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ABSTRACT: Indo-Pacific lionfish Pterois volitans/miles were likely introduced to Florida coastal
waters via the aquarium trade and have spread rapidly along the southeastern coast of the United
States and throughout the greater Caribbean region, including Bermuda and the Gulf of Mexico.
This mesopredator has strong consumptive effects on native demersal fishes, especially on coral
reefs but also including a variety of other nearshore habitats. The invader may also have substan-
tial indirect effects on reef ecosystems by overconsuming ecologically important species. Given
growing concern over what is likely the most damaging marine fish invasion to date globally, this
Theme Section presents findings reported during a lionfish symposium at the Gulf and Caribbean
Fisheries Institute annual conference convened in Panama City, Panama, in November 2015. New
findings include mechanisms that enhance the success of the invader, the extremely broad and
variable diet of invasive lionfish, the ecological effects of the invader on native fish populations in
various environmental contexts, and non-consumptive interactions between invasive lionfish and

native predators.
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The invasion of tropical and subtropical Western
Atlantic coastal ecosystems by Indo-Pacific lionfish
Pterois volitans/miles (Fig. 1) first became apparent
in the early 2000s when multiple individuals were
documented off the coast of North Carolina (Whit-
field et al. 2002). Lionfish were likely introduced
through aquarium releases (Semmens et al. 2004),
and not by Hurricane Andrew (www.sciencemag.org/
news/2010/04/mystery-lionfish-dont-blame-hurricane-
andrew). Their geographic spread has been rapid
and broad: up the eastern seaboard of the United
States as far north as Rhode Island (summer recruits
dying back to Cape Hatteras during the winter),
across to Bermuda, throughout the Bahamas and
the greater Caribbean region to Brazil, and into the
Gulf of Mexico (Schofield 2010). Invaded habitats

*Corresponding author: hixonm@hawaii.edu

include coral reefs, other hard seafloors, seagrass
beds, mangroves, river estuaries, and various artifi-
cial structures, and individuals have been sighted
from manned submersibles as deep as 300 m (re-
views by Morris 2012, Albins & Hixon 2013, Coté
et al. 2013a). This unprecedented invasion has been
facilitated by rapid growth rates of individual lionfish
(Pusack et al. 2016), exponentially increasing local
population sizes (Green et al. 2012, Albins & Hixon
2013), and resulting high densities (Green & Coété
2009, Kulbicki et al. 2012, Dahl & Patterson 2014),
indicating that these largely piscivorous invaders are
quickly converting native prey into lionfish biomass.

The success of lionfish has likely been enhanced by
the lack of substantial biotic resistance by invaded
communities. Native predators are apparently de-
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Fig. 1. Invasive red lionfish Pterois volitans in the Bahamas (photo by Rich Carey)

terred by the unusual shape, cryptic coloration, and
venomous spines of lionfish, although there is debate
regarding whether large native groupers are a major
threat to the invader (Mumby et al. 2011, Hackerott
et al. 2013, Valdivia et al. 2014, Bruno et al. doi:
10.7287/peerj.preprints.139v1, Mumby et al. doi:
10.7287/peerj.preprints.45v1). Few parasites attack
invasive lionfish (Sikkel et al. 2014), native meso-
predators appear to be ineffective competitors (Albins
2013), and even highly territorial damselfish do not
chase them (Kindinger 2015). Additionally, lionfish
use a variety of feeding behaviors, including am-
bushing and corralling prey (Morris & Akins 2009),
as well as blowing jets of water at prey (Albins &
Lyons 2012). Combined with cryptic coloration and
unusual appearance, such flexible feeding behavior
apparently allows high consumption rates of native
prey (Albins & Hixon 2008, Coté & Maljkovi¢ 2010,
Green et al. 2011, Cure et al. 2012). To date, the only
local controls of the invasion have been targeted fish-
eries and removals by divers, especially lionfish der-
bies (Barbour et al. 2011, Frazer et al. 2012, Morris
2012). In the absence of such local controls, lionfish
eventually reach densities where they may become
self-limiting (Benkwitt 2013).

Lionfish are rapidly depleting local abundances of
native reef fishes, as shown by both controlled field
experiments (Albins & Hixon 2008, Albins 2013,
2015, Green et al. 2014, Benkwitt 2015) and observa-
tional studies (Green et al. 2012, Benkwitt 2016a).

Lionfish diets comprise a broad variety of native
fishes and invertebrates (Morris & Akins 2009,
Munoz et al. 2011, Valdez-Moreno et al. 2012, Coté
et al. 2013b, Dahl & Patterson 2014), including not
only small species but also the juveniles of larger
species. Native prey consumed as juveniles include
commercially and recreationally important groupers
and snappers, as well as ecologically important graz-
ers such as surgeonfishes and parrotfishes, which
keep reef surfaces clean so that corals can flourish
(review by Hixon 2015). Invasive lionfish also have
non-consumptive effects, in that their mere presence
inhibits grazing activity by these reef fishes (Kin-
dinger & Albins 2016). The list of native species con-
sumed by lionfish will undoubtedly continue to grow
with additional diet studies from across the invaded
region. However, studies of lionfish prey selection
suggest that solitary, narrow-bodied fish that reside
near the seafloor are most vulnerable (Green & Coté
2014). Importantly, extirpation of native fishes is evi-
dent (Albins 2015). Consequently, the lionfish inva-
sion has been identified as one of the greatest emerg-
ing threats to global biodiversity (Sutherland et al.
2010).

Given this unprecedented invasion, a symposium
on invasive lionfish (the 8th thus far) was hosted by
the 68th Gulf and Caribbean Fisheries Institute an-
nual conference in Panama City, Panama, on Novem-
ber 11, 2015, funded by the Florida Sea Grant Pro-
gram, the Florida Fish and Wildlife Conservation
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Commission, the National Oceanic and Atmospheric
Administration, and the Reef Environmental Edu-
cation Foundation. With over 80 submissions from
across the invaded region, the symposium featured
24 talks and as many posters, presenting a broad
range of information related to lionfish biology, the
ecological and economic effects of the invasion, and
efforts to manage the invasion. The 9 articles in this
Theme Section reflect much of the diversity of topics
covered during the symposium:

Several papers focus on the success of lionfish as
invasive species. Stevens et al. (2016, this Theme
Section [TS]) found that the skin bacteria of lionfish
show antibacterial activity against known fish patho-
gens, indicating that resistance to disease may be
added to the list of mechanisms that enhance the suc-
cess of the invader. One established measure of suc-
cess is that invasive lionfish are generalist meso-
predators. Harms-Tuohy et al. (2016, this TS) used
DNA metabarcoding to characterize the complete
gut contents of lionfish in Puerto Rico, finding that
the diets are even broader than detectable by tradi-
tional visual identification: 63 lionfish had consumed
39 native fish species representing 16 families. Eddy
et al. (2016, this TS) further documented the broad
diet of the invader. Lionfish in Bermuda, near the
northern limit of the invasive range, consume more
crustaceans and fewer fishes than further south.

Most papers examine the ecological effects of the
invasion. Dahl et al. (2016, this TS) compared fish
communities on artificial reefs in the northern Gulf of
Mexico before and after the invasion, and conducted
a field experiment comparing no versus single versus
repeated removals of lionfish. Lionfish rapidly recol-
onized removal reefs. Although the experiment was
confounded by possible effects of the Deepwater
Horizon oil spill, there was a clear indication that
smaller resident fishes were less abundant following
the invasion. Working in Panama, Palmer et al. (2016,
this TS) conducted a shorter-term lionfish removal
experiment that also indicated a negative effect on
the abundance of several native fishes, yet no effect
on the genetic diversity of the bicolor damselfish Ste-
gastes partitus.

A field experiment by Ingeman (2016, this TS) in
the Bahamas demonstrated that invasive lionfish add
substantial density-independent mortality of the
native fairy basslet Gramma loreto to the density
dependence caused by native predators, pushing
some local populations toward extirpation. Aquarium
experiments by Kindinger & Anderson (2016, this TS)
showed that lionfish prefer fairy basslet over black-
cap basslet G. melacara, whereas a native meso-

predator, graysby grouper Cephalopholis cruentata,
prefers blackcaps. Thus, interactions among native
prey, native predators, and invasive lionfish may
have unforeseen indirect effects on community inter-
actions. Benkwitt (2016b, this TS) documented move-
ments and behaviors of lionfish on patch reefs in the
Bahamas, showing that at higher densities, lionfish
forage over surrounding seagrass meadows at night.
These findings indicate that localized culling of lion-
fish may limit the area over which the invaders affect
native fish populations.

The ecological effects of lionfish may be moderated
by large native fishes having negative effects on
the invader. Red grouper Epinephelus morio defend
karst solution holes in Florida Bay. Ellis & Faletti
(2016, this TS) experimentally demonstrated that, re-
lative to holes where both predators were excluded,
juvenile reef fish abundance was much higher where
only grouper were present, much lower where only
lionfish were present, and not different if both pred-
ators were present. This result indicates that grouper
somehow inhibit piscivory by lionfish, which switch
to invertebrate prey in the presence of the larger
native predator.

In summary, the lionfish invasion is unprecedented
and potentially catastrophic from multiple perspec-
tives. Given that eradication is currently not possible
with the tools and resources available, the possibility
remains that this major marine fish invasion will per-
manently alter the ecology of coastal ecosystems of
the greater Caribbean region and southeastern
United States, especially coral-reef systems already
degraded by various human activities (Albins &
Hixon 2013).
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Bacteria associated with lionfish (Plerois
volitans/miles complex) exhibit antibacterial activity
against known fish pathogens
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ABSTRACT: Fish support microbial communities that serve a variety of functions, including
disease resistance. In addition to fish microbiota acting as a defense against disease, fish mucus
often contains antimicrobial compounds. This study investigated the antibacterial activity of
bacteria isolated from external surfaces of native (e.g. Indo-Pacific) and invasive (e.g. Western
Atlantic, Caribbean) lionfish (Pterois volitans/miles complex) and native Caribbean squirrelfish
Holocentrus adscensionis against 6 known fish pathogens (Vibrio spp., Photobacterium damselae),
and evaluated the antibacterial activity of lionfish mucus against these pathogens and lionfish-
and squirrelfish-associated bacteria. The 16S rRNA gene was sequenced for bacteria exhibiting
pathogen inhibition, providing information on their taxonomic affiliations. Antibacterial meta-
bolites were produced by 36.2 % (54 of 149) of lionfish-derived bacterial cultures, with similar per-
centages of producing organisms recovered from the native and invaded ranges. Only 1 of 13
squirrelfish isolates inhibited pathogens. Interestingly, similar genera exhibiting antibacterial
activity were detected in both ranges (e.g. Alteromonas, Pseudoalteromonas, Photobacterium),
even though previous work suggested that external bacterial communities were not vertically
transmitted. Antibacterial activity was detected after 24 h of growth, and the amount of inhibition
did not increase over a 14 d incubation period. Conversely, organic and aqueous mucus extracts
from lionfish were not active against the 6 pathogens or against bacteria isolated from lionfish and
squirrelfish. These findings indicate that the external bacterial communities of lionfish may
provide disease resistance to their hosts, a trait that would enhance the ability of lionfish to
successfully establish as an invasive species.

KEY WORDS: Lionfish - Pterois volitans/miles complex - Invasive - Disease resistance - Fish
pathogens - Bacterial isolates

INTRODUCTION

In the marine environment, the surfaces of eukary-
otic organisms serve as substrates for the growth of
microorganisms and have been shown to support dif-
ferent bacterial communities than what is found in
the surrounding seawater (e.g. Taylor et al. 2005,
Penesyan et al. 2010, Burke et al. 2011, Stevens &
Olson 2013), suggesting that the bacteria may be
specifically adapted to the microenvironment of their

*Corresponding author: jolson@as.ua.edu

host (Holmstrom & Kjelleberg 1999, Harder et al.
2003). Some fish are known to produce antimicrobial
compounds as a protective mechanism against
pathogens (Hellio et al. 2002, Bragadeeswaran et al.
2011), but apparently healthy fish support microbial
communities, indicating that the presence of these
microorganisms is not necessarily detrimental but
may instead benefit the host (Cahill 1990, Austin
2002). For example, bacteria associated with fish
have been shown to aid in disease resistance (Olsson

© The authors 2016. Open Access under Creative Commons by
Attribution Licence. Use, distribution and reproduction are un-
restricted. Authors and original publication must be credited.
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et al. 1992, Sugita et al. 2002, Chabrill6n et al. 2005,
O'Brien & Wright 2011), drag reduction (Bernadsky &
Rosenberg 1992), and food digestion (Ganguly & Pra-
sad 2012, Ray et al. 2012). In return, fish are thought
to provide a nutrient-rich surface for bacterial colo-
nization in an otherwise oligotrophic marine environ-
ment (Sar & Rosenberg 1987, Penesyan et al. 2010).

Disease resistance facilitated by microorganisms
occurs through both direct and indirect mechanisms.
Fish-associated bacteria can directly inhibit the
growth of pathogens on the mucosal lining by com-
peting for space (Chabrillén et al. 2005), while indi-
rect antagonism occurs through the production and
release of compounds inhibitory to potential patho-
gens (Chabrillén et al. 2005, O'Brien & Wright 2011).
The host fish will be protected from disease caused
by organisms sensitive to these inhibitory com-
pounds (Penesyan et al. 2010). To optimize both di-
rect and indirect disease resistance mechanisms, the
host is thought to support a dense, diverse, and non-
pathogenic resident microbiota (Verschuere et al.
2000, Chabrillén et al. 2005).

In addition to the protective metabolites produced
by their associated microorganisms, some fish also
release antimicrobial compounds in their external
mucus (reviewed in Ellis 2001). However, studies of
fish mucus have primarily focused on freshwater and
temperate marine species (Hellio et al. 2002, Fernan-
des et al. 2004, Bergsson et al. 2005, Subramanian et
al. 2008, Bragadeeswaran et al. 2011), thus little is
known about antibacterial metabolites in the mucus
of fish species with a broader distribution range. One
example in the tropical environment showed that the
mucus cocoons of the queen parrotfish inhibited the
growth of several bacterial fish pathogens (Videler et
al. 1999). However, the ability of parrotfish surface-
associated bacteria to produce the inhibition detec-
ted in the mucus was not assessed.

The present study examined potential antibacterial
defenses of lionfish (Pterois volitans/miles complex)
from both the native Indo-Pacific and the invaded
western Atlantic Ocean, and Caribbean squirrelfish
(Holocentrus adscensionis). Previous work demon-
strated that the bacterial communities associated
with invasive lionfish were more diverse than those
associated with native squirrelfish, and included no
known fish pathogens (Stevens & Olson 2013). Addi-
tionally, lionfish retained a core surface-associated
bacterial community in both the native and invaded
ranges, suggesting that these associations are spe-
cies specific and may play an ecological role (Stevens
& Olson 2015). Therefore, the present study investi-
gated the capacity of lionfish- and squirrelfish-asso-

ciated bacteria and lionfish mucus to function in
pathogen resistance. Additionally, potential mecha-
nisms for pathogen inhibition were examined by
investigating the presence of biosynthetic genes for
known bioactive molecules, including polyketide
synthases (PKS) and non-ribosomal peptide synthe-
tases (NRPS), and the 16S rRNA gene from bacteria
demonstrating pathogen inhibition was sequenced.

MATERIALS AND METHODS
Field collection

Lionfish were collected from locations within the
invaded (Honduras [n = 5], Key Largo Florida [n =
11], Belize |n = 7], and Bahamas [n = 8]) and native
(Taiwan [n = 9], Philippines [n = 4], and Indonesia
[n = 3]) ranges. In the invaded range, fish were col-
lected by SCUBA divers with pole spears, pithed, and
placed into individual Whirl-pak bags (UA IACUC
protocol no. 11-358-2). In the native range, fish were
collected by SCUBA divers with nets, placed into
individual Whirl-pak bags, and released following
sample collection. The surface of the skin of each fish
was swabbed with a sterile cotton swab, which was
placed into 500 pl of filter-sterilized (0.22 pm) artifi-
cial seawater (ASW: 1.91DI H,0, 40.6 g NaCl, 1.16 g
KCl, 18.39 g MgCl,-6H,0, 2.58 g CaCl,-2H,0, 6.58 g
Na,SO4, 0.32 g NaHCOg, 0.00027 g Na,H,PO,) for
<20 min. After vigorously mixing the swab in the
ASW, the swab was removed and 100 pl of the ASW
solution was plated onto a Marine Agar 2216 (MA,
Difco) plate. A 1:100 dilution of the inoculated ASW
solution was made and 100 pl was plated onto an-
other MA plate. The plates were sealed with Para-
film, maintained at room temperature, and trans-
ported to the laboratory. To provide a comparison
with native Caribbean fish, bacteria from the mucus
of squirrelfish were also isolated as described above.
Individual colonies were streaked for isolation onto
fresh MA plates and grown for 24 to 48 h at room
temperature (~24°C). Following incubation, isolated
strains were transferred to MA slants.

Mucus was collected from lionfish in Belize (n = 12)
and the Bahamas (n = 12) by adding 10 ml of a
100 mM NaCl solution to a Whirl-pak containing only
the pithed fish. The fish was carefully moved back
and forth in the solution for ~1 min to slough off the
mucus (Subramanian et al. 2008). The resulting
mucus-salt solution was collected in 15 ml sterile
centrifuge tubes and immediately frozen at —20°C
until use.
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Culture screening for potential
antibacterial activity

Known fish pathogens Vibrio vulnificus (2 strains:
1-FT-1, 76-FC-1), V. parahaemolyticus (2 strains: DI-
ST-7, LA-4T-1), and V. harveyi (strain VH536ED)
were generously provided by C. Arias (Auburn Uni-
versity). Photobacterium damselae ssp. piscicida
(strain DSMZ 22834) was purchased from the Ger-
man Collection of Microorganisms and Cell Cultures.
All pathogens were grown in marine broth (MB;
Difco) overnight at 30°C with shaking (220 rpm).
Using a hemocytometer, cell concentrations were
standardized to approximately 1 x 107 cells ml™.
Seeded plates were made by adding 1 ml of the stan-
dardized cell solution to 100 ml of molten MA, mixing
thoroughly, and placing 10 ml aliquots of the in-
oculated medium into square Petri dishes (100 x
100 mm; Fisher Scientific). All seeded plates had a
final concentration of approximately 1 x 10° cells m1™
and were stored at 4°C and used within 48 h.

All lionfish- and squirrelfish-associated isolates
were grown in individual culture tubes containing
10 ml of SYZ-ASW broth (soluble starch 15 g, yeast
extract 2 g, NZ-amine 4 g, dextrose 2 g, ASW 750 ml,
DI H,O 250 ml) for 14 d at 30°C with shaking
(220 rpm) in a New Brunswick Scientific C25 incuba-
tor shaker. After growth, 1 ml portions of the bacter-
ial liquid cultures were transferred to 1.5 ml sterile
microcentrifuge tubes and centrifuged for 3 min at
16200 x gin an Eppendorf 5415D tabletop centrifuge
to pellet cells. Filter paper disks (n = 6) were infused
with 20 pl of the cell-free supernatant (CFS) from
each isolate and placed onto plates seeded with each
fish pathogen. For a positive control, a disk infused
with 10 pg gentamicin (BD BBL Sensi-Disc) was
placed onto the agar surface of each plate. Plates
were incubated for 24 h at 37°C (V. vulnificus strains,
V. parahaemolyticus strains, and V. harveyi) or 28°C
(P. damselae ssp. piscicida). Following incubation,
plates were examined for the presence of zones of
growth inhibition around the disks. When present,
zones of inhibition were measured to the nearest
0.5 mm.

Growth inhibition assays

Cultures that were active against more than one of
the pathogens (n = 23) were regrown for 14 d and
CFSs prepared as above. Microtitre plates were pre-
pared by making dilutions of the CFS in MB. For
each culture, triplicate wells containing CFS concen-

trations of 100 % (undiluted), 50 % (1:1 dilution), 25 %
(1:3 dilution), and 12.5% (1:7 dilution) were used in
the assay. To the 50 pl volumes of CFS (undiluted and
diluted), 10 pl of an overnight culture of V. para-
haemolyticus DI-ST-7 standardized to 2 x 10* cells
ml~' in MB was added to each well. Triplicate control
wells were inoculated with 60 pl MB (negative con-
trol), and 10 nl pathogen and 50 pl MB (positive con-
trol). The final volume per well was 60 pl. Plates were
incubated overnight at 37°C with shaking and the
absorbance in each well was measured at 600 nm on
a WQuant Universal Microplate Spectrophotometer
(Bio-Tek Instruments).

Absorbance measurements were converted to per-
cent pathogen inhibition using the absorbance val-
ues from the control wells. Once converted, means
and standard deviations for the percent of pathogen
inhibition were calculated and linear regression was
conducted to test for overall effects of dilution on
inhibition. One-way ANOVA was used to test for
the effect of dilution on inhibition for each strain
individually.

Initiation of secondary metabolite production

To assess when antibacterial metabolite production
began in lionfish-associated bacteria, 6 isolates (3 per
range, native and invaded) were grown to exponen-
tial phase before 500 pl volumes were preserved in
15% glycerol and frozen. Ten ml SYZ-ASW tubes
were inoculated daily for 14 d with the preserved
cells at a 1:200 dilution so that each tube received the
same inoculum. After the 14 d, CFSs were prepared
for the 14 cultures for each isolate. Microtitre plates
were prepared and incubated as above with 2 x 10*
cells ml™! liquid culture of V. parahaemolyticus DI-
ST-7 to test pathogen growth inhibition. Linear re-
gression was used to test for the effects of dilution
and time on pathogen inhibition.

Taxonomic affiliations of bacteria that produced
antibacterial metabolites

DNA was extracted from the isolates that demon-
strated antibacterial activity by placing cells into
100 pl of a sterile 5% Chelex 100 resin (Bio-Rad Lab-
oratories) in water solution in a sterile 1.5 ml micro-
centrifuge tube. Each tube was vortexed for 30 s,
incubated at 70°C for 15 min, vortexed again for 30 s,
and placed on ice for 30 min. This cycle was repeated
3 times before microcentrifuge tubes were centri-
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fuged for 1 min at 16200 x g to pellet Chelex beads
and cellular debris. The supernatants were used for
subsequent amplification reactions.

