kenyan reefs, ii density of Pterois miles on Kenyan reefs, iii
density of Pterois volitans on Bahamian reefs, iv comparison of

P. miles on Kenyan reefs (ty = 125 = 3.1, P = 0.01;
Table 1; Fig. 2c) and over six times higher than the
biomass of all lionfish species on Kenyan reefs (3.0 &+
3.7 kgha 'ty — 133 = 2.8, P = 0.02; Fig. 2c).

On Kenyan reefs, 23% of the 22 P. miles and 11% of
all 70 lionfish individuals were active upon encounter
during the daytime. Pterois miles was significantly
more active than the four other species of lionfish
(;{2 = 13.7, P = 0.008; Table 1). We did not observe
any hunting lionfishes on Kenyan reefs. On Bahamian
reefs, about one-quarter (27%, N = 56) of the 208
lionfish observed were active. Of these lionfish, 23
individuals were observed hunting. There was no
difference in the proportion of active P. volitans in the
Bahamas and P. miles in Kenya (3> = 0.06, P = 0.8),
although a higher proportion of P. volitans in the
Bahamas were active compared to the overall lionfish
assemblage in Kenya (y* = 6.3, P = 0.01).

Discussion

We present the first direct comparisons of lionfish
density, body size, biomass and behaviour across native
and invaded coral reefs using the same, lionfish-focused
survey method. On invaded Bahamian reefs, the Indo-
Pacific lionfish Pterois volitans (and perhaps also some
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P. miles) occurred at higher densities than its ecological
equivalent, P. miles, on native reefs, although the
average combined density of all five lionfish species on
Kenyan reefs was similar to that of P. volitans in the
Bahamas. Bahamian lionfish were significantly larger
and achieved higher overall biomass than either P. miles
or the total lionfish assemblage in Kenya.

Invasive species often reach high abundance in their
introduced range. This is the case for P. volitans in the
Atlantic (Green and Co6té 2009; this study). Both the
mean and highest reported densities of P. volitans in
the Bahamas (~ 100 individuals ha~" and ~ 340 indi-
viduals ha ™!, respectively; this study, see also Green and
Coté 2009) were higher than the matching densities of
P. miles, its ecological equivalent, in Kenya (25
individuals ha~' and ~ 100 individuals ha_l, respec-
tively). However, lionfish can also occur at relatively
low densities on some Bahamian reefs—eight of the 13
sites had fewer than 65 individuals ha™!, lower than the
average of the five lionfish species in Kenya (Fig. 1)—
even though all of our study sites in the Bahamas were
invaded by lionfish in the same year (S. Cove, personal
communication). Moreover, the native lionfish assem-
blage on Kenyan reefs, which is composed of five species,
can reach similar average (~ 70 individuals ha™') and
maximum densities ( ~ 250 individuals ha™ 1) as lionfish
on Bahamian reefs. Whether low-density lionfish



Indo-Pacific lionfish are larger and more abundant on invaded reefs

2049

Fig. 2 Comparisons of a
a total length, cm, b body
mass, g, and ¢ biomass,

kg hafl, of lionfish on coral
reefs in native (Kenyan) and
introduced (Bahamian)
ranges. Each plot is divided
into four panels: i average
of five lionfish species
found on Kenyan reefs,

ii Pterois miles on Kenyan
reefs, iii P. volitans on
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populations in the Bahamas are still increasing and have
yet to reach higher densities, or are limited by some
ecological process (e.g., habitat and/or prey availability,
competition, predation) requires further investigation.
Howeyver, our results are consistent with the idea that
P.volitans in its introduced range could be released from
the constraints of resource partitioning, which may be
occurring among lionfish species and may be maintain-
ing low species-specific densities in the native range. A
similar pattern has been noted for the peacock grouper
Cephalopholis argus: it is more abundant in its
introduced range (Hawaiian Islands) where it is the only

grouper of its size than in its native Indo-Pacific range,
where it is outcompeted by several other grouper species
(Dierking et al. 2009).

Lionfish on invaded Bahamian reefs are significantly
larger than native lionfish in Kenya. The difference in
average length between P. volitans and P. miles is
striking: the former was ~ 50% longer than the latter in
our study, although in their native ranges (Pacific and
Indian Oceans, respectively), there is little difference
between the two species, at least in maximum length
(38 cm total length, TL, for P. volitans vs. 35 cm
standard length, SL, for P. miles; Sommer et al. 1996;
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Randall et al. 1990; Froese and Pauly 2000). The
maximum recorded total length of P. volitans in the
Caribbean is 49 cm (J. Morris, personal communica-
tion). Other biological invaders have also been reported
to grow larger in their non-native range. For example,
introduced plants commonly attain larger sizes in their
introduced than in their native range (e.g. Jakobs et al.
2004; Ebeling et al. 2008; Chun et al. 2010). Similar
comparisons of animal species in their indigenous and
introduced ranges are rarer, but those we have found
show a similar pattern (e.g. Indian mongoose: Simberl-
off et al. 2000; coypu: Guichdn et al. 2003). There are
several non-mutually exclusive explanations. Lack of
exploitation or low predation mortality in the introduced
range could favour the evolution of larger body sizes and
later ages at maturity (Guichon et al. 2003). For lionfish,
predator diversity and abundance in the Caribbean are
both low compared to the tropical Pacific (e.g. Gladfel-
ter et al. 1980) and there is anecdotal evidence that
lionfish have been traditionally fished in their native
range. However, the rapidity and magnitude of the shift
in body size suggest a phenotypic rather than genetic
response. Ecological release from congeneric compet-
itors (Simberloff et al. 2000), as well as introduction into
areas that are more productive (perhaps exacerbated by
prey naivety) could also account for the larger size of
Bahamian lionfish.

As aresult of both higher abundance and larger body
size, the total biomass of lionfish on Bahamian reefs was
13 times higher than the biomass of P. miles on Kenyan
reefs, and more than six times higher than the biomass of
all lionfish species on Kenyan reefs. Lionfish now make
up a significant proportion of the fish biomass on many
invaded reefs (Green et al. in review). This, combined
with the facts that lionfish have a generalist diet (Morris
and Akins 2009) and few predators owing to their
venomous spines (Morris and Whitfield 2009), has
serious implications for energy flow on invaded reefs.
Although mesopredators by size, lionfish may effec-
tively be apex predators in their introduced range,
shortening food chain length, with consequences for
ecosystem functioning (reviewed by Vander Zanden and
Fetzer 2007).

Lionfish have become successfully established on
reefs in the Bahamas (see also Green and Coté 2009) and
are continuing to spread throughout the western Atlantic
and Caribbean (Schofield 2009, 2010; Ahrenholz and
Morris 2010). Further comparisons across the native and
invaded ranges are required to identify the ecological
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processes that may limit lionfish populations in both
areas. Identifying these mechanisms, and at which life
history stage these processes act on, is crucial informa-
tion for management decisions that aim to control
populations of invasive lionfish.
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