PCR was performed using universal prokaryotic
primers 8F (5'-AGAGTTTGATCMTGGCTCAG-3';
Edwards et al. 1989) and 1392R (5'-ACGGGCGGT-
GTGTACA-3'; Lane 1991) to amplify an approxi-
mately 1385 bp region of the 16S rRNA gene. Each
reaction consisted of 1.25 U PerfectTaq (5-Prime), 1X
PerfectTaq buffer, 1.25 mM Mg(OAc),, 0.06 mM de-
oxynucleoside triphosphates, 25 pmol of each primer,
4 pl of DNA and sterile DI water to a final volume of
25 pl. Reaction conditions were 85°C for 5 min, fol-
lowed by 25 cycles of 94°C for 45 s, 62°C for 90 s, and
72°C for 90 s, with a final 10 min extension at 72°C
with ramp speeds at 1°C s™! (Stevens et al. 2013).
Amplification products were visualized by electro-
phoresis on 1.5% agarose gels containing GelRed
(Biotium) for 70 min at 70 V, and visualized under UV
transillumination with a gel imaging system (Foto-
dyne). Negative reagent controls without template
were run with each reaction.

PCR products (20 pl) were digested with Haelll
restriction endonuclease (New England BioLabs) for
8 h at 37°C prior to inactivating the enzyme at 80°C
for 30 min. Digestion products were visualized on
1.5% agarose gels as described above and banding
patterns were compared using Bionumerics v6.6 soft-
ware (Applied Maths). A representative PCR product
for each banding pattern was randomly selected for
sequencing, cleaned using the EZNA Cycle Pure Kit
(Omega Bio-Tek), and bi-directionally sequenced by
Eurofins MWG Operon. Sequences were compared
with the NCBI database using the MEGABLAST
algorithm. Closely related sequences were included
in an RDP alignment to generate a maximum likeli-
hood tree in Geneious v6.1.7 using the PhyML algo-
rithm with 100 bootstraps and the HKY85 model of
nucleotide substitution (Fig. 1).

Screening for secondary metabolite
biosynthetic genes

PCR was used to evaluate the presence of genes
found within biosynthetic pathways associated with
antimicrobial metabolite production. DNA from each
active lionfish-associated isolate was screened with
primers specific to non-ribosomal peptide synthetase
(NRPS; A3F and A7R; Ayuso-Sacido & Genilloud
2005) and polyketide synthetase (PKS I; K1F and
MBG6R; Ayuso-Sacido & Genilloud 2005; and PKS II;
KSa and ACP; Seow et al. 1997) genes. Each reaction

consisted of 2.5 U PerfectTaq (5-Prime), 1X Perfect-
Taq buffer, 1.25 mM Mg(OAc),, 0.06 mM deoxynu-
cleoside triphosphates, 25 pmol of each primer, 5%
dimethyl sulfoxide, 2 pl of DNA and sterile DI water
to a final volume of 50 pl. Reaction conditions were
85°C for 5 min, followed by 30 cycles of 94°C for
1 min, 56°C for the PKS primers or 60°C for the NRPS
primers for 90 s, and 72°C for 2 min, with a final
10 min extension at 72°C. Amplification products
were visualized by electrophoresis on 1.0 % agarose
gels containing GelRed (Biotium) for 70 min at 70 V,
and visualized under UV transillumination with a gel
imaging system (Fotodyne). DNA from Streptomyces
scopuliridis, a species with known NRPS and PKS
type I and II genes, was used as a positive control.
Both positive and reagent negative controls were run
with each reaction.

Preparation of mucus extracts

Mucus samples were lyophilized by freezing at
-80°C immediately followed by freeze drying in a
FreeZone 2.5 benchtop freeze dry system (Lab-
conco) and stored at —20°C. Extracts were prepared
following Hellio et al. (2002) and Subramanian et al.
(2008) with modifications. To prepare organic
extracts (polar and nonpolar phases), lyophilized
mucus was suspended in 95% ethanol at a concen-
tration of 1 mg ml™! and centrifuged in a Sorvall
RC6+ centrifuge (Thermo Scientific) for 30 min at
4°C and 11000 x g. The supernatant was transferred
to a sterile 50 ml conical tube and the pellet was
resuspended 2 additional times in the same volume
of 95% ethanol. The 3 supernatants were combined
and evaporated under vacuum at 40°C using a
Rotavapor Collegiate (Buchi). To separate the non-
polar and polar phases of the organic extract, the
dried extract was resuspended in 10 ml distilled
water and partitioned 3 times with 5 ml (3 x 5 ml)
dichloromethane (DCM). The DCM nonpolar phases
were combined and evaporated under a nitrogen
stream and the polar phases were combined and
lyophilized.

The aqueous extract of mucus was prepared by
resuspending lyophilized mucus in sterile distilled
water at a concentration of 1 mg ml™. After a 2-h
incubation at 4°C, the samples were centrifuged at
9500 x g for 10 min at 4°C in a Sorvall RC6+ centri-
fuge and the supernatant was decanted and lyophi-
lized. Mucus processing resulted in isolation of aque-
ous and organic extracts, with the organic extract
further separated into nonpolar and polar phases.
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Tenacibaculum sp. JX454525
71t CPH4.3B (h; KM277902; N)
100; Deinococcus sp. NR 026402
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Exiguobacterium sp. JX913842
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40 Endozoicomonas sp. KC878324
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Mucus screening

The aqueous extract and polar organic phase were
resuspended in 1 ml sterile distilled water and the
nonpolar organic phase was resuspended in 1 ml of a
5% DMSO solution (Bergsson et al. 2005). Filter
paper disks were infused with 20 pl of extract and
placed onto seeded plates of the 6 pathogens, 7 lion-
fish isolates, and 7 squirrelfish isolates. After an
overnight incubation at 37°C for the Vibrio spp. and
24°C for Photobacterium damselae ssp. piscicida and
fish-associated isolates, the plates were visually in-
spected for zones of inhibition.

Bacteroidetes |

Deinococcus-Thermus I

Actinobacteria I

Firmicutes

Alpha Proteobacteria Fig. 1. Maximum likelihood

tree showing the phylo-
genetic relationships of the
lionfish-associated bacter-
ial isolates and related ref-
erence sequences (in grey)
based on ~1385 bp of 16S
rRNA genes. Halobacteria-
ceae archaeon was used as
an outgroup for this tree.
Numbers at each node indi-
cate the bootstrap support
from 100 iterations, and the
scale bar indicates the nu-
cleotide change between
organisms. GenBank acces-
sion numbers are provided
after each sequence, and
isolates from this study also
have the letter of the corre-
sponding banding pattern
and are designated as be-
ing recovered from either
the native (N) or invaded (I)
range

Gamma Proteobacteria

0.5

RESULTS

Taxonomic affiliations of bacteria that produced
antibacterial metabolites

A total of 149 bacterial isolates were cultivated
from surface swabs of 47 lionfish collected in the
native (n = 16) and invaded (n = 31) ranges. After
completion of disk diffusion assays on lawns of 6
strains of known fish pathogens, 54 isolates repre-
senting 13 bacterial genera showed activity against
at least one of the pathogens (Table 1, Fig. 1).
Twenty-one of the active isolates were from samples
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Table 1 (continued)
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Presence of

potential anti-
bacterial genes

(NRPS/PKS I/PKS 1I)

Taxonomic affiliation
and percent identity

Photo-
bacterium

Vibrio Vibrio

Vibrio Vibrio

Vibrio
parahaemo- parahaemo- vulnificus vulnificus harveyi

Isolate

(accession number)

76-FC-1 VHS536ED damselae ssp.

lyticus 1-FT-1

DI-ST-7

lIyticus
LA-4T-1

piscicida

-/ =/ =
—/—/=
—/=/=
-/=/+
—/=/=
-/+/-
—-/+/-
—/ =/ =
-/+/-
—/—=/=
-/+/-
—/=/=
—/=/=
—/=/=
—/=/=
+/-/-

Pseudoalteromonas sp. KJ719255 (m) 96 %

Exiguobacterium sp. JX913842 (1) 100 %
Exiguobacterium sp. JF345689 (n) 98 %

SO OO

SO OO

2.0

10.0
3.0

N-TWD1.2A (KM277911) O
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obtained in the native range; the other 33 were
obtained from the invaded range. Following gel
electrophoresis of Haelll digested PCR products, the
54 isolates were separated into 24 broad taxonomic
groups representing distinct banding patterns; the
16S rRNA gene from a single representative of each
group was sequenced and the sequences were
submitted to GenBank under accession numbers
KM277895-KM277918 (Table 1, Fig. 1). Using simi-
lar banding patterns as a proxy for taxonomy, 15 of
the 54 isolates were most closely related to Altero-
monas spp. (6 from the native range, 9 from the
invaded), with another 4 most closely related to
Pseudoalteromonas spp. (2 each from the native and
invaded ranges). Bacillus spp. and Photobacterium
spp. were the closest relatives of 8 (all invaded) and 7
(3 native, 4 invaded) additional isolates, respectively.
A single Ruegeria sp. was the closest relative of 4 iso-
lates (all native), while members of the genera Vibrio
and Exiguobacterium were each most closely related
to 3 isolates (all invaded for Vibrio, all native for
Exiguobacterium). Two isolates were each most
related to members of the Gammaproteobacteria,
Micrococcus, and Pseudochrobactrum (all invaded).
Single isolates exhibiting unique banding patterns
were most closely related to Bacteroidetes (native),
Endozoicomonas (invaded), Deinococcus (native),
and Tenacibaculum spp. (native).

Antibacterial activity of lionfish bacterial isolates

From the native range, 47.7% (21 of 44) isolates
showed activity compared with 31.4% (33 of 105) of
isolates from the invaded range. The 2 strains of Vib-
rio parahaemolyticus were the fish pathogens most
commonly inhibited by lionfish-associated bacterial
isolates (Table 1); the growth of V. parahaemolyticus
strain LA-4T-1 was inhibited by 28 isolates whereas
strain DI-ST-7 was inhibited by 22 isolates. Twelve
and 10 isolates inhibited the growth of V. vulnificus
strains 1-FT-1 and 76-FC-1, respectively, whereas
Photobacterium damselae ssp. piscicida was inhib-
ited by 7 isolates and V. harveyi was inhibited by 2
isolates. However, only 10 of the 54 active isolates
tested positive for the presence of a gene within char-
acterized NRPS and/or PKS pathways (Table 1).

Within the native Indo-Pacific, lionfish bacterial
isolates from 7 genera (Alteromonas, Deinococcus, Exi-
guobacterium, Photobacterium, Pseudoalteromonas,
Ruegeria, and Tenacibaculum) and 1 class (Bacteroi-
detes) demonstrated activity against the pathogens,
while isolates from 8 genera (Alteromonas, Bacillus,
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Endozoicomonas, Micrococcus, Photobacterium, Pseu-
doalteromonas, Pseudochrobactrum, and Vibrio) cul-
tivated from lionfish in the invaded Western Atlantic
were active. Isolates from 3 genera (Alteromonas,
Photobacterium, and Pseudoalteromonas) were re-
covered from lionfish in both ranges, while some of
the other genera identified from different ranges be-
long to the same families (e.g. Bacillus and Exiguo-
bacterium are members of the Bacillales; Vibrio and
Photobacterium are members of the Vibrionaceae).
The presence of similar genera of skin-associated
bacteria that were able to inhibit the growth of
known pathogens suggested that the core bacterial
community may function in pathogen inhibition.

Interestingly, isolates sharing the same banding
pattern from digestion of the amplified 16S rRNA
gene did not always exhibit similar antibacterial
activity against the 6 tested pathogens. For example,
putative species of Alteromonas (banding pattern k;
n = 15) showed considerable variability in antibacter-
ial activity, with at least one isolate active against all
of the tested pathogens except V. harveyi (Table 1).
While differences were noted in the extent of growth
inhibition, only isolates within banding patterns g (3
of 4 isolates), i, 1, t, and u displayed activity against
the same pathogens.

One of 13 isolates recovered from squirrelfish
swabs (n = 2) also showed activity against V. para-
haemolyticus DI-ST-7, indicating that antibacterial
activity of fish-associated bacteria is likely common.
This isolate did not inhibit the growth of any of the
other fish pathogens. Because of the disparate num-
ber of lionfish and squirrelfish isolates tested, direct
comparisons cannot be made.

Growth inhibition assays

Serial dilution of the CFSs significantly impacted
the amount of pathogen inhibition for the lionfish-
associated bacteria (linear regression, p < 0.0001),
with 21 of the 23 isolates showing a significant reduc-
tion in antibacterial activity with increasing dilution
(Fig. 2). One of the exceptions, an isolate obtained
from a lionfish in Belize (BZ14.1A), maintained grea-
ter than 67 % growth inhibition of V. parahaemolyti-
cus strain DI-ST-7 in all dilutions of CFS tested (12.5
to 100 %). Only the 100 % and 12.5% CEFS concentra-
tions were significantly different (ANOVA, p = 0.03)
for this isolate. The second exception, an isolate from
a fish in the native range (IN1.3C), showed greater
than 30% growth inhibition in all dilutions tested.
Overall, the interaction between isolate and CFS

dilution had a significant effect on percent pathogen
inhibition (ANOVA, p < 0.0001).

When isolates were grouped by the range of their
lionfish host (native or invaded), there were no differ-
ences in the amount of pathogen inhibition (ANOVA,
p > 0.05). The mean (+SD) percent pathogen inhibi-
tion of isolates was 47.81 + 22.57% and 51.37 +
26.76 % for lionfish caught in the native and invaded
ranges, respectively.

Metabolite production initiation assays

To evaluate whether antibacterial activity was be-
ing appropriately captured in our disk diffusion and
growth inhibition assays, which used 2-wk-old cul-
tures, broth cultures were inoculated daily for 14 d
with aliquots of cryopreserved cells from 6 isolates
(n =3 native range, n = 3 invaded range) and the anti-
bacterial activity was tested using the growth inhibi-
tion assay. This approach indicated that production of
antibacterial metabolites began after 24 h of growth
for the 6 bacterial isolates tested (Fig. 3). Overall, the
length of incubation of the cultures did not have a sig-
nificant effect on the inhibition of V. parahaemo-
lyticus DI-ST-7 (regression, p > 0.05). However, over-
all, significant effects were seen in the concentration
of CFS that was inhibitory (regression, p < 0.0001).

The inhibitory activity of isolate BZ14.1A was not
significantly reduced by serial dilution of cultures
incubated for >5 d (ANOVA, p > 0.05; Fig. 3A). In the
25% CFS dilution, antibacterial metabolite produc-
tion was variable across days, but the other concen-
trations of CFS (100%, 50%, and 12.5%) remained
relatively stable throughout the 14 d. The remaining
5 isolates exhibited between-day variability in the
strength of pathogen inhibition for all concentrations.

Examination of mucus extracts for
antibacterial activity

The volume of mucus collected from each fish was
variable (15 to 25 ml), so it was not possible to deter-
mine what volume of mucus was appropriate for
testing antibacterial activity. Instead, the concentra-
tion of freeze-dried samples was standardized for all
chemical extractions at 1 mg ml™! solvent. Using disk
diffusion assays to evaluate the presence of antibac-
terial metabolites, the lionfish mucus extracts did not
exhibit any activity on plates seeded individually
with the 6 bacterial fish pathogens, 7 lionfish bacter-
ial isolates, or 7 squirrelfish bacterial isolates.
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Fig. 2. Vibrio parahaemolyticus strain DI-ST-7 growth inhibition in growth inhibition assays using 100 %, 50 %, 25%, and

12.5% cell-free supernatant for the 23 isolates that showed activity against 2 or more of the 6 pathogens tested. Error bars (SD)

represent triplicate wells per concentration of cell-free supernatant. Isolates from lionfish surfaces in the (A) invaded and
(B) native range are shown
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Fig. 3. Pathogen inhibition was detected after 24 h of incubation for each of the 6 tested isolates: 100 % cell-free supernatant

(CFS; black lines), 50% CFS (gray lines), 25% CFS (black dashed lines), and 12.5% CFS (gray dashed lines). (A) Invaded

1 BZ14.1A; (B) invaded 2 HNLFLA; (C) invaded 3 HNLF9A; (D) native 1 TWD1.2A; (E) native 2 TWP1.3H; and (F) native
3 CPH4.3B

DISCUSSION

Lionfish skin supports a diverse group of bacteria
capable of producing antibacterial metabolites, with
activity against one or more fish pathogens observed
in more than a third of lionfish-associated bacterial
isolates. Similar or higher levels of pathogen inhibi-
tion by associated bacterial communities were also
found on healthy adult humans (Toshima et al. 2007)

and brittlestars (Strahl et al. 2002). However, other
studies in the marine environment reported that less
than 20% of host-associated bacteria were able to
inhibit pathogen growth (Dobretsov & Qian 2002,
Zhang et al. 2009, Leyton & Riquelme 2010). This
variability in pathogen inhibition by associated bac-
terial communities may explain differences in dis-
ease resistance between species or even individuals.
Interestingly, only 18.5% (10 of 54) of the bacteria
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that demonstrated antibacterial activity yielded an
amplification product for the presence of genes in-
volved in the NRPS or PKS pathways, suggesting that
alternative metabolites were used for their antibac-
terial activity.

Host species have been shown to use the chemical
metabolites produced by their associated micro-
organisms to avoid infection by pathogens (Harder et
al. 2003, O'Brien & Wright 2011). For example, micro-
organisms isolated from the mucus of sole prevented
the adhesion of Photobacterium damselae ssp. pisci-
cida (Chabrillén et al. 2005). Similarly, rainbow trout
harbored pseudomonads on their skin that inhibited
the proliferation of Vibrio anguillarum (Spanggaard
et al. 2001). However, the capacity for mucus-associ-
ated bacteria to inhibit or outcompete pathogens is
highly variable (Lee et al. 2003), so harboring multi-
ple strains of bacteria with the ability to produce anti-
bacterial metabolites could serve as a bet-hedging
mechanism for pathogen resistance. In fact, diverse
fish-associated bacterial communities have been
linked to greater resilience and disease resistance
(Verschuere et al. 2000, Chabrillén et al. 2005). Inva-
sive lionfish, which have a more diverse bacterial
community than some native Bahamian fishes
(Stevens & Olson 2013), may use their bacterial com-
munity as a mechanism to aid in pathogen resistance,
which would likely influence their ability to success-
fully establish in the invaded range.

Previous work demonstrated that invasive lionfish
did not appear to harbor any known pathogenic or
opportunistic bacteria on their skin (Stevens & Olson
2013). However, several fish pathogens, including
one of the pathogens used in the present study, P.
damselae ssp. piscicida, were previously detected on
the skin of Caribbean squirrelfish (Stevens & Olson
2013). The antibacterial activity exhibited by lion-
fish-associated bacteria against known fish patho-
gens may explain the absence of these pathogens in
the previous study. However, the present study
assayed pathogen inhibition rather than investigated
the mechanism(s) of activity, so we cannot comment
on whether the pathogens were killed. The presence
of biosynthetic genes for the production of potentially
bioactive PKS and NRPS metabolites was evaluated
but no other potential mechanisms of inhibition were
assessed.

The diversity of lionfish-associated bacteria capa-
ble of inhibiting the fish pathogens was evident in
the phylogenetic assessment. The taxonomic affilia-
tions of these bacteria included several genera that
are known to inhibit pathogen growth in other mar-
ine hosts and that were previously detected in lion-

fish-associated bacterial communities (Stevens &
Olson 2013). Although the present study used culti-
vation-dependent approaches that are known to limit
bacterial diversity, comparisons of the taxonomic
identifications of our isolates to the lionfish bacterial
clone libraries published previously (Stevens & Olson
2013) showed considerable overlap. Members of the
genera Alteromonas, Pseudoalteromonas, Tenaciba-
culum, and Vibrio and the phylum Bacteroidetes
were recovered in both studies, indicating that these
bacteria may be important components of the lionfish
surface-associated bacterial community. For exam-
ple, Vibrio spp. isolated from sole were shown to be
active against P. damselae ssp. piscicida (Chabrillén
et al. 2005). Bacillus pumilus, an isolate recovered in
the present study but not found in the previous
culture-independent study, inhibited V. parahaemo-
lyticus and V. harveyi infections in shrimp (Hill et al.
2009). Vibrio spp. and Bacillus spp. present in the
intestines and on the skin of flounder and Bacillus
spp. associated with brittlestars were active against a
suite of known fish pathogens (Strahl et al. 2002,
Sugita et al. 2002). The present study isolated a
Micrococcus sp., a member of the phylum Actino-
bacteria, with antibacterial activity while, interest-
ingly, Chabrillén et al. (2005) failed to detect patho-
gen inhibition by multiple species of Micrococcus.
However, each study utilized different suites of test
pathogens, reinforcing the concept that antibacterial
activity is likely limited to specific pathogens. Iso-
lates most closely related to members of the Altero-
monas and Pseudoalteromonas were commonly cul-
tivated from both the native and invaded ranges.
Members of these genera (which were split by Gau-
thier et al. 1995) are known to produce antibacterial
metabolites active against both human and fish
pathogens (Dopazo et al. 1988, Barja et al. 1989). The
variability in pathogen inhibition by the isolates
recovered in the present study and other studies
further supports the role of diverse microbial commu-
nities in promoting disease resistance of their hosts.

The fish pathogens used in the present study are
ubiquitous in tropical waters worldwide and cause
fish disease in both the Indo-Pacific and Atlantic
Oceans (Linkous & Oliver 1999, Austin & Zhang
2006, Farmer & Hickman-Brenner 2006). As a result,
differences in the activity of lionfish-associated bac-
teria against pathogens specific to the native or
invaded range could not be assessed. Because of the
lack of endemicity of fish pathogens to either the
Indo-Pacific or Atlantic, it was not possible to fully
explore whether lionfish, like other invasive organ-
isms, escaped from pathogens through their estab-
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lishment in the invaded range (sensu Vermeij 20095).
If fish pathogens specific to particular ranges can be
identified, it would be an intriguing question for
future studies. However, 2 ubiquitous fish pathogens,
V. vulnificus and V. parahaemolyticus, are also con-
sidered pathogens of concern for humans (Linkous &
Oliver 1999, Farmer & Hickman-Brenner 2006), mak-
ing their control in the marine environment an inter-
esting and timely issue.

The epidermal mucus of some fish contributes to
innate immunity and responds to environmental
shifts and pathogen exposure by altering the compo-
sition and/or rate of excretion of mucus (Ellis 1974,
Subramanian et al. 2008). However, antimicrobial
activity testing of mucus extracts currently remains
limited and results vary by species of fish (Hellio et
al. 2002, Subramanian et al. 2008). In the present
study, although ~1/3 of the lionfish-associated bacte-
ria obtained from lionfish mucus were active against
one or more of the 6 bacterial fish pathogens, no anti-
bacterial activity of lionfish mucus extracts was de-
tected against any of the fish pathogens or fish-asso-
ciated (lionfish and squirrelfish) bacteria. There are
several possible reasons for this disparity in activity.
First, a previous study found no known fish patho-
gens associated with lionfish mucus (Stevens & Olson
2013), suggesting that skin conditions may not have
required production of defensive molecules at de-
tectable concentrations. Second, the concentration of
freeze-dried mucus was standardized across samples
prior to chemical extractions following Hellio et al.
(2002), but did not take into account the size of the
fish collected. Thus, it remains unknown whether
the concentration tested was ecologically relevant.
Chemical analyses of the activity of fish mucus have
not examined the effect of correcting sample concen-
tration for differences in fish size (Hellio et al. 2002,
Bergsson et al. 2005, Subramanian et al. 2008, Braga-
deeswaran et al. 2011). Thus, studies are needed to
provide information regarding the antibacterial
activity of fish mucus at ecologically relevant concen-
trations.

Previous work conducted in our laboratory indi-
cated that lionfish retained a core bacterial commu-
nity in both the native and invaded ranges, but that
differences were apparent when the bacterial com-
munities were examined by individual collection
locations (Stevens & Olson 2015). As no bacteria
were found associated with lionfish eggs, vertical
transmission of these communities was not expected
(Stevens & Olson 2013). In the present study, nearly
half of the presumably environmentally acquired iso-
lates from fish caught in the native range inhibited

pathogen growth while nearly one-third of the iso-
lates from the invaded range were active. Similar iso-
late diversity was found in both the native and
invaded ranges and the percent of pathogen inhibi-
tion was not different between ranges, suggesting
that the retained organisms may provide a beneficial
function for the host through the inhibition of patho-
gen growth.

The continual exposure to potential pathogens
requires that marine organisms are able to prevent
the growth and proliferation of pathogens. The meth-
ods used in the present study did not consider the
ecological relevance of antibacterial metabolite pro-
duction as all experiments were conducted in vitro
with pure cultures, but provided the framework for
further analyses to determine whether laboratory
results reflect the actual relationship between lion-
fish and their associated bacteria. Although lionfish
mucus does not appear to prevent the growth of
potential pathogens, the ability of their skin-associ-
ated bacteria to inhibit pathogen growth may be
effective in preventing disease. By maintaining a
high diversity of bacteria with the ability to inhibit
pathogen growth throughout both the native and
invaded ranges of the lionfish, it is likely this bac-
terial community plays a role in innate immune func-
tion and ultimately contributes to the invasive suc-
cess of lionfish.
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ABSTRACT: Studies of lionfish feeding ecology seek to document the ecological impact of this
invasive predatory species and determine which native prey species are at greatest risk. There are
2 common approaches to feeding ecology through gut content analysis: morphological identifica-
tion to the lowest possible taxonomic rank and/or DNA barcoding of individual prey components
in the stomach. The major disadvantage of both techniques is their inability to use advanced
digested material. This study introduces next-generation sequencing to lionfish feeding ecology,
employing DNA metabarcoding to analyze all components of the gut contents, including the pre-
viously unidentifiable portion. Sixty-three lionfish were caught from the inshore and offshore
reefs of La Parguera, Puerto Rico. Stomach contents were separated into 2 sample components —
a liquid (i.e. digested) and undigested tissue. A 313 bp region of the cytochrome oxidase subunit I
(COI) gene was amplified from extracted DNA using specific primers for Caribbean reef fish.
Samples were sequenced with an Illumina MiSeq platform, and the resulting 950+ sequences
were compared against GenBank and the Barcode of Life Database to identify specimens at the
lowest taxonomic level. Thirty-nine fish species from 16 families were identified (35 each in the
digested and tissue fractions), including members of Pomacentridae, Acanthuridae, Gobiidae,
Apogonidae, and Scaridae. Using the digested liquiform material proved efficient in detecting
prey species, especially those that would have been missed with traditional methods.

KEY WORDS: Reef fish - Feeding ecology - Invasive species - Caribbean - Cytochrome oxidase
subunit I - COI - Next-generation sequencing - NGS

INTRODUCTION

Invasive species are capable of altering ecosys-
tems, evolving with their new environment (Mooney
& Cleland 2001) and driving native species extinc-
tions (Pimm 1987, Fritts & Rodda 1998). In response,
management of invasive species attempts to mitigate
their ecological and economic impacts (Buckley
2008). However, marine invasive species present a
difficult management scenario where vectors pro-
moting their spread and establishment may be
known (i.e. ballast transport, aquarium trade) but
cannot be easily regulated or avoided without strict
enforcement (Bax et al. 2003). Marine invaders, once
established, often become integrated into the ecosys-

*Corresponding author: chelsea.harms@upr.edu

tem, whereby complete eradication is unfeasible
(Thresher & Kuris 2004). This scenario is exacerbated
when their presence extends to areas that remain
inaccessible to management, such as mesophotic
depths, or in cases where the spread of the invasive
species is driven by larval dispersal. Aside from
investigating management strategies, invasion ecol-
ogists must simultaneously seek to identify which
native communities may be at greatest risk, either
ecologically or economically.

Invasive species alter ecosystems through com-
petition, niche displacement, hybridization, and pre-
dation, among other processes (Mooney & Cleland
2001). In particular, predation in the marine environ-
ment is a driving force structuring the fish communi-

© The authors 2016. Open Access under Creative Commons by

Attribution Licence. Use, distribution and reproduction are un-
restricted. Authors and original publication must be credited.

Publisher: Inter-Research - www.int-res.com



182 Mar Ecol Prog Ser 558: 181-191, 2016

ties on coral reefs (Hixon 1991). Aside from observing
this predator—prey interaction in situ, predation can
also be documented using visual inspection or, more
recently, DNA barcoding to assess biodiversity in
diet from gut contents or feces (Sheppard & Harwood
2005). Over a decade has passed since DNA bar-
coding first proved useful in biodiversity applications
(Hebert et al. 2003), and has recently been promoted
as an ecological tool for addressing issues including a
species’ invasion potential, trophic interactions, and
food webs (Joly et al. 2014). With the advancement
and lower cost of DNA sequencing and massive
growth of reference databases, a metabarcoding ap-
proach using next-generation sequencing (NGS) has
quickly emerged as a promising method for higher-
resolution diet analysis (Pompanon et al. 2012, Ta-
berlet et al. 2012, de Barba et al. 2014, Deagle et al.
2013). Metabarcoding is the combination of DNA-
based identification and high-throughput DNA se-
quencing that reduces sampling effort and maxi-
mizes species-level identification of tissue remnants
that were previously undetected or underused by
traditional methods.

There are known constraints on metabarcoding,
including the inability to quantify the species infor-
mation obtained (Deagle et al. 2010, 2013, Bowles et
al. 2011, Murray et al. 2011). Results are limited or
biased to the frequency of occurrence, which still
provides useful information when seeking to under-
stand localized effects of an invasive predator. How-
ever, the underlying variability in DNA quality, dif-
ferential breakdown of that DNA during digestion,
and differences in digestion stages (Deagle & Tollit
2007, Troedsson et al. 2009, Valentini et al. 2009b), as
well as the objective of identifying several different
organisms within the same sample (i.e. the gut)
(Valentini et al. 2009a), still hinder the quantification
aspect in metabarcoding of gut contents. Despite
these disadvantages, metabarcoding is quickly gain-
ing popularity as a tool for assessing biodiversity in
animal diets (Leray et al. 2013, de Barba et al. 2014).
NGS allows for the highest degree of confidence in
gut content analysis (Pompanon et al. 2012) with sig-
nificantly reduced sampling effort (Taberlet et al.
2012), but has only recently been applied to fish
feeding ecology (Leray et al. 2013, 2015).

Understanding the extent and possible ecological
impact of the lionfish Pterois volitans invasion of the
Western Atlantic, Gulf of Mexico and Caribbean is
an issue that employs all facets of lionfish biology
and ecology. Of particular interest is how this Indo-
Pacific fish will affect native coral reef fauna, espe-
cially commercially and ecologically important reef

fishes. Researchers have sought to address what lion-
fish consume, in terms of species and size classes, in
an effort to document which species may suffer the
greatest level of mortality. Feeding ecology has been
a key component in many lionfish studies, resulting
in our current understanding of site specificity in
dietary preferences (Coté & Maljkovi¢ 2010, Munoz
et al. 2011, Layman & Allgeier 2012) and overall
diversity of diet (Albins & Hixon 2008, Morris &
Akins 2009, Green et al. 2011).

There are 2 common approaches to lionfish feeding
ecology through gut content analysis: morphological
identification to the lowest possible taxon (i.e. using
morphological characters to identify whole or only
partially digested specimens) or a DNA barcoding ap-
proach, which involves sequencing of the mitochon-
drial 16S rRNA or cytochrome oxidase subunit I (COI)
genes from all distinct prey components of the stom-
ach. Morphological identification relies heavily on the
ability to identify digested organisms to the species
level, which is not possible in many cases (Baker et al.
2014). This technique discards useful information that
could be obtained in the digested portion of the stom-
ach contents (the liquids or digested pulp). However,
the traditional morphological method is widely ap-
plied (Albins & Hixon 2008, Morris & Akins 2009,
Alexander & Haynes 2011, Jud et al. 2011, Munoz et
al. 2011, Green et al. 2012, Frazer et al. 2012, Layman
& Allgeier 2012, Green & Coété 2014), while the more
accurate DNA barcoding approach has been less fre-
quently used (Barbour et al. 2010, Valdez-Moreno et
al. 2012, Co6té et al. 2013). Despite the higher resolu-
tion attained with this approach, traditional DNA bar-
coding also has disadvantages. This technique does
not reduce sampling effort (Coissac et al. 2012) and
can be applied only to items in the stomach contents
for which barcode information is available either in
databases or can be generated during concomitant se-
quencing of possible prey from the area. However, as
opposed to morphological identification, analyzed
items can include unrecognizable specimens, liquids,
or pulp (Saitoh et al. 2003), but this approach requires
molecular cloning and is therefore labor intensive and
costly. These digested products may contain under-
represented prey items, or prey items that have yet to
be acknowledged within the diet.

In this study, we used metabarcoding analysis of all
lionfish stomach contents, regardless of their diges-
tive stage, to provide a more accurate profile of the
lionfish prey in Puerto Rico while demonstrating that
the methodological approach is applicable to all
other regions of the invasion. Metabarcoding resolu-
tion of lionfish stomach contents is supported by the
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a priori knowledge, albeit site specific, of the lionfish
diet (Cété & Maljkovic¢ 2010, Munoz et al. 2011, Lay-
man & Allgeier 2012), whereas the use of COI as a
marker often allows for identification to the species-
level in online reference databases. The specific
objectives were (1) to identify the prey of Puerto
Rican lionfish in stomach contents through the use of
NGS, (2) to compare inshore and offshore diets of
lionfish in La Parguera, Puerto Rico, and (3) to assess
the general suitability of the NGS metabarcoding
approach compared to published studies using other
gut content analysis methods.

MATERIALS AND METHODS
Collection and locations

Sixty-three lionfish were used for metabarcoding of
entire stomach contents. Approximately half of the li-
onfish came from inshore reefs of La Parguera
(17°58"'12.33" N, 67°2'45.83" W) while half were col-
lected from offshore shelf-edge reefs in the same re-
gion from June 2013 to January 2014 (Fig. 1). La Par-
guera is a natural reserve on the southwest coast of
Puerto Rico that is heavily affected by environmental
and anthropogenic stressors resulting in low coral
cover, high macroalgal abundance, and diminished
populations of large-bodied fish species, resulting in
the system being dominated by small-bodied plankti-
vores and piscivores (Pittman et al. 2010). The inshore
reefs are subjected to high particle suspension and

lower water quality (Garcia-Sais et al. 2005, 2008) and
are connected through a series of shallow patch and
linear reefs, mangroves, and seagrasses critical for
ontogenetic migrations (Aguilar-Perera & Appeldoorn
2007, 2008). The offshore shelf-edge reefs are charac-
terized by spur and groove formations and better w-
ater quality, with exposure to stronger currents
(Pittman et al. 2010). The inshore and offshore reefs
harbor dissimilar fish richness and biomass (Pittman
et al. 2010), where inner reefs are comparatively
lower in species richness than shelf-edge reefs
(Nemeth 2013), thus providing a potential spatial
comparison of lionfish diets. Lionfish were collected
by pole spear and SCUBA at depths <30 m. On the
boat, the venomous spines were immediately removed
and specimens were placed on ice to slow digestive
processes and preserve DNA (Baker et al. 2014). All
metrics pertaining to lionfish size, sex, reproductive
state, and weight were recorded (see Table S1 in
the Supplement at www.int-res.com/articles/suppl/
mb58p181_supp.pdf). The stomachs were removed
<2 h after lionfish capture, and preserved whole in a
—80°C freezer until further processing.

DNA extraction and COI amplification

Samples were thawed at room temperature until the
liquefied digested materials could be removed. Only a
few prey items could be identified with visual inspec-
tion, thus morphological identification was not cou-
pled with this study. DNA was extracted (Qiagen

DNeasy Blood & Tissue Kit) following the
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guidelines of the manufacturer from 2
VA" components of the 63 whole stomach con-
tents: (1) the tissues of the remaining par-
tially digested organisms (as with a DNA
barcoding approach) and (2) the liquids of
completely digested organisms, resulting
{| 1in 126 samples. Cross contamination was
avoided by subjecting dissection utensils
to an open flame, followed by an ethanol
rinse between each sample, or in some
cases new utensils were used for each
stomach. The quality and quantity of ex-
tracted DNA was measured with the
NanoDrop 2000 (Thermo Fisher Scientific).
Samples were stored in a —20°C freezer for
later analysis.

Fig. 1. La Parguera, Puerto Rico, and the insular shelf, with 3 study sites
identified. Pelotas and Enrique reefs were the inshore collection sites,
while the shelf edge was the offshore location. All sampling was per-

formed up to 30 m depth

PCR amplification of a 313 bp COI frag-
ment from prey mtDNA was performed on
each of the 126 samples (tissues and liquid).
This gene was chosen for its exceptional
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coverage of Caribbean fishes (Weigt et al. 2012) and
other marine metazoan taxa (Bucklin et al. 2011). It is
also the most widely accepted DNA barcode, where its
rapid evolution allows for discrimination between
closely related species (Hebert et al. 2003). Taxon-spe-
cific primers (for fish and invertebrates in coral reef
fish guts) were utilized; the mlCOIintF forward primer
(5'GGW ACW GGW TGA ACW GTW TAY CCY CCQC)
in conjunction with the jgHCO2198 reverse primer
(6'TAI ACY TCI GGR TGI CCR AAR AAY CA) (Leray
et al. 2013). The specific region of COI is adequately
represented in online databases for Caribbean coral
reef fishes and invertebrates (Leray et al. 2013), as well
as estimates of relative abundance of species in
benthic samples (Leray & Knowlton 2015). The DNA
amplification was completed in a total volume of 20 pl
on the MyCycler (Bio-Rad Laboratories). The PCR
recipe contained 0.6 pl of 10 pM of each forward and
reverse primers, 10 pl of MyTaq DNA polymerase mix
(Bioline), and 0.5 pl of genomic DNA. This recipe var-
ied slightly depending on the success of the PCR, in
which the concentration of DNA was increased up to
1.5 pl and all other ingredients varied accordingly to
maintain a 20 pl reaction. We adopted the PCR profile
from Leray et al. (2013) and conducted 16 initial cycles:
denaturation for 10 s at 95°C, annealing for 30 s at
62°C, and extension for 60 s at 72°C. This initial set of
cycles was followed by 25 cycles at 46°C annealing
temperature with the same denaturation and extension
steps, with a final extension at 72°C for 6 min. Success
of PCR amplifications was validated on 1.5% agarose
gels. The second step of the PCR process involved ad-
dition of the barcode identifiers. COI amplicons were
ligated with a unique 3 base identifier (ATG), followed
by a specific 6 base barcode added to the forward
and/or reverse primer that would allow for identifica-
tion of each sequence back to a particular lionfish
stomach, as well as whether it was sampled from the
liquid or tissue portion of the diet (see Tables S2 & S3
in the Supplement). We produced 126 unique combi-
nations of barcodes from 16 forward primers and 7
reverse primers, including the original PCR primers.

All samples were loaded into a 2 % agarose gel with
TAE buffer and allowed to run for 45 min. The gel was
briefly placed under a low-intensity UV light to
identify the presence of the bands. Each sample was
then excised from the gel using the 'freeze—squeeze’
method (Tautz & Renz 1983), avoiding primer dimers,
and was placed into individually labeled 1.5 ml cen-
trifuge tubes. In total, 109 samples were successfully
acquired. Successful samples represented 59 offshore
samples and 50 inshore samples, divided into 57
tissue samples and 52 liquid samples.

Sequencing and bioinformatics

Samples were multiplexed and sequenced in 1
[Nlumina MiSeq lane (Scripps Research Institute,
CA). Resulting reads were cleaned in the FASTQ
filing and extended using FLASH pair software
(Mago & Salzberg 2011). Extended fragments were
converted to FASTA files. To utilize the insert in
both directions, the reverse complement of the ex-
tended read ('FASTX') was combined with the orig-
inal extended fragment. Sequences were then de-
multiplexed to identify reads back to their original
stomach sample.

In total, 966 sequences were obtained. These were
manually trimmed of the original PCR primers in
Notepad++ v6.8, and each sequence was individu-
ally inspected. All sequences shorter than 200 bp
length were discarded, along with duplicates and
chimeric sequences. The resulting 313 bp COI frag-
ment sequences were blasted (BLASTn) in Gen-
Bank (August 2015) to identify matches. A confi-
dent match was identified as 98% or higher for
vertebrates and 80% or higher for invertebrates.
The difference in acceptance of matches is based
on the limited availability of invertebrate refer-
ences in GenBank. Sequences were also referenced
in the Barcode of Life Database (BOLD Systems
v.3) using known and validated barcode identifica-
tion numbers corresponding to voucher specimens
(Victor et al. 2015) and accepted at a 98 % match
(September 2015). All cleaned reads were trans-
lated into amino acids using ExPASy Translate tool
(Artimo et al. 2012) and MEGA 6 (Tamura et al.
2013) to further support accurate matches to refer-
ences in both databases. Cleaned reads were sep-
arated by species and aligned in MEGA 6 to iden-
tify insertions, deletions, and frame shifts. If stop
codons were present in the sequence, the sequence
was rejected. An insertion of an amino acid (3
bases) was accepted, and all reads with 1 or 2 in-
sertions and 1 deletion were accepted. A sequence
was discarded if a series of ‘N's representing un-
known bases were present in the read, indicating
sequencing ambiguity. All vertebrate sequences
with less than 98% match were removed from
subsequent analysis. Species that were represented
by only 1 sequence were retained, in an effort to
document rare and under-represented items from
the gut contents that might previously have been
unreported. All sequences obtained from this study
are available in GenBank (accession numbers
KX140056-KX140702) and a BOLD dataset (DS-
PARG2016).
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RESULTS

Lionfish diet in La Parguera, Puerto Rico, was
diverse, with gut content analysis through meta-
barcoding revealing 2 phyla, 5 orders, 18 families, 23
genera, and 40 species. We assume that all prey DNA
recovered from the gut was prey of lionfish. All fish
sequences matched a reference in BOLD and Gen-
Bank. Of the 966 sequences recovered, 442 had fish
species-level matches to 98 % or greater and an addi-
tional 205 sequences were the lionfish itself, result-
ing in a 65% metabarcoding efficiency at the 98 %
similarity threshold for fish. Of those fish sequences,
excluding lionfish, 17 had up to 2 insertions while 8
had 1 deletion and 7 sequences had an additional
amino acid. Thirty-seven sequences could not be de-
multiplexed to the appropriate stomach and were
labeled as unclassified. Eleven sequences reported
discrepancies in similarities between databases, but
were included in the final count if at least 1 match
met the acceptance criteria. Forty-six sequences had
stop codons present and were discarded, 99 were
duplicated sequences from de-multiplexing errors
and were discarded. Additionally, 18 chimeric or
nonsensical sequences were discarded as well as 2
sequences shorter than 200 bp. Lastly, 99 sequences
could not be matched at 98% or higher to either
database. At a similarity match of 80 to 100% in
GenBank and BOLD, 22 sequences corresponded to
invertebrates, with 5 matched at the species level;
however, a disagreement of identification occurred
when comparing both reference databases. Thus,
these species were placed in a higher taxon resulting
in 18 Decapoda sequences, 1 Penaeidae, 2 Portu-
nidae, and 1 sequence of the shrimp Metapenaeopsis
gerardoi.

Fish contributed to the largest portion of the diet
(95 % of prey DNA recovered). Fish families with the
greatest number of species represented in the diet
included Gobiidae (6), Apogonidae and Scaridae (5),
and Pomacentridae (4). By frequency of occurrence,
Apogonidae made up 18 %, while Gobiidae (9 %) and
Scaridae (10 %) were less frequently found (Table 1).
Pomacentridae had the greatest frequency of occur-
rence (35%), which was dominated by 3 species:
Chromis multilineata (71 %), C. cyanea (63 %), and
Stegastes partitus (58 %) (Table 2).

Four species were observed only in the inshore
lionfish stomach contents, while 8 species and 1 fam-
ily were unique to offshore diets. Furthermore, 3 taxa
were detected only in the liquid portion of the diet
including the first account of the labrisomid Starksia
williamsi in Puerto Rico (Table 3).

Table 1. Fish families represented in the diet of lionfish

Pterois volitans at La Parguera, Puerto Rico. Number of

species corresponds to those identified to species level ex-

cept the Family Lutjanidae. Frequency indicates the number
of stomachs in which they were found

Family No. of species Frequency (%)
Acanthuridae 1 2.18
Apogonidae 5 18.58
Chaenopsidae 1 3.00
Chaetodontidae 1 1.09
Gobiidae 6 9.56
Grammatidae 1 0.55
Haemulidae 1 1.09
Holocentridae 1 1.09
Labridae 3 3.00
Labrisomidae 2 1.91
Lutjanidae 1@ 0.55
Pomacentridae 4 34.69
Priacanthidae 1 0.55
Scaridae 5 10.65
Serranidae 3 9.29
Synodontidae 1 2.18
4Only identified to Family level

Invertebrates represented a small portion of the
diet, accounting for only 5% of the sequences
obtained from gut content analysis. All cleaned
sequences reported at least an 82 % similarity to a
reference in GenBank, which was usually comple-
mented by a better match in BOLD. The Order
Decapoda was the most abundant taxon (76 %)
(Table 4). Two families, Penaeidae and Portunidae,
were documented only in offshore samples, and only
from the tissue. The only species-level identification
was the shrimp Metapenaeopsis gerardoi.

Lionfish DNA was present in every stomach, indi-
cating the overwhelming abundance of predator
DNA in the samples. For this reason, lionfish was not
included in the prey profiling.

DISCUSSION

This study presents the first case of DNA meta-
barcoding for lionfish stomach contents. Overall, fish
were identified as the most dominant prey compo-
nent in the diet of lionfish in La Parguera. Represen-
tatives of several fish functional groups were observed
within the gut, including herbivores, piscivores, and
planktivores. No commercially important species of
groupers or snappers were identified, which could be
due to their low abundance in the study area result-
ing from high fishing intensity. Fishermen in the
shallow water reef systems of La Parguera typically
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Table 2. Number of lionfish Pterois volitans stomachs in which fish species were found, by location (inshore and offshore
collection sites) and gut fraction. Species could occur in both liquid and tissue samples from the same stomach. Unclassified
could not be de-multiplexed back to a particular stomach. Frequency is the frequency of occurrence for all species from all
stomachs, including those unclassified

Prey species Inshore Offshore Liquid Tissue Unclassified Frequency (%)
Acanthurus tractus 3 5 4 5 0 12.31
Apogon maculatus 7 11 9 10 2 30.77
Apogon pillionatus 3 10 9 5 0 20.00
Apogon townsendi 0 4 4 1 1 7.69
Bodianus rufus 1 2 1 2 0 4.62
Chaetodon capistratus 2 2 0 4 0 6.15
Chromis cyanea 7 27 16 24 7 63.08
Chromis multilineata 15 28 7 9 3 70.77
Clepticus parrae 0 2 1 1 0 3.08
Coryphopterus glaucofraenum 9 5 8 10 1 23.08
Coryphopterus hyalinus 1 1 1 1 0 3.08
Coryphopterus lipernes 3 8 3 8 2 20.00
Coryphopterus personatus 2 0 1 2 0 3.08
Coryphopterus tortugae 2 0 1 1 0 3.08
Emblemariopsis arawak 0 2 0 2 0 3.08
Emblemariopsis spp. 4 4 5 4 1 13.85
Gnatholepsis thompsoni 0 1 1 0 0 1.54
Gramma loreto 2 0 0 2 0 3.08
Haemulon flavolineatum 2 2 2 3 0 6.15
Halichoeres garnoti 0 6 3 3 0 9.23
Heteropriacanthus cruentatus 1 1 0 2 0 3.08
Hypoplectrus spp. 6 10 8 10 1 26.15
Hypoplectrus aberrans 0 1 1 0 0 1.54
Hypoplectrus nigricans 4 3 3 5 3 15.38
Hypoplectrus puella 2 2 2 2 2 9.23
Lutjanidae sp. 0 1 1 0 0 1.54
Malacoctenus macropus 2 2 1 3 0 6.15
Phaeoptyx conklini 8 11 13 10 1 30.77
Phaeoptyx pigmentaria 2 5 3 5 3 15.38
Sargocentron coruscum 2 1 0 3 1 6.15
Scarus iseri 14 10 14 14 3 41.54
Scarus taeniopterus 0 2 1 1 0 3.08
Scarus vetula 1 1 1 1 0 3.08
Sparisoma radians 3 0 0 3 1 6.15
Sparisoma viride 1 3 2 2 0 6.15
Starksia williamsi 0 2 2 0 1 4.62
Stegastes partitus 8 26 17 15 4 58.46
Stegastes variabilis 1 1 1 1 0 3.08
Synodus intermedius 1 6 4 3 1 12.31

Table 3. Species that were observed in only 1 habitat or type of lionfish Pterois volitans stomach content category

Inshore

Offshore

Liquid

Tissue

Coryphopterus personatus
Coryphopterus tortugae
Gramma loreto

Sparisoma radians

Apogon townsendi
Clepticus parrae
Emblemariopsis arawak
Gnatholepis thompsoni
Halichoeres garnoti
Hypoplectrus aberrans
Lutjanidae sp.

Scarus taeniopterus
Starksia williamsi

Gnatholepsis thompsoni
Lutjanidae sp.
Starksia williamsi

Emblemariopsis arawak
Chaetodon capistratus
Gramma loreto
Heteropriacanthus cruentatus
Sargocentron coruscum
Sparisoma radians
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Table 4. Number of lionfish Pterois volitans stomachs in which invertebrate taxa were found, by location (inshore and offshore

collection sites) and gut fraction. Stomachs could have taxa represented in both liquid and tissue factions. Frequency is the

frequency of occurrence for each taxa from all stomachs. The percent similarity refers to the match to a reference in the
Barcode of Life Database

Taxon Inshore Offshore Liquid Tissue Frequency Similarity (%)
Decapoda 11 2 6 10 76.47 97.3
Penaeidae 0 1 0 1 5.88 88.7
Portunidae 0 2 0 2 11.76 100
Metapenaeopsis gerardoi 0 1 0 1 5.88 97.6

target snappers, groupers, grunts, and parrotfishes
(Pittman et al. 2010), all of which are potential prey
for lionfish. Ecologically important species were
identified in the gut, such as Scarus vetula, S. tae-
niopterus, S. iseri, and Sparisoma viride, which are
known to help prevent macroalgae from displacing
corals (Mumby & Steneck 2008). Some of these par-
rotfishes have been identified to co-occur across all
seascapes in La Parguera, including the offshore
reefs (Pittman et al. 2010, Nemeth 2013), supporting
their presence in the diet of both inshore and offshore
lionfish.

Two comprehensive studies of the La Parguera fish
assemblages (Pittman et al. 2010, Nemeth 2013) and
one island-wide study (NCCOS 2016) provide field-
occurrence data for a comparison to observed prey
frequencies within the guts (Table 5). In general,
lionfish diet is representative of the particular fish
assemblages observed in La Parguera and Puerto
Rico, which supports the emerging trend observed
from other studies in the Caribbean (Coté &
Maljkovi¢ 2010, Mufioz et al. 2011, Layman & All-
geier 2012) that lionfish are trophic generalists and
that dietary preferences are site specific and driven
by the spatial and temporal dynamics of prey. How-
ever, some species are consumed in unequal propor-
tions to what exists in nature (Table 5), represented

by the absence of Thalassoma bisfasciatum within
the guts, and the overrepresentation of both Chromis
cyanea and C. multilineata. These pomacentrids may
be preferentially targeted due to their morphology
(i.e. small but deep-bodied) and hovering behavior,
both of which have been identified as preferred traits
for lionfish prey (Green & Cote 2014).

Overall dietary profiles were very similar inshore
and offshore, as would be expected given the broad
spatial distribution of the dominant prey species
observed. Nevertheless, differences were observed
between inshore and offshore diets, as revealed by
species found only in one of these categories. Eight
fish species were identified only in offshore diets.
Of these, Clepticus parrae, Halichoeres garnoti, and
Scarus taeniopterus are typically associated with
shelf-edge habitats (Pittman et al. 2010, NCCOS 2016)
and were not largely represented in the lionfish diet
overall. In contrast, Stegastes partitus was among the
most frequently observed species in the gut, and
despite its occurrence across the insular shelf, it
showed a strong association with the shelf-edge reef
system, with 28 stomachs containing this species in
offshore lionfish versus only 8 in the inshore system.
In general, more prey species were identified from
offshore samples (n = 36 versus inshore n = 31),
where their total frequency of occurrence was almost

Table 5. Percent frequency of occurrence of key species within lionfish Pterois volitans gut contents (this study) and on the
insular shelf of La Parguera (Pittman et al. 2010, Nemeth 2013) and Puerto Rico island-wide (Clark et al. 2015). Nemeth
(2013) frequencies refer to abundance in terms of percent mean density of individuals per 100 m?

Fish species Frequency Rank
Pittman etal. NCCOS Nemeth Gut Pittman etal. NCCOS Nemeth Gut

Thalassoma bifasciatum 34 75 11.3 0 5 3 1 8
Chaetodon capistratus 42.2 4 1.8 6 2 7 7 7
Acanthurus tractus 41.9 76 3 12 3 2 6 6
Coryphopterus glaucofraenum 28 21 - 23 6 6 - 5
Scarus iseri 45 49 8.1 42 1 4 3 4
Stegastes partitus 38 80 10.6 58 4 1 2 3
Chromis cyanea 6.1 31 4.7 63 7 5 4 2
Chromis multilineata 3.5 - 3.9 70 8 - 5 1




188 Mar Ecol Prog Ser 558: 181-191, 2016

twice that observed inshore (n = 208 versus inshore n
=119). The shelf edge off La Parguera has the great-
est fish species richness and biomass in the region,
with up to 41 species identified in a single 100 m?
transect (Pittman et al. 2010, Nemeth 2013). How-
ever, these results may also be due to the signifi-
cantly (f-test, p < 0.05) larger size of lionfish found
offshore (217.8 g, 200 mm standard length [SL]) com-
pared to inshore (147.6 g, 167.7 mm SL). The gobies
Coryphopterus personatus and Coryphopterus tor-
tugae, the parrotfish Sparisoma radians, and the
basslet Gramma loreto were found only in lionfish
sampled from inshore reefs. All were sampled at low
frequency, but the distributions of the first 3 species
are known to be inshore. Additionally, 2 frequently
occurring prey with broad distributions across the
shelf, the parrotfish Scarus iseri and the goby
Coryphopterus glaucofraenum, were the only spe-
cies found more frequently inshore. Juveniles of
the former species are common in inshore nursery
areas, but are infrequently seen near the shelf edge
(Cerveny 2006).

These comparisons between the distribution and
frequency of prey species in lionfish stomachs rela-
tive to their distribution in the field suggest that both
the list of prey species and their frequency of occur-
rence as determined by metabarcoding can be used
to compare diets among different populations or
even different habitats and life history stages. In
general, smaller or juvenile lionfish have been
observed to consume proportionally more inverte-
brates than larger, adult lionfish (Morris & Akins
2009), and at least 28 % of prey by number in stom-
ach contents represent invertebrates (Morris & Akins
2009, Valdez-Moreno et al. 2012). In particular,
shrimp are the most common invertebrate observed,
representing the families Palaemonidae, Penaeidae
(Barbour et al. 2010, Jud et al. 2011, Layman & All-
geier 2012), and Alpheidae (Valdez-Moreno et al.
2012, Layman et al. 2014). In our study, invertebrates
were equally consumed by juvenile lionfish (n = 8,
74-181 mm SL) and adult lionfish (n = 7, 190-239 mm
SL), and were observed in the guts predominantly
from inshore lionfish (n = 11) versus offshore (n = 5).
Overall, invertebrates did not contribute to a large
portion of the diet, and proved to be the most difficult
to identify given the potential number and diversity
of available prey species inhabiting Caribbean reefs
and the current status of the reference databases.
Invertebrates are lacking in species-level identifica-
tion in both BOLD and GenBank, and occasionally
the 2 databases did not agree on the identification
based on the submitted DNA sequences. Thus, we

had to place our sequence into higher taxa, as our
resolution could not be matched by references in
both BOLD and GenBank. The crustacean Order
Decapoda contributed to the greatest resolution and
highest frequency. The diet included both crabs and
shrimps, represented by Portunidae and Penaeidae,
respectively, which is consistent with the previously
known feeding ecology of lionfish (Morris & Akins
2009).

The spatial and temporal distribution of lionfish
also affects the prey items detected in the gut. Lion-
fish are habitat generalists (Cure et al. 2014), and can
be found in any natural marine system, or artificial
structure, including the seagrass—mangrove-reef
continuum within inshore La Parguera. In contrast
to other mobile predators (Appeldoorn et al. 2009),
lionfish do not typically undertake diurnal feeding
migrations between different habitats. However,
they have been observed to venture off-structure to
feed over sand, perhaps in response to intraspecific
competition (Green et al. 2011, Dahl & Patterson
2014). In our study location, lionfish densities are rel-
atively low (C. Harms-Tuohy pers. obs.), and intra-
specific competition is likely minimal. A study of lion-
fish movement on a reef in La Parguera identified
that lionfish did not move between nearby fore-
reef habitat of the same depth and characteristics
(Harms-Tuohy 2016). Considering that all lionfish
were collected from the fore reefs of the sampling
sites, we would expect their diets to resemble the
prey communities dominant to these areas, and this
was evidenced in our results. This further supports
that the diet of lionfish observed in this study was
driven by the spatial distribution of the prey.

Overall, this study successfully demonstrated the
efficiency of the metabarcoding approach to identify
the prey profile of lionfish. The most significant con-
tribution of this method is between use of the di-
gested materials in the guts, including what little
remains within empty stomachs. We report a compa-
rable resolution of species diversity obtained from
the liquefied portion of the guts in comparison with
that contributed by the tissues. Given that lionfish
collection was performed at times most feasible to
divers (08:00-14:00 h), the contents of the lionfish
stomachs were almost entirely digested. However, in
most cases, partially digested specimens could be
identified taxonomically as either fish or inverte-
brate, but no further. Morphological identification of
gut contents relies heavily on the digested state of
the prey items (Baker et al. 2014). Regardless, this
method has been used widely in lionfish feeding
ecology. Visual assessment of gut contents from lion-
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fish in the Bahamas reported up to 41 fish species
(Albins & Hixon 2008, Morris & Akins 2009), while
DNA barcoding of 157 lionfish gut contents in the
Mexican Caribbean (Valdez-Moreno et al. 2012), and
130 lionfish gut contents from the Bahamas (Coté et
al. 2013), reported 31 and 37 fish species, respec-
tively. Although the yield of new species identified
certainly decreases with increased sampling effort
(see Morris & Akins 2009), our study reports 39 dif-
ferent fish species from only 63 lionfish stomachs,
thus validating the small sampling effort and in-
creased efficiency of DNA metabarcoding (Table 6).

Despite the efficiencies realized using metabar-
coding for prey identification, our approach is not
without caveats. There is a high initial investment
regarding the purchase of primers with enough
barcodes to differentiate each sample. However, in
subsequent studies, the same barcodes can be
reused, thus significantly reducing the cost associ-
ated with specimen capturing, DNA processing (e.g.
extraction, amplification, gel extraction), and NGS.
Additionally, there is no current method to differen-
tiate among prey-of-prey (i.e. items that were con-
sumed by a prey fish that the lionfish subsequently
ate) and true prey. However, as our lionfish diet
mostly comprised herbivores and planktivores with
few piscivores, this scenario likely did not affect our
results. There is currently no precise way to quantify
prey in the stomach using metabarcoding. Unfortu-
nately, it cannot be assumed that the number of
sequences for each particular species represents the
amount of DNA (or number of individuals) con-
tributing to the sample because the quality of that
DNA depends on many factors including degrada-
tion and digestion rates (Deagle & Tollit 2007,
Troedsson et al. 2009, Valentini et al. 2009b). Thus,
quantitative analyses at this time are limited to the
frequency of prey occurrence. Percent composition
by number can be calculated by conducting meta-
barcoding on experimental individuals fed a mixed
but controlled number of prey sacrificed over sev-
eral time periods of digestion, including complete

digestion to the liquid phase. Nevertheless, identify-
ing prey and their frequency of occurrence using
metabarcoding is a significant step forward, allow-
ing useful information to be obtained from a mini-
mum number of samples (Taberlet et al. 2012) with-
out the need to collect samples immediately after
feeding events. To further enhance the resolution
of sequences obtained from this method, species-
specific primers could be generated to search for
the presence of specific prey items that may be of
concern (Pompanon et al. 2012). This is particularly
useful if the prey are poorly represented in a diet.
Predator blocking primers could also assist in a
wider range of detected species, in that predator
DNA many times overwhelms that of the prey (Pom-
panon et al. 2012). In addition, it is unlikely that our
primers amplified every single prey. Thus, the fish
diet presented here is not expected to be exhaustive
of all taxa consumed by the lionfish.

Successful mitigation of the impacts of invasive
species requires an understanding of how they are
affecting native communities. Impacts can be
defined as competition or predation with native spe-
cies, habitat alteration, niche displacement, and
hybridization among many other factors. The direct
effect of predation can be assessed through gut con-
tent analysis and measured in terms of what species
may be targeted, or what functional groups are at
risk in a broader sense. Feeding ecology will con-
tinue to provide temporal and spatial snapshots of
lionfish impacts on native communities, which can be
compared regionally and annually to assess changes
in prey assemblages.
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Table 6. Yield of new fish species identified in different methodological attempts. Comparison of visual identification, DNA
barcoding, and DNA metabarcoding methods

No. of stomachs No. of fish species Method Yield Reference

1069 41 Visual ID 0.038 Morris & Akins (2009)
52 14 Visual ID 0.269 Albins & Hixon (2008)
157 31 Barcoding 0.197 Valdez-Moreno et al. (2012)
130 37 Barcoding 0.285 Coté et al. (2013)

63 39 Metabarcoding 0.619 This study
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ABSTRACT: As a generalist and opportunistic predator, lionfish (Pterois volitans and P. miles) con-
sume large quantities of juvenile reef fish and invertebrates, as well as the adults of small-bodied
species. To better understand the impacts of these fishes upon invaded coral reef ecosystems, we
describe the feeding habits of invasive lionfish in Bermuda based on stomach contents analysis,
and the influence that environmental factors have on their diet via spatial and temporal changes
in prey availability. Relative to other regions throughout the northwestern Atlantic, lionfish in
Bermuda consume a greater proportion of crustaceans, and their diet appears to rely upon the rel-
ative abundance of available prey species. A poorly -known crustacean, the red night shrimp
Cinetorhynchus rigens, is the species of greatest importance to the diet of Bermuda lionfish. Cur-
rently, herbivorous fishes do not make a major contribution to their diet, although the lionfish fre-
quently target both ecologically (e.g. bluehead wrasse Thalassoma bifasciatum) and economically

important species (e.g. Atlantic creolefish Paranthias furcifer).

KEY WORDS: Invasive lionfish - Feeding ecology - Stomach contents - Diet - Resource use

INTRODUCTION

Invasive species play a major role in human-
induced environmental changes across the planet
(Mack et al. 2000). In marine ecosystems, established
invasive species pose a major threat to biological
diversity (Vitousek et al. 1997) by impacting commu-
nity structure and function and modifying ecosystem
processes, which together may have long-lasting
ecological and economic consequences throughout
invaded regions (Molnar et al. 2008).

Lionfishes (Pterois volitans and P. miles), native to
the Indian and Pacific Oceans, are recognized as the
first invasive teleost to expand its range successfully
into the Atlantic Ocean (Whitfield et al. 2002). Fol-
lowing their first documented sighting off Dania

*Corresponding author: coreyeddyl@gmail.com

Point, Florida in 1985, lionfish dispersed rapidly north-
ward along the US coast, through the Caribbean Sea,
and into the Gulf of Mexico (Schofield 2010). Ferreira
et al. (2015) reported the first capture of an invasive
lionfish in Brazil in 2014, an event predicted by their
thermal tolerance, generalist feeding behavior, habi-
tat versatility, ability to exploit multiple habitats, and
broad latitudinal range in the Indo-Pacific (Morris &
Whitfield 2009, Luiz et al. 2013). Today, lionfish are
one of the most common, and oftentimes most abun-
dant mesopredators in parts of their invaded range
(Whitfield et al. 2007).

The progression of the lionfish invasion in Ber-
muda appears to be unique compared to other loca-
tions in the northwestern Atlantic. The first lionfish
recorded in Bermuda was collected in 2000 from a
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tide pool in Devonshire Bay. In the years following,
additional lionfish were captured or sighted in low
numbers around Bermuda, with only 12 reported
between 2001 and 2003, and 18 reported during the
summer of 2004 (S. Manuel, Bermuda's Department
of Environment and Natural Resources, unpubl. data).
Although Bermuda was the first country outside of
the USA to report lionfish in the Atlantic, the lionfish
population there appears to have grown more slowly
than in other regions (C. Eddy unpubl. data). In
the Bahamas, for example, lionfish densities reached
approximately 400 fish ha™! only 4 yr after their initial
invasion began (Green & Co6té 2009), and the mean
lionfish density on natural reefs in the northern Gulf
of Mexico reached 490 fish ha™! within 3 yr of the first
lionfish sighting (Dahl & Patterson 2014, Frazer et
al. 2012). This difference could be attributed to the
effects of strong seasonal temperature changes in
Bermuda on reproduction (i.e. a relatively shorter
spawning season due to cold winter sea tempera-
tures; Morris 2009, Smith et al. 2013), limited recruit-
ment from other regions due to Bermuda's isolation
(Schultz & Cowen 1994), and ocean currents that
may advect locally spawned eggs and larvae away
from the island (R. Johnson, Bermuda Institute of
Ocean Sciences, pers. comm.). Nonetheless, anecdotal
evidence and catch data (e.g. public culling efforts
and lobster fishery bycatch; Bermuda's Department
of Environment and Natural Resources unpubl. data)
from Bermuda suggests that the lionfish population
continues to expand, and there is concern that Ber-
muda may still be in the early stages of invasive spe-
cies population growth, characterized by a period
of slow growth followed by a period of exponential
growth (Sakai et al. 2001).

As a generalist and opportunistic invasive predator
with highly effective and unique hunting strategies
(i.e. ambush predation, cooperative hunting, palpa-
tion, herding, and directed water-jets) (Kendall 1990,
Morris & Akins 2009, Albins & Lyons 2012), lionfish
consume large quantities and a broad diversity of
juvenile and small-bodied adult reef fish as well
as small invertebrates (Morris & Akins 2009). Prey
naiveté in the invaded range, along with the lion-
fishes' resemblance to more benign organisms, also
appears to contribute to their hunting success (Cure
et al. 2012). Considering these feeding characteris-
tics, their rapid growth rate (Edwards et al. 2014),
small size-at-maturity (Morris 2009, Gardner et al.
2015), high fecundity and high spawning frequency
(Morris 2009, Gardner et al. 2015), and apparent lack
of natural predators (Albins & Hixon 2013), there is
great concern that if their populations are not prop-

erly managed, invasive lionfish could cause signifi-
cant ecological disruption in Bermuda, through pre-
dation and resource competition. Elsewhere, Albins
& Hixon (2008) showed that lionfish can reduce the
recruitment of reef fish by nearly 80 % in as little as
5 wk. Further, Lesser & Slattery (2011) suggest that
lionfish are the cause of widespread declines of her-
bivorous reef fish and a subsequent phase shift that
occurred at mesophotic depths around the Bahamas
from a healthy, robust coral ecosystem to an algae-
dominated community. Additionally, across study sites
in the Bahamas, Green et al. (2012) showed that the
biomass of lionfish prey species declined by 65 % be-
tween 2008 and 2010, while lionfish biomass simul-
taneously increased from 23 to ~40 % of total preda-
tor biomass. Thus, invasive lionfish can potentially
negatively impact ecologically and economically im-
portant species, with consequent effects cascading
through invaded ecosystems.

To explore the impact lionfish may have upon the
coral reef communities of Bermuda, there is a need to
understand their location-specific diet. Moreover, to
better understand the impacts of these invasive spe-
cies throughout the invaded range, there is a need to
compare their feeding habits in different regions to
highlight diet variation and to examine how environ-
mental factors (e.g. depth and water temperature)
may alter prey availability, with a subsequent effect
on diet. As Bermuda's coral reefs are considered to
be some of the healthiest in the Atlantic Ocean (Jack-
son et al. 2014), this is also an opportunity to study
the potential impact of lionfish in an ecosystem with
limited impacts from development, pollution, and
overfishing. In this study, we describe the diet of
Bermuda's invasive lionfish population to provide a
more detailed understanding of their potential impact
upon the coral reef ecosystem.

MATERIALS AND METHODS
Collections

Lionfish were collected from multiple locations
around the Bermuda platform (32°21'N, 64°48' W)
between January 2013 and February 2016 (Fig. 1).
Specimens (n = 1508) were collected by commercial
fishermen (lobster traps, n = 75), recreational fisher-
men (hook and line, n = 2), permitted lionfish cullers
(pole-spear, n = 1045), researchers (pole-spear, n =
141), and fisheries management staff (experimental
lionfish traps, n = 148; an additional 97 lionfish were
delivered to researchers without a label to indicate a
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. gorized by family and trophic guild

(limited to 8 broad categories: cleaner,
A -32;30' detritivore, herbivore, invertivore, om-
nivore, piscivore, planktivore, and
zooplanktivore). For each stomach, the
mass of each prey group was recorded
and volume was measured by water
displacement in a graduated cylinder.
Neither prey mass nor volume were ad-
justed for partial digestion, thus these
measurements are potentially underes-
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timated. The contribution of each prey
taxon to the overall diet of lionfish was
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Fig. 1. Locations and relative number of lionfish (Pterois volitans and P. miles)
captured between 2013 and 2015 for this study

method). Specimens were collected across a wide
range of depths (0-10 m: n = 499; 10-20 m: n = 148;
20-30 m: n = 109; 30-40 m: n = 19; 40-50 m: n = 22;
50-60m: n =415; >60 m: n = 10). The remaining indi-
viduals (n = 199) were provided to the research team
with no indication of the depth of capture. Overall,
229 lionfish were captured in 2013, 396 in 2014, 493
in 2015, and 159 in 2016. The remaining individuals
(n = 134) were provided to the research team with no
indication of the date of capture. Of those for which
we have such data, 325 were captured in winter (Jan-
uary to March), 161 in spring (April to June), 677 in
summer (July to September), and 114 in fall (October
to December). Prior to dissection, total length (TL),
standard length (SL), and body mass were recorded.
Lionfish were placed on ice and dissected the same
day as they were captured. If dissections had to be de-
layed, lionfish were frozen at —20°C for the interim.

Stomach contents analyses

Stomach contents were identified to the lowest
taxonomic level possible, counted, and sorted into
groups according to their identification. Well-digested
prey items that could not be identified to species or
family were labeled as ‘unidentified’ crustacean, crab,
lobster, shrimp, or teleost. Occasionally, even this was
not possible and items were labeled ‘unidentified di-
gested material'. In addition, each prey item was cate-

that belong in multiple trophic guilds
were classified as belonging to the
guild that best describes the majority of
its diet as reported in the literature. To
examine the importance of each prey taxon (by spe-
cies, family, and trophic guild), 3 indices of importance
were calculated: the index of relative importance
(IRI) (Pinkas et al. 1971), the index of preponderance
(IOP) (Natrajan & Jhingran 1962), and the percent in-
dex of relative importance (%IRI) (Cortés 1997):

IR, = F,x(N,+M,) 1)

(Fa x M)

IOP, = — 2 —%—
> (Fat+ M)

(2)

%IRI, = 100xIRI, + " IRI, 3)

=1
where n is the number of prey types, F, is the fre-
quency of occurrence of species a, M, is the percent
composition by mass of species a, and N, is the per-
cent composition by number of species a.

Cumulative prey curve

A cumulative prey curve was used to assess
whether our sample size was sufficient to accu-
rately describe lionfish diet. Identified prey items
were grouped by family, and the cumulative num-
ber of novel prey items was analyzed using 1000
randomizations of the data (Bizzarro et al. 2007).
The mean number of novel prey items for each
consecutive stomach (£95% confidence interval)
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was calculated, and these values were plotted to
create the cumulative prey curve. Sample size suf-
ficiency was assessed using the linear regression
method of Bethea et al. (2011), where the slope
from a linear regression of the last 4 stomach sam-
ples (i.e. an approximation of the rate at which
novel prey items are encountered) is compared to
a slope of 5% using a Student's t-test of equality of
2 population regression coefficients (Zar 1999). A
sufficient sample size is indicated when the slope
of the cumulative prey curve's endpoints is not
significantly greater than a line with 5% slope
(p-value > o). For all statistical tests, we used a
significance value of o = 0.05.

Environmental factors

Canonical correspondence analysis (CCA) was
used to investigate how diet was influenced by
environmental variables (e.g. lionfish size, depth,
season, and year of capture). The analysis was
performed using the ‘cca’ script, available in the
software package ‘vegan’ in R. We used 999
Monte Carlo permutations to evaluate the statistical
significance of these explanatory variables in the
ordination (ter Braak 1986). CCA examines the
multivariate relationship between explanatory vari-
ables (e.g. environmental factors) and the weighted
average of response variables (i.e. prey items)
using a redundancy analysis, based on proportions
and sample size (ter Braak 1986, 1987). Environ-
mental variables that do not contribute significantly
to diet variation are removed and the remaining
relationships are expressed in reduced canonical
space (ter Braak 1986, Jongman et al. 1987). CCA
can be used to show how the change in environ-
mental variables may affect the distribution of spe-
cies at specific sites. When used with diet data,
CCA explains how the distribution of prey items
(i.e. 'species’) collected in lionfish stomachs (i.e.
‘sites’) changes along gradients of these environ-
mental factors, and can highlight the extent to
which each drives diet variance. Using prey-envi-
ronment bi-plots, CCA results are best understood
by highlighting the amount of variance explained
by each canonical axis and examining the corre-
lation between the canonical axes and the ex-
planatory variables (ter Braak 1986, 1987). The re-
sponse variables were the prey items' contribution
to lionfish diet by mass (i.e. %M), and the data
were In(x + 1)-transformed to account for positive
skewness.

RESULTS

Collected lionfish (n = 1508) ranged in size from
124 to 467 mm TL (mean + SE: 335 + 2 mm). A total of
2703 prey items were removed from 1352 stomachs
and assigned to the lowest possible taxonomic level.
The mass of prey by taxon was measured for 818
stomachs. Overall prey items were removed from a
broad size-range of lionfish (100-150 mm: n =9; 150-
200 mm: n = 23; 200-250 mm: n = 66; 250-300 mm:
n = 240; 300-350 mm: n = 396; 350-400 mm: n = 403;
400-450 mm: n = 207; >450 mm: n = 8). The number
of prey items per stomach ranged from 0 to 27 (mean
+ SE: 2.0 + 0.08). A total of 15 stomachs were everted,
while 141 stomachs had been removed prior to dona-
tion to the research team. In total, 36.0 % of stomachs
(n = 487) were empty. Overall, 28.1% of stomachs
from lionfish captured in shallow water (<30 m) were
empty, as were 61.6 % of stomachs from lionfish cap-
tured in deep water (>30 m).

The cumulative prey curve suggests that a suffi-
cient number of stomachs was analyzed to provide an
accurate description of lionfish diet (slope < 5%; p =
0.04) (Fig. 2). There were 91 novel prey groups iden-
tified and, on average, 3 novel items were collected
from the final 79 stomachs. Although rare prey items
found in only a single stomach seem to prevent the
cumulative prey curve from reaching a true asymp-
tote, as originally described by Bizzarro et al. (2007),
we examined more stomachs than similar studies
(e.g. Morris & Akins 2009) and found a broadly simi-
lar prey base, so we feel confident that our results
accurately describe the diet of lionfish in Bermuda.

Prey composition

In total, 22 families of teleosts, 14 families of crus-
taceans, and 3 families of mollusks contributed to the
diet of lionfish (Table 1). Teleosts accounted for 55.5 %
of the lionfish diet by number (% N), 73.4 % by mass
(%M), and occurred in 51.9% of stomachs (%F).
Other prey items included crustaceans (43.0%N,
23.4%M, 33.8%F), mollusks (0.2%N, 1.1 %M, 0.4 %F),
and unidentified prey items (3.6 %N, 2.1 %M, 6.9 % F).

Teleost prey included 44 identifiable species
(Table 1). The most speciose families were Labridae
(6 spp.), Monocanthidae (5 spp.), Serranidae (4 spp.),
Apogonidae (4 spp.), and Pomacentridae (4 spp.).
The 5 most common teleost prey families accounted
for 20 % of the overall diet by number and 66 % of all
identifiable teleosts items (Labridae: 7.0 % N; Blenni-
dae: 3.7 % N; Holocentridae: 3.6 % N; Scaridae: 2.8 % N;
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Fig. 2. Mean cumulative number of prey taxa per lionfish
(Pterois volitans and P. miles) stomach sample + 95 % confi-
dence interval (dotted lines)

and Serranidae: 2.5%N). By mass, the 5 most com-
mon prey families accounted for 34 % of the overall
diet and 71 % of all identifiable teleosts (Labridae:
10.7 % M; Holocentridae: 8.6 % M; Serranidae: 6.1 % M;
Blennidae: 4.8% M; and Haemulidae: 4.1%M). The
5 families that occurred most frequently in lion-
fish stomachs included Labridae (6.6 % F), Blennidae
(3.2%F), Holocentridae (3.1 %F), Serranidae (2.3 %F),
and Gobiidae (2.1 %F).

Crustacean prey included 17 species (Table 1). The
most speciose families were Calappidae (3 spp.) and
Grapsidae (3 spp.). The 5 most common crustacean
prey families accounted for 28 % of the overall diet
by number and 97 % of all identifiable crustaceans
(Rhynchocinetidae: 13.7 % N; Munididae: 6.2 % N; Ca-
lappidae: 4.0%N; Portunidae: 2.6 %N; and Grapsi-
dae: 1.4 % N). By mass, the 5 most common prey fam-
ilies accounted for 20 % of the overall diet and 96 %
of all identifiable crustaceans (Rhynchocinetidae:
14.0%M; Grapsidae: 2.6 %M; Calappidae: 1.4%M,;
Mithracidae: 1.0 % M; and Munididae: 0.6 % M). The
5 families that occurred most frequently included
Rhynchocinetidae (11.1%F), Munididae (3.3%F),
Portunidae (1.8 %F), Calappidae (1.4 %F), and Grap-
sidae (1.3 %F).

The red night shrimp Cinetorhynchus rigens, also
known as the mechanical shrimp, was the most com-
mon prey item across all metrics (13.7 %N, 14.0% M,
and 11.1%F) (Table 2). Depending upon the metric
in use, the second most common species was either
squat lobster Munida simplex (6.2%N) or bluehead
wrasse Thalassoma bifasciatum (7.6 %M and 3.4 %F).
The third most common species also differed by diet
metric and was either the bluehead wrasse (3.5%N),
reef squirrelfish Sargocentron coruscum (4.7 % M) or
squat lobster (3.3 %F).
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Fig. 3. Mean proportion of teleosts (MPT) in the diet of
Bermuda lionfish (Pterois volitans and P. miles), separated into
25 mm size classes (total length, TL), as described by the 3
common diet metrics—percent composition by number (% N),
percent frequency of occurrence (%F), and percent composi-
tion by mass (% M). Lines indicate a significant increase in the
MPT with lionfish TL: MPT., = 0.0004(TL) + 0.1912; MPT.,, =
0.0011(TL) + 0.1728; MPT,,n = 0.001(TL) + 0.1584

The contribution of teleosts within the lionfish diet
increased significantly with lionfish size across all 3
diet metrics (% N: R*= 0.5714, F; ;3= 13.96, p < 0.05;
%M: R? = 0.4615, Fy 13 = 9.65, p < 0.05; %F: R? =
0.3883, Fy,13 = 6.40, p < 0.05) (Fig. 3).

Indices of importance

In both %IRI and IOP, the top-ranked prey items,
both by species and family, were relatively consistent
(Table 3). Two species (red night shrimp and blue-
head wrasse) and their corresponding 2 families
(Rhynchocinetidae and Labridae) were ranked high-
est, suggesting they make a substantial and impor-
tant contribution to the diet of lionfish in Bermuda.
Nine species and 8 families were consistently ranked
within the top 10 prey items (Table 3). There was lit-
tle variation in the relative importance of prey items
characterized by trophic position, with invertivores,
detrivores, and herbivores consistently ranked high-
est (Table 3).

Environmental factors

Eigenvalues for the 4 multivariate axes were 0.49
(CCA1),0.31 (CCA2), 0.23 (CCA3), and 0.14 (CCA4).
Depth, season, and lionfish size significantly influ-
ence the diet of lionfish in Bermuda and generally
correspond to CCA1 (p = 0.001), CCA2 (p = 0.001),
and CCA3 (p = 0.006), respectively. CCA1 and CCA2
(Fig. 4a) accounted for 42.1 and 26.6 % of the explain-
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Table 1. Contribution of lionfish (Pterois volitans and P. miles) prey by taxa, showing percent composition by number (%N),
percent composition by mass (% M), and percent frequency of occurrence (%F). C: cleaner; D: detritivore; H: herbivore; I:
invertivore; O: omnivore; P: piscivore; Pl: planktivore; Z: zooplanktivore. Trophic guild information collected from Bohlke &
Chaplin (1993), Cartes (1993), Cervigén (1993), Chande & Mgaya (2005), Corredor (1978), Frick et al. (2004), Hughes & Elner
(1989), Iversen et al. (1986), Lavalli et al. (2007), McEachran (2009), Puccio et al. (2006), Randall (1967), Robertson (1981),
Romero et al. (2004), Ryan (1956), Samson et al. (2007), Sterrer (1986, 1992), Whiteman et al. (2007), and Zhang et al. (1998)

Taxon Frequency %N YoM %F Trophic
(stomachs) (n=1352) (n =818) (n=1352) guild

Unidentified 96 3.6 2.1 6.9 -
Mollusca
Loliginidae

Sepioteuthis sepioidea 2 0.1 0.9 0.1 P
Octopodidae

Octopus spp. 2 0.1 0.2 0.1 I
Marginellidae

Volvarina albolineata® 1 <0.1 <0.1 0.1 Pl, Z
TOTAL 5 0.2 1.1 0.4
Crustacea
Unidentified crustacean 5 0.2 <0.1 0.4 -
Unidentified shrimp 155 12.6 2.8 111 -
Unidentified crab 28 1.7 0.2 2.0 -
Unidentified lobster 1 <0.1 <0.1 0.1 -
Rhynchocinetidae

Cinetorhynchus rigens 155 13.7 14.0 111 D
Munididae

Munida simplex 46 6.2 0.6 3.3 D H I
Portunidae

Portunus anceps 26 2.6 0.2 1.9 H, I
Grapsidae

Percnon gibbesi 15 1.3 2.6 1.1 H

Plagusia depressa 1 <0.1 <0.1 0.1 H

Planes minutus 2 0.1 <0.1 0.1 O
Calappidae?® 7 3.0 0.1 <0.1 I

Cryptosoma bairdii 16 0.9 1.2 1.1 I

Calappa gallus 2 0.1 0.1 0.1 I

Calappa ocellata 1 <0.1 <0.1 0.1 I
Stenopodidae

Stenopus hispidus 5 0.2 0.2 0.4 C
Hippolytidae

Lysmata grabhami 3 0.1 <0.1 0.2 C
Lysiosquillidae

Lysiosquilla scabricauda 2 0.1 0.2 0.1 LP
Gonodactylidae

Neogonodactylus oerstedii 1 <0.1 0.1 0.1 I
Palaemonidae

Brachycarpus biunguiculatus 1 <0.1 0.1 0.1 C

Palaemon northropi 1 0.1 <0.1 0.1 D
Mithracidae

Mithraculus forceps 3 0.1 0.9 0 D
Penaeidae 1 0.1 <0.1 0 I
Scyllaridae

Scyllarides nodifer 1 <0.1 0.1 0.1 I
Xanthidae 1 <0.1 <0.1 0.1 I
TOTAL 479 43.0 234 33.8
Teleosts
Unidentified teleost 326 25.6 25.3 23.4 -
Labridae® 9 0.6 0.2 0.6 -

Thalassoma bifasciatum 48 3.5 7.6 3.4 C,Z

Halichoeres garnoti 15 1.4 0.7 1.1 ILP

Halichoeres bivittatus 15 1.3 2.2 1. I, P

Xyrichtys martinicensis 3 0.1 <0.1 0.2 I

Halichoeres maculipinna 1 <0.1 <0.1 0.1 I, P

Clepticus parrae 1 <0.1 <0.1 0.1 Pl, Z
Serranidae

Paranthias furcifer 24 2.1 4.5 1.7 Z

Liopropoma spp. 3 0.1 0.4 0.2 LP

Table 1 continued on next page
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Table 1 (continued)
Taxon Frequency %N %M %F Trophic
(stomachs) (n=1352) (n =818) (n = 1352) guild

Hypoplectrus puella 4 0.2 1.0 0.3 ILP

Liopropoma rubre 1 <0.1 0.3 0.1 ILP
Holocentridae® 26 1.9 3.2 1.9

Sargocentron coruscum 13 1.5 4.7 0.9 I

Holocentrus adscensionis 1 <0.1 0.4 0.1 I

Sargocentron vexillarium 3 0.1 0.3 0.2 ILP
Bothidae 16 1.3 1.4 1.1 LP
Gobiidae® 3 0.2 0.1 0.2

Coryphopterus glaucofraenum 18 1.4 1.1 1.3 D HI

Coryphopterus personatus 4 0.2 0.1 0.3 Pl

Gnatholepis thompsoni 4 0.3 0.3 0.3 D H,I
Scaridae® 12 1.7 0.6 0.9

Sparisoma aurofrenatum 11 1.0 0.2 0.8 H

Scarus taeniopterus 4 0.1 0.4 0.3 H
Blennidae?® 13 14 1.2 0.9

Parablennius marmoreus 20 1.2 2.2 1.4 D, H,IPI

Entomacrodus nigricans 12 1.2 1.4 0.9 D, H, Pl
Haemulidae® 10 1.0 0.8 0.7

Haemulon aurolineatum 5 0.6 0.2 0.4 I

Haemulon flavolineatum 8 0.7 3.0 0.6 I
Apogonidae?® 11 0.5 0.9 0.8

Apogon pseudomaculatus 1 <0.1 0.2 0.1 I,z

Apogon townsendi 1 <0.1 0.1 0.1 1,72

Apogon binotatus 1 <0.1 0.1 0.1 I,z

Apogon maculatus 3 0.1 0.3 0.2 1,72
Chaetodontidae® 7 0.4 0.1 0.5

Chaetodon ocellatus 6 0.3 0.4 0.4 I

Chaetodon capistratus 2 0.2 <0.1 0.1 I
Acanthuridae 7 0.3 0.1 0.5

Acanthurus chirurgus 1 <0.1 0.1 0.1 H

Acanthurus bahianus 4 0.2 0.5 0.3 H
Synodontidae® 4 0.2 0.1 0.3

Synondus synodus 2 0.1 0.2 0.1 Pz
Aulostomidae

Aulostomus maculatus 4 0.1 <0.1 0.3 I P
Mullidae® 1 <0.1 0.5 0.1

Pseudupeneus maculatus 14 0.7 3.3 1.0 I

Mulloidichthys martinicus 1 <0.1 0.2 0.1 I
Pempheridae

Pempheris schomburgkii 2 0.3 0.4 0.1 I,Z
Pomacentridae

Stegastes variabilis 1 <0.1 0.2 0.1 D HI

Stegastes spp. 3 0.1 0.2 0.2 D, H,I

Chromis insolata 1 <0.1 0.1 0.1 Z

Chromis flavicauda 1 0.1 <0.1 0.1 Z
Monocanthidae

Cantherhines spp. 1 <0.1 <0.1 0.1 H, I

Aluterus schoepfii 1 <0.1 <0.1 0.1 H

Monacanthus tuckeri 4 0.2 1.0 0.3 I, Pl

Monacanthus ciliatus 1 <0.1 <0.1 0.1 H, I, Pl

Aluterus scriptus 1 <0.1 0.1 0.1 H,I
Carangidae

Decapterus spp. 1 <0.1 0.2 0.1 Z
Sparidae

Diplodus bermudensis 1 <0.1 <0.1 0.1 H
Clupeidae

Jenkinsia lamprotaenia 1 <0.1 <0.1 0.1 Z
Antennariidae 1 <0.1 <0.1 0.1 ILP
Tetraodontidae

Sphoeroides spengleri 1 0.1 0.2 0.1 I
TOTAL 724 55.5 73.4 51.9

“Stomach contents identified only to Family level (e.g. Calappidae® = unknown box crab)
PLikely captured incidentally
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Table 2. Top 10 prey species of lionfish (Pterois volitans and P. miles) in Bermuda according to the relative metrics of prey
quantity: percent composition by number (%N), percent composition by mass (%M ), and percent frequency of occurrence
(%F). » = crustacean; B = teleost

Rank Species %N  Species %M  Species %F
1 Cinetorhynchus rigens* 13.7 Cinetorhynchus rigens* 14.0 Cinetorhynchus rigens* 11.1
2 Mounida simplex” 6.2 Thalassoma bifasciatum® 7.6 Thalassoma bifasciatum® 34
3 Thalassoma bifasciatum® 3.5 Sargocentron coruscum® 4.7 Munida simplex® 3.3
4 Portunus anceps® 2.6 Paranthias furcifer® 4.5  Portunus anceps® 1.9
5 Paranthias furcifer® 2.1 Pseudupeneus maculatus® 3.3 Paranthias furcifer® 1.7
6 Sargocentron coruscum® 1.5 Haemulon flavolineatum® 3.0 Parablennius marmoreus® 1.4
7 Coryphopterus glaucofraenum® 1.4 Percnon gibbesi® 2.6 Coryphopterus glaucofraenum® 1.3
8 Halichoeres garnoti® 1.4  Halichoeres bivittatus® 2.2 Cryptosoma bairdii* 1.1
9 Percnon gibbesi® 1.3 Parablennius marmoreus® 2.2  Percnon gibbesi® 1.1
10 Halichoeres bivittatus® 1.3 Entomacrodus nigricans® 1.4  Halichoeres garnoti® 1.1

able diet variance, respectively, while CCA3 (Fig. 4b)
accounted for 19.2 %.

DISCUSSION

In general, the diet of lionfish in Bermuda appears
to be broadly similar to that of lionfish found in other
locations around the world, consisting of a diverse
range of teleost and crustacean prey. However, com-
pared other parts of its invaded range, the contribu-
tion of teleosts by number (%N) to the diet of lion-
fish in Bermuda appears to be ~15 to 30% lower

(65.5%N) than other regions (71.2%N in the Ba-
hamas, 74.4%N in the Mexican Caribbean, and
84.1%N along the southeastern US coast; Morris &
Akins 2009, Munoz et al. 2011, Valdez-Moreno et al.
2012). In addition, crustaceans appear to play a larger
role in the diet of lionfish in Bermuda (43.0%N)
relative to the Bahamas (28.5%N), the Mexican
Caribbean (25.6 % N), and the southeastern US coast
(13.9%N) (Table 4). The greater contribution of
teleost prey items by mass (73.4 % M) suggests that
they make a more important contribution to the diet
in terms of energy and nutrients compared to crus-
taceans (23.4%M). This scenario is similar to that

ance (IOP) and percent index of relative importance (%IRI) (values shown in parentheses). * = crustacean; ® = teleost

Rank Species Family Trophic guild
0P %IRI 10P %IRI I0P %IRI

1 Cinetorhynchus rigens®  Cinetorhynchus rigens® Rhynchocinetidae® Rhynchocinetidae” Invertivore Invertivore
(0.81) (69.3) (0.81) (52.0) (1.99) (60.4)

2 Thalassoma bifasciatum® Thalassoma bifasciatum® Labridae® Labridae® Detrivore Detrivore
(0.14) (8.6) (0.37) (19.8) (0.89) (27.3)

3 Paranthias furcifer® Munida simplex” Holocentridae® Holocentridae® Herbivore Herbivore
(0.04) (5.1) (0.14) (6.3) (0.25) (6.9)

4  Sargocentron coruscum® Paranthias furcifer® Blennidae® Blennidae® Cleaner Cleaner
(0.02) (2.6) (0.08) 4.7) (0.17) (4.0)

5  Pseudupeneus maculatus® Sargocentron coruscum® Serranidae® Munididae® Zooplanktivore Zooplanktivore
(0.02) (1.3) (0.07) (3.8) (0.06) (1.4)

6  Parablennius marmoreus® Portunus anceps® Haemulidae® Serranidae® Planktivore Planktivore
(0.02) (1.2) (0.04) (3.4) (<0.01) (0.1)

7 Percnon gibbesi* Parablennius marmoreus® Mullidae® Haemulidae® Piscivore Piscivore
(0.02) (1.1) (0.02) (1.8) (<0.01) (<0.1)

8 Halichoeres bivittatus® Percnon gibbesi® Grapsidae® Scaridae®
(0.01) (1.0) (0.02) (1.3)

9 Munida simplex® Pseudupeneus maculatus® Gobiidae® Gobiidae®
(0.01) (0.9) (0.02) (1.3)

10 Haemulon flavolineatum®  Halichoeres bivittatus® Scaridae® Calappidae”
(0.01) (0.9) (0.01) (1.3)
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Fig. 4. Canonical correspondence analysis biplots. Data
points represent individual prey groups. Arrows represent
explanatory variables for (a) depth and season and (b) size
and year, and their relationship to the distribution of prey
groups. A correlation between an explanatory variable and
a biplot axis is indicated by a small angle between them. A:
squat lobster Munida simplex; B: nimble spray crab Percnon
gibbesi; C: belted cardinalfish Apogon townsendi; D: pearl
blenny Entomacrodus nigricans

reported by Morris & Akins (2009) in the Bahamas,
where lionfish consumed more than 4 times the
teleosts (78.0 % V1) relative to crustaceans (14.4 % V1).

1As the average density of prey items was approximately 1 g
cm~3, we assume the percent composition by volume (% V)
and %M are equivalent, thus allowing the comparison of
% M from our study with % V in others

Table 4. Comparison of the 3 common diet metrics — per-
cent composition by number (%N), percent frequency of
occurrence (% F), and percent composition by mass (%M )—
of lionfish (Pterois volitans and P. miles) between different
regions throughout the northwest Atlantic Ocean

%N %M % F

Bermuda Teleost 55.5 73.4 51.9
Crustacean 43.0 23.4 33.8
Bahamas Teleost 71.2 78.0* 61.6
Crustacean 28.5 14.4° 247
Mexican-Caribbean Teleost 74.4
Crustacean 25.6
Southeast USAP Teleost 84.1  86.5%

Crustacean 13.9 11.5°

4This study used %V in lieu of %M
"Data from Mufoz et al. (2011)

Munoz et al. (2011) reported an even greater contri-
bution of teleosts to the diet of lionfish along the US
coast (86.5%M teleosts vs. 11.5%M crustaceans).
Nonetheless, crustaceans still make a more substan-
tial contribution to the diet of lionfish in Bermuda
than elsewhere. In total, 22 families of teleosts (44
species) and 14 families of crustaceans (17 species)
were found in the stomach contents of lionfish in
Bermuda. This substantial contribution of both
teleosts and crustaceans, with a broad range of fami-
lies and species in each category, supports the pre-
vailing view that lionfish are generalist and oppor-
tunist predators (Munoz et al. 2011, Layman &
Allgeier 2012, Coté et al. 2013).

The contribution of key prey items was fairly con-
sistent across the indices of importance, at the spe-
cies and family level, and when considering trophic
guild (Table 3). Despite some limited variation in the
order by which items were ranked, 9 species and 8
families were consistently represented in each index,
and the 2 top-ranked species and their families were
consistent across all metrics (Table 3). Similarly,
invertivores (60.4 %IRI) and detrivores (27.3 %IRI)
were the 2 top-ranked trophic guilds consumed by
lionfish, while herbivores ranked third (6.9 %IRI).
The consistency of the rankings among the indices
indicates that the red night shrimp Cinetorhynchus
rigens is the most important prey species for lionfish
in Bermuda (Table 3). This conclusion is reinforced
by its substantial contribution in number, mass, and
frequency and its ubiquitous presence in lionfish
stomachs throughout the year and at all depths. Even
at the family level, Rhynchocinetidae (to which the
red night shrimp belongs) makes the greatest contri-
bution to the lionfish diet (Table 3). This is the first
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study to show a crustacean species, and its related
family, playing such a substantial and extensive role
in the diet of lionfish.

The red night shrimp makes the biggest contribu-
tion to the diet of lionfish in Bermuda for any single
prey item, approximately 2 to 3 times greater than
the second item by all 3 diet metrics (Table 2). This
is notable considering their minimal contribution
(0.5%N and 1.0% V1) recorded in the Bahamas
(Morris & Akins 2009) and their absence from lionfish
diet in the Gulf of Mexico and along the southeastern
coast of the USA (Munoz et al. 2011, Dahl & Patterson
2014). Because lionfish and red night shrimp both
inhabit deep crevices and caves during the day and
actively feed at night (Burkenroad 1939, Fishelson
1975), this spatial and temporal habitat overlap likely
increases the frequency of encounters between the
2 species, potentially contributing to the high con-
sumption of red night shrimp. Alternatively, in the
absence of data that describe the populations of
red night shrimp in Bermuda or elsewhere, this could
potentially reflect their abundance in Bermuda, which
lionfish exploit opportunistically. Considering their
significant presence in the diet of lionfish in Ber-
muda, if these shrimp have not previously been the
target of native predators, the possibility exists that
lionfish may exert an unsustainable pressure on their
population. On the other hand, if red night shrimp
are consumed by native predators, there could be
consequences for the other species that feed upon
them, as they would now be competing with invasive
lionfish for those resources. Given the rate at which
red night shrimp are being consumed by lionfish in
Bermuda, a further examination of their biology and
ecology may be warranted to identify the impact
lionfish may have on their population and any subse-
quent effects on Bermuda's coral reef ecosystem.

As in previous studies (Morris & Akins 2009,
Munoz et al. 2011, Dahl & Patterson 2014), our work
shows that lionfish feed upon juveniles and small-
bodied adults of many species. Teleost prey items are
not just small, but often shallow-bodied (e.g. wrasse
and gobies), a trait shown by Green & Coté (2014) to
be correlated with an increased vulnerability to pre-
dation. It is harder to describe the characteristic traits
of crustacean prey in a similar manner. For example,
the nimble spray crab Percnon gibbesi are flat and
wide-bodied, with a row of spines on each walking
leg and, in general, do not present themselves as eas-
ily consumable prey. In addition, these shore crabs
are found along rocky shorelines below the mean
low-water level (Sterrer 1986) and often forage in
water <30 cm deep (C. Eddy pers. obs.). Despite these

potentially unappealing morphological traits and their
shallow habitat, nimble spray crabs ranked as the 7®
(IOP) and 8™ (%IRI) (Table 3) relatively important
prey item because they made a large contribution to
diet for lionfish captured at one specific site (3 to 7 m
deep) where a shallow rocky coastline is immediately
adjacent to high-relief reefs.

Considering the contrasting morphological shapes
and behaviors of teleost and crustacean prey, it
seems other factors may be contributing to the in-
creased consumption of the latter. A greater abun-
dance of crustacean prey relative to teleosts at cer-
tain times of the day (e.g. crepuscular periods) or in
certain locations (e.g. deep crevices and caves) is the
most parsimonious answer. However, prey naiveté
may also be contributing to the heavy predation on
some of these otherwise risk-averse crustaceans.
Cryptic and shy, red night shrimp shelter in recesses
and amongst the spines of the long-spined sea urchin
Diadema antillarum (Humann & DelLoach 1992,
Hernandez 2008). Similarly, the nimble spray crab,
which is sometimes known as the urchin crab, is often
found to associate with this same species (Hayes et
al. 1998). To naive prey with these sheltering in-
stincts, the elongate dorsal and pectoral fins of lion-
fish may appear to be a similarly benign structural
refuge, perhaps increasing their exposure to pre-
dation. Alternatively, as lionfish are visual preda-
tors (Fishelson 1997), the movement of some crus-
taceans (e.g. hurried motions, frequent rapid changes
in direction) may stimulate an instinctive preda-
tory response from the lionfish that increases their
vulnerability.

Lionfish in Bermuda consume more than 60 differ-
ent prey species that play important roles in coral
reef communities. While the Atlantic creolefish Pa-
ranthias furcifer is the only economically valuable
species among the top 10 prey items for lionfish in
Bermuda (Tables 2 & 3), other prey items play vital
ecological roles, such as juvenile bluehead wrasse
Thalassoma bifasciatum, which provides a beneficial
service to reef fish by cleaning them of dead skin and
ectoparasites (Feddern 1965). Although herbivorous
teleosts (e.g. juvenile scarids and acanthurids), which
help maintain coral health and facilitate coral recruit-
ment by grazing upon algae, seem to be consumed
infrequently in Bermuda (at least at present), the pos-
sibility exists that lionfish diet may change from year
to year as prey availability changes (Muhoz et al.
2011). While the ecological roles of some species, in
particular the crustaceans, are relatively unknown,
the taxa consumed by lionfish in Bermuda include a
widely diverse assortment of scavengers and detriti-
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vores, zooplanktivores, planktivores, herbivores, and
piscivores. The prey data in the current study show
that most trophodynamic guilds are represented in
the lionfish diet, reinforcing the concern that these
invasive teleosts may have the potential to disrupt
normal ecosystem function. Furthermore, many lion-
fish prey species could be essential prey for higher-
level predators, including some of economic impor-
tance (e.g. snappers) (Munoz-Escobar & Gil-Agudelo
2012).

Lionfish diet in Bermuda is affected by both depth
and season, presumably due to spatial and temporal
variation in community structure and, therefore, prey
availability driven by those environmental factors
(MacNeil & Connolly 2015). The first axis of the CCA
bi-plot is correlated with depth, which is likely due to
variations in habitat preferences and depth distribu-
tions of various prey species (Fig. 4a). For example,
certain prey species (e.g. squat lobster) are only en-
countered at 60 m, while other species (e.g. nimble
spray crab and seaweed blenny Parablennius mar-
moreus) were only found within stomachs of lionfish
captured in shallow waters (i.e. <30 m). Similarly,
Atlantic creolefish are abundant at 60 m and their
juveniles are one of the most common prey items for
lionfish captured at these depths. For this reason, it is
important to consider that this species may be signif-
icantly impacted by lionfish, which occur in very high
densities at these depths in Bermuda (Department of
Environment and Natural Resources unpubl. data).
The second axis of the CCA bi-plot (Fig. 4a) corre-
sponds with season, suggesting that there are also
seasonal trends in lionfish diet. For example, certain
prey items (e.g. pearl blenny Entomacrodus nigri-
cans and belted cardinalfish Apogon townsendi)
were only found in the stomachs of lionfish during
specific times of the year (e.g. mid-winter and mid-
autumn, respectively), indicating that there may be
seasonal changes in prey availability that could not
be detected adequately with the visual prey surveys.
This could also be indicative of a seasonal movement
between different habitats, for which we already have
anecdotal evidence, but which would have to be
explored directly in the future.

Another factor that influences diet is the size of the
lionfish. As the third CCA axis was significantly cor-
related with lionfish size (Fig. 4b) and the mean val-
ues of all 3 diet metrics (i.e. %N, %M, %F) showed
an increase in the contribution of teleosts among
larger lionfish (Fig. 3), it appears lionfish undergo an
ontogenetic diet shift from crustaceans to teleosts.
This pattern has been previously recognized in lion-
fish from the Bahamas (Morris & Akins 2009) and

could be explained by a number of factors. Since
lionfish are a gape-limited predator (Coté et al.
2013), the diet shift may reflect an increase in the
maximum size of potential prey as lionfish gape
increases, and a limit to the minimum size of prey as
small items may escape through the gaps between
gill rakers (Graham et al. 2007). Further, as larger
lionfish have greater gross energetic requirements, a
switch to teleosts may provide greater mass-specific
nutritional benefits compared to crustaceans. It
should be noted, however, that the current study
found a large 308 mm (TL) lionfish with 27 squat lob-
sters in its stomach and another larger 442 mm (TL)
individual with a single red night shrimp in its stom-
ach. Thus, while larger lionfish may consume a
greater proportion of teleosts, it does not preclude
them from opportunistically feeding on crustaceans.
We propose that the ontogenetic diet shift in lionfish
reflects their capacity to exploit an increasing variety
of resources, effectively expanding their dietary
niche and spreading their impact across a broad
range of species, both large and small.

Given the influence of depth on the diet of lionfish,
it is important to note that stomachs of lionfish caught
in deep water (>30 m) were more than twice as likely
to be empty (61.6 %) compared to those captured in
shallow water (<30 m; 28.1%). As our surveys sug-
gest potential prey items are abundant at both shal-
low and deep sites, the higher proportion of empty
stomachs from individuals captured in deeper waters
may have resulted from decompression-related baro-
trauma, regurgitation, and stomach eversion during
the ascent following specimen collection (DeMartini
et al. 1996). We thus suggest that future work aiming
to develop a more complete understanding of lionfish
diet and their potential impacts on the reef ecosystem
should include methods that prevent the loss of stom-
ach contents from lionfish captured in deep water.

Considering the broad diversity of prey items for
lionfish in Bermuda and the large quantity of well-
digested items that could not be identified in the
stomachs, it is possible that some prey species were
not recognized and accounted for, and that the diet of
lionfish in Bermuda is even broader than character-
ized here. As such, the economically important spe-
cies previously documented in the diet of lionfish
elsewhere (e.g. juvenile groupers and snappers in
the Bahamas; Morris & Akins 2009) may not be
exempt from predation in Bermuda even though they
went undetected in the current study. It is also possi-
ble that we simply did not sample lionfish from areas
where juveniles of these species are common. The
current study focused along the outer perimeter of
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Bermuda's reef platform as there were very limited
reports of lionfish in the lagoon and inshore waters
(Fig. 1) compared to observations of higher densities
along the outer and deep reefs. However, in Ber-
muda, juveniles of many teleost families recruit to
inshore and lagoonal patch reefs far more frequently
than to rim and terrace reefs (Smith et al. 2013). For
this reason, additional efforts should be made to
search for and collect lionfish from inshore and
lagoonal habitats to more completely investigate
their presence in these critical nursery areas and
their potential impact on the biodiversity of both eco-
logically and economically important species. Taken
together, these data suggest that if the lionfish popu-
lation in Bermuda continues to expand, there will
likely be no spatial or temporal refuge for potential
lionfish prey, which may eventually include any ju-
venile or small-bodied fishes or crustaceans. This, in
turn, suggests that the impacts of invasive lionfish
may eventually be felt across a broad range of spe-
cies and habitats, as has indeed been suggested by
other studies (see for example Mufioz et al. 2011,
Coté et al. 2013).

CONCLUSIONS

The extent to which invasive lionfish may impact
Bermuda's coral reef ecosystem is still relatively
unknown. While evidence suggests that, to date,
their population has not experienced the explosive
growth seen in other regions, there is concern that
this may be coming soon, with wide-scale impacts on
biodiversity, community structure, and ecosystem
function. This study provides information to help re-
source managers evaluate which prey species may
be most vulnerable to lionfish predation and there-
fore the species and habitats that may suffer the
greatest impact. Our work suggests that small crus-
tacean species will experience considerable impacts,
but the consequences of the intensive selection for
these species remains unknown. Overall, the diet of
lionfish seems to be spread across a broad range of
species, perhaps minimizing their current impact on
individual species. As the lionfish population grows
in Bermuda, this may change. Although lionfish are
consuming some ecologically important teleosts, her-
bivorous species (e.g. parrotfish) appear to be tar-
geted less often, suggesting a phase shift to an algae-
dominated community may not be an immediate
concern. However, a commercially important ser-
ranid (Atlantic creolefish) is highly-targeted in its
juvenile deep reef habitat (i.e. 60 m). If this remains

the case, there may be less of a direct impact upon
the health of the coral reef itself, although the nega-
tive influence upon other teleosts, including top
predators, may increase. Of course, if the progress of
the lionfish invasion in Bermuda accelerates, these
scenarios may change dramatically.

Acknowledgements. Funding was provided by the National
Science Foundation (DGE-1144241); the UK's Depart-
ment for Environment, Food, and Rural Affairs (DEFRA)
(DPLUSO001); and the University of Massachusetts Dart-
mouth. The Bermuda Zoological Society helped administer
and manage the DEFRA grant. Logistic support was pro-
vided by the National Oceanic and Atmospheric Adminis-
tration (NOAA), Bermuda's Department of Environment and
Natural Resources (DENR), and the Ocean Support Founda-
tion. The authors thank the NOAA reviewers for their valu-
able comments as we revised the manuscript. The authors
also thank Mandy Shailer from the DENR for her assistance
with GIS and mapping. The authors are especially grateful
to all lionfish hunters in the Bermuda Lionfish Culling Pro-
gram, and those commercial fishermen who provided lion-
fish for this study. In particular, we thank Weldon Carl
Wade, the Lionfish Mafia (William Gillett, Jon Pedro, Adri-
enne Smatt, Andrew Conyers, and Andrew de Melo),
Adrian Kawaley-Lathan, Michael Sinclair, Tommy Sinclair,
Joshua Hill, Joshua Stephens, and (last, but unquestionably
not least) Mark Outerbridge, Chris Cabral, and Alex David-
son for their help.

LITERATURE CITED

Albins MA, Hixon MA (2008) Invasive Indo-Pacific lionfish
Pterois volitans reduce recruitment of Atlantic coral-reef
fishes. Mar Ecol Prog Ser 367:233-238

Albins MA, Hixon MA (2013) Worst case scenario: potential
long-term effects of invasive predatory lionfish (Pterois
volitans) on Atlantic and Caribbean coral-reef communi-
ties. Environ Biol Fishes 96:1151-1157

Albins MA, Lyons PJ (2012) Invasive red lionfish Pterois
volitans blow directed jets of water at prey fish. Mar Ecol
Prog Ser 448:1-5

Bethea DM, Carlson JK, Hollensead LD, Papastamatiou YP,
Graham BS (2011) A comparison of the foraging ecology
and bioenergetics of the early life-stages of two sym-
patric hammerhead sharks. Bull Mar Sci 87:873-889

Bizzarro JJ, Robinson HJ, Rinewalt CS, Ebert DA (2007%)
Comparative feeding ecology of four sympatric skate
species off central California. Environ Biol Fishes 80:
197-220

Bohlke JE, Chaplin CC (1993) Fishes of the Bahamas and
adjacent tropical waters. University of Texas Press,
Austin, TX

Burkenroad MD (1939) Some remarks upon non-peneid
Crustacea Decapoda. J Nat Hist 3:310-318

Cartes JE (1993) Diets of two deep-sea decapods: Nemato-
carcinus exilis (Caridea: Nematocarcinidae) and Munida
tenuimana (Anomura: Galatheidae) on the western Medi-
terranean slope. Ophelia 37:213-229

Cervigon FR (1993) Los Peces Marinos de Venezuela.
Fundacion Cientifica Los Roques, Caracas

Chande AI, Mgaya YD (2005) Food habits of the blue


http://dx.doi.org/10.1080/00785326.1993.10429919
http://dx.doi.org/10.1080/03745481.1939.9723606
http://dx.doi.org/10.1007/s10641-007-9241-6
http://dx.doi.org/10.5343/bms.2010.1047
http://dx.doi.org/10.1111/j.1442-9993.2011.02282.x
http://dx.doi.org/10.3354/meps09580
http://dx.doi.org/10.1007/s10641-011-9795-1
http://dx.doi.org/10.3354/meps07620

Eddy et al.: Diet of lionfish in Bermuda 205

swimming crab Portunus pelagicus along the coast of
Dar es Salaam, Tanzania. J Mar Sci 3:37-42

Corredor L (1978) Notes on the behavior and ecology of the
new fish cleaner shrimp Brachycarpus biunguiculatus
(Lucas) (Decapoda Natantia, Palaemonidae). Crustaceana
35:35-40

Cortés E (1997) A critical review of methods of studying fish
feeding based on analysis of stomach contents: applica-
tion to elasmobranch fishes. Can J Fish Aquat Sci 54:
726-738

Coté IM, Green SJ, Morris JA Jr, Akins JL, Steinke D (2013)
Diet richness of invasive Indo-Pacific lionfish revealed by
DNA barcoding. Mar Ecol Prog Ser 472:249-256

Cure K, Benkwitt CE, Kindinger TL, Pickering EA, Pusack TJ,
Mcllwain JL, Hixon MA (2012) Comparative behavior of
red lionfish Pterois volitans on native Pacific versus in-
vaded Atlantic coral reefs. Mar Ecol Prog Ser 467:181-192

Dahl KA, Patterson WF (2014) Habitat-specific density and
diet of rapidly expanding invasive red lionfish, Pterois
volitans, populations in the northern Gulf of Mexico.
PLoS ONE 9:e105852

DeMartini EE, Parrish FA, Ellis DM (1996) Barotrauma-
associated regurgitation of food: implications for diet
studies of Hawaiian pink snapper, Pristipomoides fila-
mentosus (family Lutjanidae). Fish Bull 94:250-256

Edwards MA, Frazer TK, Jacoby CA (2014) Age and growth
of invasive lionfish (Pterois spp.) in the Caribbean Sea,
with implications for management. Bull Mar Sci 90:
953-966

Feddern HA (1965) The spawning, growth, and general
behavior of the bluehead wrasse, Thalassoma bifascia-
tum (Pisces: Labridae). Bull Mar Sci 15:896-941

Ferreira CEL, Luiz OJ, Floeter SR, Lucena MB, Barbosa MC,
Rocha CR, Rocha LA (2015) First record of invasive lion-
fish (Pterois volitans) for the Brazilian coast. PLOS ONE
10:e0123002

Fishelson L (1975) Ethology and reproduction of pteroid
fishes found in the Gulf of Agaba (Red Sea) especially
Dendrochirus brachypterus (Cuvier) (Pteroidae, Teleos-
tei). Pubbl Stn Zool Napoli 39:635-656

Fishelson L (1997) Experiments and observations on food
consumption, growth and starvation in Dendrochirus
brachypterus and Pterois volitans (Pteroinae, Scorpaeni-
dae). Environ Biol Fishes 50:391-403

Frazer TK, Jacoby CA, Edwards MA, Barry SC, Manfrino
CM (2012) Coping with the lionfish invasion: Can tar-
geted removals yield beneficial effects? Rev Fish Sci 20:
185-191

Frick MG, Williams KL, Bolten AB, Bjorndal KA, Martins HR
(2004) Diet and fecundity of Columbus crabs, Planes
minutus, associated with oceanic-stage loggerhead sea
turtles, Caretta caretta, and inanimate flotsam. J Crustac
Biol 24:350-355

Gardner PG, Frazer TK, Jacoby CA, Yanong RP (2015)
Reproductive biology of invasive lionfish (Pterois spp.).
Front Mar Sci 2:1-10

Graham BS, Grubbs D, Holland K, Popp BN (2007) A rapid
ontogenetic shift in the diet of juvenile yellowfin tuna
from Hawaii. Mar Biol 150:647-658

Green SJ, Co6té IM (2009) Record densities of Indo-Pacific
lionfish on Bahamian coral reefs. Coral Reefs 28:107

[1 Green SJ, Coté IM (2014) Trait-based diet selection:

prey behaviour and morphology predict vulnerability
to predation in reef fish communities. J Anim Ecol 83:
1451-1460

[1 Green SJ, Akins JLM, Maljkovi¢ A, Cété IM (2012) Invasive

lionfish drive Atlantic coral reef fish declines. PLOS ONE
7:€32596

Hayes FE, Joseph VL, Gurley HS, Wong BYY (1998) Selec-
tion by two decapod crabs (Percnon gibbesi and Steno-
rhynchus seticornis) associating with an urchin (Dia-
dema antillarum) at Tobago, West Indies. Bull Mar Sci
63:241-247

Hernandez MS (2008) Relaciones interespecificas entre
Diadema antillarum (Echinodermata: Diadematidae) y
otros invertebrados a lo largo del ciclo lunar. An Univ
Etol 2:62-70

Hughes RN, Elner RW (1989) Foraging behaviour of a tropi-
cal crab: Calappa ocellata (Holthuis) feeding upon the
mussel Brachidontes domingensis (Lamarck). J Exp Mar
Biol Ecol 133:93-101

Humann P, DeLoach N (1992) Reef creature identification:
Florida, Caribbean, Bahamas. New World Publications,
Jacksonville, FL.
Hyslop EJ (1980) Stomach contents analysis — a review of
methods and their application. J Fish Biol 17:411-429
Iversen ES, Jory DE, Bannerot SP (1986) Predation on queen
conchs, Strombus gigas, in the Bahamas. Bull Mar Sci
39:61-75

Jackson JBC, Donovan MK, Cramer KL, Lam VV (2014)
Status and trends of Caribbean coral reefs: 1970-2012.
Global Coral Reef Monitoring Network, IUCN, Gland

Jongman RH, ter Braak CJF, Tongeren OFR (eds) (1987%)
Data analysis in community and landscape ecology.
Cambridge University Press, Cambridge

Kendall JJ (1990) Further evidence of cooperative foraging
by the turkeyfish Pterois miles in the Gulf of Aqaba,
Red Sea, with comments on safety and first aid. Proc
Am Acad Underwater Sci Scientific Diving Symp 10:
209-223

Lavalli KL, Spanier E, Grasso F (2007) Behavior and sensory
biology of slipper lobsters. In: Lavalli KL, Spanier E (eds)
The biology and fisheries of the slipper lobster. CRC
Press, Boca Raton, FL, p 133-181

Layman CA, Allgeier JE (2012) Characterizing trophic ecol-
ogy of generalist consumers: a case study of the invasive
lionfish in The Bahamas. Mar Ecol Prog Ser 448:131-141

Lesser MP, Slattery M (2011) Phase shift to algal dominated
communities at mesophotic depths associated with lion-
fish (Pterois volitans) invasion on a Bahamian coral reef.
Biol Invasions 13:1855-1868

Luiz OJ, Floeter SR, Rocha LA, Ferreira CEL (2013) Perspec-
tives for the lionfish invasion in the South Atlantic: Are
Brazilian reefs protected by the currents? Mar Ecol Prog
Ser 485:1-7

Mack RN, Simberloff D, Lonsdale MW, Evans H, Clout M,
Bazzaz FA (2000) Biotic invasions: causes, epidemiology,
global consequences, and control. Ecol Appl 10:689-710

MacNeil MA, Connolly SR (2015) Multi-scale patterns and
processes in reef fish abundance. In: Camilo M (ed) Ecol-
ogy of fishes on coral reefs. Cambridge University Press,
Cambridge, p 116-124

McEachran JD (2009) Fishes (Vertebrata: Pisces) of the Gulf
of Mexico. In: Felder DL, Camp DK (eds) Gulf of Mexico
origins, waters, and biota, Vol 1: biodiversity. Texas A&M
University Press, College Station, TX, p 1223-1316

Molnar JL, Gamboa RL, Revenga C, Spalding MD (2008)
Assessing the global threat of invasive species to marine
biodiversity. Front Ecol Environ 6:485-492

Morris JA (2009) The biology and ecology of the invasive


http://dx.doi.org/10.1890/070064
http://dx.doi.org/10.1890/1051-0761(2000)010[0689%3ABICEGC]2.0.CO%3B2
http://dx.doi.org/10.3354/meps10383
http://dx.doi.org/10.1007/s10530-011-0005-z
http://dx.doi.org/10.3354/meps09511
http://dx.doi.org/10.1111/j.1095-8649.1980.tb02775.x
http://dx.doi.org/10.1016/0022-0981(89)90160-3
http://dx.doi.org/10.1007/s00338-012-0987-8
http://dx.doi.org/10.1371/journal.pone.0032596
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22412895&dopt=Abstract
http://dx.doi.org/10.1111/1365-2656.12250
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24861366&dopt=Abstract
http://dx.doi.org/10.1007/s00338-008-0446-8
http://dx.doi.org/10.1023/A%3A1007379606233
http://dx.doi.org/10.1007/s00227-006-0360-y
http://dx.doi.org/10.3389/fmars.2015.00007
http://dx.doi.org/10.1651/C-2440
http://dx.doi.org/10.1080/10641262.2012.700655
http://dx.doi.org/10.1023/A%3A1007331304122
http://dx.doi.org/10.1371/journal.pone.0123002
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25901361&dopt=Abstract
http://dx.doi.org/10.5343/bms.2014.1022
http://dx.doi.org/10.1371/journal.pone.0105852
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25170922&dopt=Abstract
http://dx.doi.org/10.3354/meps09942
http://dx.doi.org/10.3354/meps09992
http://dx.doi.org/10.1139/f96-316
http://dx.doi.org/10.1163/156854078X00187

206 Mar Ecol Prog Ser 558: 193-206, 2016

Indo-Pacific lionfish. PhD dissertation, North Carolina
State University, Raleigh, NC

Morris JA, Akins JL (2009) Feeding ecology of invasive
lionfish (Pterois volitans) in the Bahamian Archipelago.
Environ Biol Fishes 86:389-398

Morris JA, Whitfield PE (2009) Biology, ecology, control and
management of the invasive Indo-Pacific lionfish: an
updated integrated assessment. NOAA Tech Memo NOS
NCCOS 99. National Oceanic and Atmospheric Admin-
istration, Washington, DC

Muinoz RC, Currin CA, Whitfield PE (2011) Diet of invasive
lionfish on hard bottom reefs of the Southeast USA:
insights from stomach contents and stable isotopes. Mar
Ecol Prog Ser 432:181-193

Munoz-Escobar L, Gil-Agudelo DL (2012) Composicion
dietaria del pez leon, Pterois volitans (Pisces: Scor-
paenidae), en Santa Marta y el Parque Nacional Natural
Tayrona. Bol Invest Mar Cost 41:471-477

Natrajan AV, Jhingran AG (1962) Index of preponderance: a
method of grading the food elements in the stomach
analysis of fishes. Ind J Fish 8:54-59

Pinkas LM, Oliphant S, Iverson ILK (1971) Food habits of
albacore, bluefin tuna and bonito in Californian waters.
Calif Fish Game 152:1-105

Puccio V, Relini M, Azzurro E, Relini LO (2006) Feeding
habits of Percnon gibbesi (H. Milne Edwards, 1853) in
the Sicily Strait. Hydrobiologia 557:79-84

Randall JE (1967) Food habits of reef fishes of the West
Indies. Stud Trop Oceanogr 5:665-847

Robertson DR (1981) The social and mating systems of two
labrid fishes, Halichoeres maculipinna and H. garnoti,
off the Caribbean coast of Panama. Mar Biol 64:327-340

Romero MC, Lovrich GA, Tapella F, Thatje S (2004) Feeding
ecology of the crab Munida subrugosa (Decapoda:
Anomura: Galatheidae) in the Beagle Channel, Argentina.
J Mar Biol Assoc UK 84:359-365

Ryan EP (1956) Observations on the life histories and the
distribution of the Xanthidae (mud crabs) of Chesapeake
Bay. Am Midl Nat 56:138-162

Sakai AK, Allendorf FW, Holt JS, Lodge DM and others
(2001) The population biology of invasive species. Annu
Rev Ecol Syst 32:305-332

Samson SA, Yokota M, Strissmann CA, Watanabe S (2007)
Natural diet of grapsoid crab Plagusia dentipes de Haan
(Decapoda: Brachyura: Plagusiidae) in Tateyama Bay,
Japan. Fish Sci 73:171-177

Schofield PJ (2010) Update on geographic spread of invasive
lionfishes (Pterois volitans [Linnaeus, 1758] and P. miles

Editorial responsibility: Mark Hixon (Guest Editor),
Honolulu, Hawaii, USA

[Bennett, 1828]) in the Western North Atlantic Ocean,
Caribbean Sea and Gulf of Mexico. Aquat Invasions 5:
S117-S122

[] Schultz ET, Cowen RK (1994) Recruitment of coral reef

fishes to Bermuda: local retention or long-distance trans-
port? Mar Ecol Prog Ser 109:15-28

Smith SR, de Putron S, Murdoch TJ, Pitt JM, Nagelkerken I
(2013) Biology and ecology of corals and fishes on the
Bermuda Platform. In: Sheppard CRD (ed) Coral Reefs
of the United Kingdom overseas territories. Springer,
Dordrecht, p 135-151

Sterrer W (1986) Marine flora and fauna of Bermuda: a sys-
tematic guide to the identification of marine organisms.
Island Press, Bermuda

Sterrer W (1992) Bermuda's marine life. Bermuda Zoological
Society. Island Press, Bermuda

ter Braak CJF (1986) Canonical correspondence analysis: a
new eigenvector technique for multivariate direct gradi-
ent analysis. Ecology 67:1167-1179

ter Braak CJF (1987) The analysis of vegetation-environ-
ment relationships by canonical correspondence analy-
sis. Vegetatio 69:69-77

Valdez-Moreno M, Quintal-Lizama C, Gémez-Lozano R, del
Carmen Garcia-Rivas M (2012) Monitoring an alien inva-
sion: DNA barcoding and the identification of lionfish
and their prey on coral reefs of the Mexican Caribbean.
PLOS ONE 7:€36636

Vitousek PM, D'antonio CM, Loope LL, Rejmanek M, West-
brooks R (1997) Introduced species: a significant compo-
nent of human-caused global change. NZ J Ecol 21:1-16

Whiteman EA, Cété IM, Reynolds JD (2007) Ecological dif-
ferences between hamlet (Hypoplectrus: Serranidae)
colour morphs: between-morph variation in diet. J Fish
Biol 71:235-244

Whitfield PE, Gardner T, Vives SP, Gilligan MR, Courtenay
WR Jr, Ray GC, Hare JA (2002) Biological invasion of
the Indo-Pacific lionfish Pterois volitans along the
Atlantic coast of North America. Mar Ecol Prog Ser 235:
289-297

Whitfield PE, Hare JA, David AW, Harter SL, Munoz RC,
Addison CM (2007) Abundance estimates of the Indo-
Pacific lionfish Pterois volitans/miles complex in the
Western North Atlantic. Biol Invasions 9:53-64

Zar JH (1999) Biostatistical analysis. Prentice Hall, Upper
Saddle River, NJ

Zhang D, Lin J, Creswell L (1998) Mating behavior and
spawning of the banded coral shrimp Stenopus hispidus
in the laboratory. J Crustac Biol 18:511-518

Submitted: January 20, 2016; Accepted: July 18, 2016
Proofs received from author(s): September 2, 2016


http://dx.doi.org/10.2307/1549415
http://dx.doi.org/10.1007/s10530-006-9005-9
http://dx.doi.org/10.3354/meps235289
http://dx.doi.org/10.1111/j.1095-8649.2007.01485.x
http://dx.doi.org/10.1371/journal.pone.0036636
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22675470&dopt=Abstract
http://dx.doi.org/10.1007/BF00038688
http://dx.doi.org/10.2307/1938672
http://dx.doi.org/10.3354/meps109015
http://dx.doi.org/10.3391/ai.2010.5.S1.024
http://dx.doi.org/10.1111/j.1444-2906.2007.01315.x
http://dx.doi.org/10.1146/annurev.ecolsys.32.081501.114037
http://dx.doi.org/10.2307/2422450
http://dx.doi.org/10.1017/S0025315404009282h
http://dx.doi.org/10.1007/s10750-005-1310-2
http://dx.doi.org/10.3354/meps09154
http://dx.doi.org/10.1007/s10641-009-9538-8

Vol. 558: 207-221, 2016
doi: 10.3354/meps11898

MARINE ECOLOGY PROGRESS SERIES
Mar Ecol Prog Ser

Published October 25

Contribution to the Theme Section ‘Invasion of Atlantic coastal ecosystems by Pacific lionfish’

R ©P

Experimental assessment oif lionfish removals to
mitigate reef fish community shifits on northern

Gulf of Mexico artificial reeis

Kristen A. Dahl!, William F. Patterson III!, Richard A. Snyder?3

1University of South Alabama, Dauphin Island Sea Lab, 101 Bienville Blvd, Dauphin Island, AL 36528, USA
2University of West Florida, 100 University Parkway, Pensacola, Florida 32514, USA

3Present address: Eastern Shore Laboratory, Virginia Institute of Marine Science, Wachapreague, VA 23410, USA

ABSTRACT: Substantial declines in reef fishes were observed at northern Gulf of Mexico artificial
reef sites between 2009-2010 and 2011-2012, a period that bracketed the appearance of invasive
lionfish in this ecosystem. Small demersal reef fishes, the predominant prey of lionfish in other sys-
tems, displayed the greatest declines. However, a confounding factor during this time was the
Deepwater Horizon Oil Spill (DWH) in summer 2010. In some areas, targeted lionfish removals
have been demonstrated to mitigate negative effects on native fishes. Therefore, we conducted a
2 yr experiment to examine the effectiveness and ecological benefits of targeted lionfish removals
at artificial reefs (n = 27) off northwest Florida, USA, where lionfish densities reached the highest
recorded in the western Atlantic by 2013. All lionfish were removed via spearfishing from 17 reefs
in December 2013, 9 of which were periodically re-cleared of lionfish through May 2015. Remain-
ing sites served as uncleared controls. Both juvenile and adult lionfish quickly recruited to cleared
reefs, with lionfish reaching pre-clearance densities in <1 yr on reefs cleared only once. Removal
treatment significantly affected reef fish community structure at experimental reefs, but removal
effort was insufficient to achieve substantial gains for most taxa, and declines in several taxa were
observed throughout, regardless of treatment. It is unclear whether chronic effects of the DWH or
regionally high lionfish densities were more important factors in explaining trends observed in
reef fish communities, but small-scale targeted lionfish removal efforts had few positive impacts
overall on native reef fish communities in this study.

KEY WORDS: Lionfish - Reef fish - Invasive species - Gulf of Mexico

INTRODUCTION

Indo-Pacific lionfishes, Pterois volitans/miles com-
plex (hereafter 'lionfish'), have exhibited an exten-
sive and rapid invasion in the western Atlantic
Ocean, thus earning the species the distinction of
being the most successful marine fish invader to date
(Whitfield et al. 2002, Morris & Akins 2009, Albins
2013). Lionfish are so abundant and broadly distrib-
uted in their invaded range that their eradication is
thought to be unachievable (C6té et al. 2013). At the

*Corresponding author: kdahl@disl.org

time of this writing, lionfish have established an
invaded range of over 7 million km? in diverse habi-
tat types beyond their native coral reefs across tropi-
cal and sub-tropical western Atlantic Ocean waters,
including the Caribbean Sea and Gulf of Mexico
(GOM) (Schofield 2009, Coté et al. 2013, Schofield
et al. 2014).

The GOM is the most recently invaded basin,
where lionfish were first reported in 2009 off the
northern Yucatan Peninsula, Mexico (Aguilar-Perera
& Tuz-Sulub 2010), in the Florida Keys, USA (Rutten-
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berg et al. 2012), and along the west Florida shelf
(Schofield 2010). By late 2010, lionfish had been
observed in eastern, northern and western regions of
the GOM (Schofield 2010, Fogg et al. 2013, Dahl &
Patterson 2014, Nuttall et al. 2014). In the short span
of time since initial observations, lionfish populations
in the northern GOM (nGOM) have increased expo-
nentially and have reached high densities (>20 fish
100 m~?) on artificial reefs, yet their densities on nat-
ural reefs remain 2 orders of magnitude lower (Dahl
& Patterson 2014).

The first sightings of lionfish in the nGOM coin-
cided with another significant event in the region:
the Deepwater Horizon Oil Spill (DWH). The spill
released more than 200 million gallons (~7.6 x 108 1)
of oil over several months beginning in April 2010.
Effects of the DWH on various biological communi-
ties have been documented, yet it is unclear how
resilient the nGOM ecosystem will be to this large-
scale disturbance (Graham et al. 2010, DeLaune &
Wright 2011, Williams et al. 2011, Whitehead et al.
2012). Among reef fishes, reported DWH impacts
include changes in diet and trophic position (Tar-
necki & Patterson 2015, Norberg 2015), and shifts in
community structure (NOAA-NRDA 2015) following
exposure to toxic petroleum compounds (Murawski
et al. 2014). Recent ecosystem modeling simulations
have indicated that depleted reef fish stocks in the
region could have contributed to the rapid increase
in lionfish density and biomass (Chagaris et al. 2015).
While the DWH may not be the singular factor initiat-
ing fish declines, the negative effects of disturbance
on native reef fish communities may have similarly in-
creased the system's vulnerability to lionfish invasion.

While the full extent of chronic impacts of the DWH
on reef fishes in the nGOM remains unclear, the liter-
ature on invasive lionfish in the western Atlantic sug-
gests they pose a clear long-term threat to nGOM
reef fishes. Lionfish impacts on native communities
have been reported from invaded regions, with a
consensus that lionfish alter reef fish community and
trophic structure in regions where they have become
abundant (Lesser & Slattery 2011, Albins & Hixon
2013, Albins 2015). Lionfish are novel predators that
consume a broad range of fish and invertebrate prey
(Albins & Hixon 2008, Morris & Akins 2009, Munoz et
al. 2011), including the juvenile stages of ecologically
and economically important fishes (Lesser & Slattery
2011, Dahl & Patterson 2014). Lionfish predation has
caused substantial declines in the abundances of
small adult reef fishes, as well as juvenile recruits of
larger reef fish species (Albins & Hixon 2008, Green
et al. 2012, Albins 2015, Benkwitt 2015). Further-

more, lionfish have caused significant and rapid de-
clines in prey fish biomass (Green et al. 2012) and
species richness (Albins 2013) following their arrival
on both continuous reefs and patch reefs. Native
predator—prey dynamics may also be destabilized in
the presence of lionfish (Ingeman & Webster 2015),
where the invaders can cause nearly 3-fold greater
prey mortality when compared with native meso-
predators (Albins 2013). Larger native reef fish spe-
cies may also be affected via indirect processes such
as competition for resources. Dietary overlap of lion-
fish with native mesopredators, or even apex preda-
tors, may lead to decreases in the abundances of
those species (Layman & Allgeier 2012). Predation by
and lack of predation on lionfish ultimately results in
the diversion of resources from higher trophic levels
to an energetic dead end. Additionally, lionfish may
alter the behavior of native reef fish and inverte-
brates via competition for space and shelter (Curtis-
Quick et al. 2014, Raymond et al. 2015).

The speed of the lionfish invasion coupled with neg-
ative impacts to recipient ecosystems has motivated
researchers to work towards developing best man-
agement practices to mitigate impacts to native com-
munities. There is consensus among researchers and
managers that lionfish control is desirable to miti-
gate their negative effects on marine ecosystems and
economies, given that lionfish are now considered to
be permanent members of western Atlantic fish com-
munities (Morris & Whitfield 2009, Arias-Gonzélez et
al. 2011). However, the potential benefits as well as
the costs of targeted lionfish removal programs
remain unclear. All lionfish management strategies
hinge on the goal of a reduction of lionfish populations
and thus their corresponding impacts. Targeted re-
movals of lionfish have gained considerable attention
in recent years and in some cases have reduced both
the numbers and mean size of individuals (Frazer et
al. 2012, de Leon et al. 2013). However, lionfish popu-
lations have shown an ability to recover quickly from
removal efforts, requiring repeated and substantial
harvesting effort to maintain low abundances (Arias-
Gonzdlez et al. 2011, Barbour et al. 2011). Partial
culling has been effective in some cases for stopping
the loss of native prey fish biomass with lower effort
than would be required for complete lionfish removal
(Green et al. 2014). However, other cases have re-
ported that all lionfish must be removed to see sub-
stantial conservation gains (Benkwitt 2015). Promotion
of the species as a food fish is also gaining popularity
and could be a way to increase the geographical scale
of lionfish removals (Ferguson & Akins 2010, Morris
etal. 2011b, Coté et al. 2013).
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Here, we report results of a lionfish removal exper-
iment conducted at artificial reef sites in the nGOM.
The objectives of the study were to evaluate the
effectiveness of targeted lionfish removals as a means
to control lionfish densities, as well as to evaluate the
effectiveness of lionfish removal for native reef fish
community recovery. Pre-invasion community struc-
ture data enabled us to examine shifts in native reef
fish communities that occurred after lionfish were
observed on study reefs in 2010, and then to examine
whether lionfish removal efforts facilitated recovery
of native fishes. However, the occurrence of the DWH
in 2010 presented a confounding factor for initial
changes in reef fish communities, and also patterns
seen in reef fish communities following lionfish
removals. Therefore, we interpret study results with
respect to experimental treatments, as well as within
the context of potential effects of the DWH on nGOM
reef fishes.

MATERIALS AND METHODS
Study region and experimental reefs

Study sites consisted of 27 artificial reefs within the
Escambia East-Large Area Artificial Reef Site (EE-
LAARS; 260 km?), which is located approximately
32 km south of Pensacola, FL, USA (Fig. 1). The same
reefs were used for both the observational and the
experimental component of this study. Reefs were
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originally deployed on the seabed (depth range
27-41 m) by the Florida Fish and Wildlife Conserva-
tion Commission in 2003 and consist of 3 different
design types: single pyramid, paired tetrahedrons,
and paired cylinders with rounded tops (Dance et al.
2011). The composition of all reefs was principally
concrete, although pyramid reefs had sides com-
posed of steel rebar in a lattice configuration. Reef
volume ranged from 4.09 to 5.68 m®.

Three reefs of each design type were randomly se-
lected for inclusion in one of 2 lionfish removal treat-
ments or a control group during the removal experi-
ment. Nine reefs were selected for a single lionfish
removal event (clear-once treatment) in early 2014,
and 9 additional reefs were selected to be repeatedly
cleared of lionfish via triannual removal events
(maintain-clear treatment) through May 2015. The
remaining 9 sites were selected for a control treat-
ment with no lionfish removed over the study. How-
ever, one of the clear-once reefs was mistakenly not
cleared of lionfish in winter 2014; thus, there was one
more control reef (n = 10), and one less clear-once
site (n = 8), than originally planned.

ROV video sampling and analysis

We sampled study reefs with a VideoRay Pro4
remotely operated vehicle (ROV) to estimate reef fish
community structure for both components of the
study, albeit on different time scales. Video sampling
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Fig. 1. Map of the northern Gulf of Mexico indicating the locations of the Escambia East-Large Area Artificial Reef Site

(EE-LAARS) and the 27 experimental reefs examined in the current study. Experimental reefs were located in the northeast

quadrant of the 260 km? area. Symbols denote different reef types: triangles (paired cylinders with rounded tops), circles
(paired tetrahedrons) and squares (single pyramid)
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was conducted quarterly in 2009-2010, which pro-
vided baseline data on reef fish community structure
prior to lionfish being observed in the nGOM, and
again in 2011-2012, the year following the start of
the lionfish invasion. During the removal experi-
ment, we conducted triannual (i.e. approx. every
4 mo) video sampling from December 2013 through
August 2015. Specifically, ROV sampling for the re-
moval experiment was performed in December 2013
(fall 2013), March 2014 (spring 2014), July 2014
(summer 2014), December 2014 (fall 2014), May 2015
(spring 2015), and August 2015 (summer 2015).

The VideoRay Pro4 ROV (dimensions: 36 cm long,
28 cm tall, 22 cm wide; mass = 4.8 kg) has a depth
rating of 170 m, a 570-line color camera with wide-
angle (116°) lens, and is equipped with a red laser
scaler to estimate fish size. The laser scaler consists of
two 5 mW , 635 nm (red) class Illa lasers mounted in
a fixed position 75 mm apart, allowing for estimation
of fish size using the ratio of the distance between
lasers to the distance between snout and fork length
of fishes observed onscreen (Patterson et al. 2009,
Dance et al. 2011). The ROV was tethered to the
surface and controlled by a pilot via an integrated
control box that contains a 38 cm video monitor to
observe and capture the digital video feed from
the ROV's camera. Additionally, a GoPro Hero4 high
definition (1080p at 120 fps) digital camera was
mounted to the forward view of the ROV to provide
high definition video for reef fish community surveys.

The ROV-based point-count sampling method de-
scribed by Patterson et al. (2009) was employed to
estimate reef fish community structure in a 15 m wide
cylinder with reefs at the center of the cylinder's
base. High definition video samples were viewed in a
darkroom on a Sony LMD-2110W high-resolution
LCD monitor to enumerate and identify reef fishes to
the lowest taxonomic level possible. A second video
reader independently analyzed randomly selected
video samples (n = 16) to estimate reader agreement.
Differences between reader estimates were evalu-
ated by computing the average percent error (APE)
for each taxon in a given sample, following Beamish
& McFarlane (1983). The mean of site-specific APEs
across all taxa was computed to produce an overall
APE between readers.

Total length (TL) was estimated for lionfish struck
by the laser scaler if lionfish orientation was esti-
mated to be less than 20° from perpendicular to lasers
in order to minimize measurement error (Patterson et
al. 2009). Fish size was estimated by first multiplying
the length of a fish measured in a video frame by the
known distance between lasers (75 mm), and then

dividing that product by the distance measured
between lasers in the frame. Patterson et al. (2009)
estimated a mean negative bias of 3% (SD = 0.6) from
this method; thus, our estimated lionfish TL was bias-
corrected based on a random probability draw and
normally distributed bias with a mean equal to 3%
and a SD of 0.6 %. Total length distributions of lion-
fish on control sites were gathered from ROV esti-
mates of TL. A 1-factor ANOVA was computed to test
whether estimates of mean lionfish length estimated
with the ROV laser scaler were different among
removal treatments at the start of the study in the fall
of 2013.

Targeted removals of lionfish

Divers removed lionfish from study reefs via spear-
fishing. Divers were able to capture and remove all
lionfish present from reef structure and surrounding
seabed during removal events. Initial removals on
clear-once and maintain-clear sites were performed
in January and February 2014, and then repeated on
maintain-clear sites in July and August 2014, and in
February and May 2015. Poor weather conditions
prevented February and May 2015 removal events
from occurring closer in time. Lionfish were speared
immediately posterior to the skull-spinal column
juncture and then placed in a saltwater ice slurry to
euthanize. Each lionfish removed was weighed to the
nearest 0.1 g and measured to nearest mm TL. The
growth function reported by Barbour et al. (2011) for
lionfish in USA waters was then solved for age and
used to predict age distributions from the TL data
obtained from culled fish. A linear regression was
computed between lionfish counts from the ROV
video samples and lionfish subsequently removed by
divers at clear-once or maintain-clear reefs to test for
bias in the ROV-derived lionfish counts.

Data analysis
Pre-removal experiment

Permutational analysis of variance (PERMANOVA)
models were computed with the Primer statistical
package (ver. 6; Anderson et al. 2008) to test for
differences in reef fish community structure. Taxa-
specific fish densities (fish 100 m~2) were the de-
pendent variables in PERMANOVA models, which
were computed with standardized (by total sample
abundance) untransformed fish density data, using
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Bray-Curtis dissimilarities with 10000 permutations.
Models tested whether the pattern in the similarity
matrices between levels of factors was significantly
different from random. Single-factor PERMANOVA
models were computed to test for differences in reef
fish community structure between samples collected
in 2009-2010 versus 2011-2012 for all fishes, as well
as separately for exploited species (e.g. snappers,
groupers, porgies, triggerfish and jacks; Table S1 in
the Supplement at www.int-res.com/articles/suppl/
mb558p207_supp.pdf) and small demersal reef fishes
(e.g. damselfishes, cardinalfishes, blennies, wrasses,
gobies; Table S1 in the Supplement). In the model,
reef surveys were nested within reefs across time to
account for repeated sampling of individual reefs
over time. This partitioning of variance accounted for
differences within individual reefs and resulted in a
residual error term inappropriate to test the effect of
differences among individual reefs (Zar 1999, Hinkle
et al. 2003), nor was this effect of primary interest to
the study. Thus, F-ratios and p-values were not inter-
preted for effects of individual reefs in all repeated
measures analyses.

Species-specific contrasts were performed for the
25 most abundant species with 1-factor repeated
measures ANOVAs computed in R, using the stats
package (version 3.1.1; R Core Team 2015) to test for
differences in fish density between 2009-2010 and
2011-2012 time periods. One-factor repeated meas-
ures ANOVAs also were computed to test the effect
of time on reef fish diversity indices of species rich-
ness (number of species present), diversity (Shan-
non-Wiener H'), and evenness (Pielou's J'), as well
as number of individuals (individuals from all spe-
cies). For all ANOVA models, assumptions of normal-
ity and equal variances were assessed with Shapiro-
Wilks (stats package) and Levene's (Fox & Weisberg
2011, ‘car’ package) tests, respectively, within R.
Data met the assumption of equal variances in all
models, but normality was occasionally violated.
Given ANOVA is robust to minor departures from
normality (Schmider et al. 2010), models were com-
puted with untransformed data.

Removal experiment

Two-factor PERMANOVA models were computed
to test the effect of removal treatment, sample timing,
and their interaction on reef fish community structure
among all fishes, as well separately for exploited spe-
cies (Table S1 in the Supplement) and small demersal
reef fishes (Table S1). Reef sites were nested within

treatment to account for repeated sampling of reefs
over time. Given only one sample (reef survey) oc-
curred at each site during each time period, the
highest order interaction, 'site(treatment) x time', was
excluded from the model (Anderson et al. 2008). For
any significant main effect (at oo = 0.05), post-hoc pair-
wise tests were computed with 10000 permutations.

Two-factor repeated measures ANOVAs were
computed to test the effect of removal treatment,
sample timing, and their interaction on reef fish
diversity indices of species richness (number of spe-
cies present), H' and J', as well as number of indi-
viduals (individuals from all species) and lionfish
density. Pairwise multiple comparison procedures
(Tukey's tests) were used to test which levels were
different when a main effect was detected. One-
factor repeated measures ANOVAs also were com-
puted to test whether reef fish diversity indices
(species richness, H' and J') and the number of indi-
viduals (individuals from all species) were different
among all time periods (2009-2010, 2011-2012, and
2013-2014). The 2013-2014 time period included
data from all reefs prior to removals and only control
sites following removals.

Video samples collected with ROV at clear-once
reefs following lionfish removal in January and Feb-
ruary 2014 enabled the estimation of lionfish re-
colonization rate over the remainder of the study. A
linear mixed-effects regression was fit using re-
stricted maximum likelihood to estimate the relation-
ship between lionfish density and time since removal
(Pinheiro et al. 2016, 'nlme' package). In the model,
estimated lionfish density was the response variable,
with days since removal as a fixed effect and reef site
as a random effect to account for non-independence
among repeat samples of the same reefs. The model
formula in R is therefore: estimated lionfish density ~
days since removal + (1 | reef), where ‘1’ assumes dif-
ferent intercepts for each reef (i.e. multiple responses
dependent on reef). R? was calculated to describe the
proportion of variance explained by both fixed and
random factors (Nakagawa & Schielzeth 2013). Con-
fidence intervals (95%) were calculated for model
estimates of intercept and slope.

RESULTS

We collected a total of 299 video samples at study
reefs, with 221965 fish observed among 109 taxa
(96.0% identified to species). Of these samples, 137
were collected in 2009-2010 and 2011-2012 (83 967
fish among 85 taxa), and 162 were collected during
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the removal experiment (137 998 fish among 80 taxa).
Fish counts were compared between readers for 16
samples, which produced 191 taxa-specific paired
comparisons. The overall APE between readers was
5.7 % among these 16 video samples.

Pre-removal experiment

No lionfish were observed in 2009-2010 video sam-
ples, but lionfish were observed when sampling
resumed following the DWH event. Thus, lionfish first
appeared on study reefs sometime
between winter 2010 and fall 2011.
There was a significant difference in
reef fish community structure between
2009-2010 and 2011-2012 (PERM-
ANOVA, p=0.015) (Table 1). There also

(Table 3). Out of these, statistically significant declines
were observed in bank sea bass Centropristis ocyurus
(p = 0.033), red porgy Pagrus pagrus (p < 0.001), slip-
pery dick Halichoeres bivittatus (p = 0.002), seaweed
blenny Parablennius marmoreus (p < 0.001), lane
snapper Lutjanus synagris (p = 0.008), yellowtail reef-
fish Chromis enchrysura (p <0.001), gulf flounder Par-
alichthys albigutta (p = 0.007), and lesser amberjack
Seriola fasciata (p = 0.009) (Table 3). While declines
were observed for some larger predatory reef fishes
(e.g. snappers, jacks, triggerfish) during 2011-2012,
the biggest declines were seen in small (<100 mm)

Table 1. PERMANOVA results of the model computed to test for differences in
reef fish community structure (species composition and relative abundance)
between samples collected in 2009-2010 versus 2011-2012 estimated from
video samples collected with a remotely operated vehicle at study reefs.

Significant (o < 0.05) p-values are in bold

were differences in community struc- Model Source df TypellISS MS pseudo-F p
ture of fishery species (PERMANOVA,
p =0.042) (Table 1) and small demersal All fishes Time 1 21114 21114 3.46 0.015
: Site (Time) 34 2.13x10° 6257
species  (PERMANOVA, p < 0.001) Residual 101 1.86x10° 1838
(Table 1) between 2.009—20.10 Fmd Total 136 4.20 x 10°
2011-2012, as well as in species rich- | g 5109 Time 1 14049 14049 242  0.042
ness and diversity (ANOVA, p < 0.002; reef fishes Site (Time) 34 2.01x10° 5927
(Table 2, Table S2 in the Supplement). Residual 101 2.50x10° 2479
. . . 5
Higher diversity and evenness, as well Total 136 4.67x10
as approximately 50% more species, Small demersal Time 1 27318 27318 437 <0.001
. -~ reef fishes Site (Time) 34 2.17x10° 6393
were obse.rved at study reefs in 2009 Residual 101 263x10°5 2604
2010thanin2011-2012; however, there Total 136 5.09 x 10°
was an increase in number of individu-

als across all taxa in the latter
time period (Fig. 2). Theincrease
in the mean number of individu-
als observed during 2011-2012
is mostly attributed to increases

Table 2. One-way repeated measures ANOVA results for models computed to test
the effect of timing, 2009-2010 versus 2011-2012, on reef fish diversity indices and
number of individuals. Significant (o < 0.05) p-values are in bold

in small (<150 mm TL) pelagic
planktivores (e.g. mackerel scad Index Source df TypelllSS  MS F p
Decapterus maca.re]]uie) and Species Between subjects 17 154.91 9.11
tomtate Haemulonaurolineatum | richness Between treatments 1 130.34  130.34 65.10  <0.001
(Table 2, Fig. S1 in the Supple- Residual 17 30.04 2.00
ment). Declines observed in spe- Total 35 31929
ciesrichness, diversity and even- Shannon- Between subjects 17 3.414 0.201
Wiener Between treatments 1 0.766 0.766 13.462 0.002

ness between 2009-2010 and | ;.00 G0 11 Residual 17 0.967 0.056
2011-2012 werg begmnlng to Total 35 5.148
reverse to pre-invasion values Pielou's Between subjects 17 0.339 0.020
by 2013-2014, but trends were evenness, J' Between treatments 1 0.019 0.019 1.284 0.168
not statistically significant for Residual 17 0.158 0.009
richness or evenness (Fig. 2, Total 35 0517
Table S2). Declines in mean den- No. of ind. Between subjects 17 3.29x10° 1.94 x 10°

. (across taxa) Between treatments 1 7.75x10* 7.75x10*  1.267 0.276
sitywere observedfor.19 ofthe.25 Residual 17 1.04x10° 612 x 10*
most abundant reef fish species Total 35 4.41 x 10°
from 2009-2010 to 2011-2012
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demersal planktivores and invertivores (Table S1,
e.g. cardinalfishes, blennies, gobies, damselfishes,
wrasses). The density of many of these small demersal
species declined by >90% between the 2009-2010
and 2011-2012 time periods (Table 3, Fig. S1).

Removal experiment

Six triannual ROV sampling events were con-
ducted at study reefs from fall 2013 to summer 2015
for the lionfish removal experiment. A linear regres-
sion relating numbers of lionfish removed and lion-
fish numbers counted in ROV samples was statisti-
cally significant (F; 34 = 283.4, p < 0.001, R? = 0.90,
lionfish removed = 1.47 + 1.29 X lionfish count). The
slope of 1.29 indicates that on average 29 % more
lionfish were removed from study reefs during re-
moval events than had been estimated to exist on
those reefs from ROV video samples. Therefore,

Sample timing

ROV-based lionfish counts were scaled upward by a
factor of 1.29 to account for incomplete detectability
in ROV samples.

Unscaled lionfish counts in video samples ranged
from 1 to 184 during the study, which translates to a
density range of 0.7 to 103 fish 100 m~2. Estimated
initial mean + SE lionfish density was not different
among control, clear-once, and maintain-clear reefs
and ranged from 28.9 + 12.3 to 31.8 + 5.7 fish (Fig. 3
& Table 4). Divers removed 1575 individual lionfish
from clear-once and maintain-clear study reefs, in-
cluding 564 fish during the 2 follow-up removals at
maintain-clear reefs. There was a significant inter-
action between the effects of removal treatment
and sample timing on lionfish density (ANOVA; p <
0.001) (Table 4 & Fig. 3). Densities of lionfish on
control reefs significantly increased over the study
period from 31.1 + 5.7 fish 100 m~2 in fall 2013 to
49.2 + 7.9 fish 100 m~2 in summer 2015 (p = 0.042)
(Table 4) despite a brief decline in abundance in
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Table 3. Mean density (fish 100 m~2) and percent change in the 25 most abundant fishes observed at study artificial reef sites
in 2009-2010 prior to lionfish presence versus in 2011-2012 after lionfish presence was confirmed. Significant (o < 0.05)

p-values in mean density between the time periods indicated with an asterisk (*)

Species Common name 2009-2010 2011-2012 % Change
Mean density SE Mean density  SE
Decapterus macarellus* Mackerel scad 82.1 33.8 236.9 69.7 188.7
Haemulon aurolineatum Tomtate 82.1 20.3 102.9 29.6 254
Lutjanus campechanus Red snapper 211 3.1 15.7 2.6 -25.8
Rhomboplites aurorubens  Vermilion snapper 19.2 5.6 10.2 3.7 -46.8
Apogon pseudomaculatus  Twospot cardinalfish 11.1 6.2 0.2 0.1 -98.5
Caranx crysos Blue runner 7.8 4.1 0.1 0.1 -99.2
Centropristis ocyurus * Bank sea bass 7.4 1.9 2.8 0.8 -62.4
Pagrus pagrus* Red porgy 7.0 1.4 0.5 0.2 -93.3
Halichoeres bivittatus * Slippery dick 6.9 1.9 0.5 0.2 -92.6
Seriola dumerili Greater amberjack 5.0 0.9 6.8 2.1 36.3
Balistes capriscus Gray triggerfish 5.0 0.9 3.4 0.6 -31.4
Parablennius marmoreus* Seaweed blenny 3.7 0.9 0.1 - -97.7
Lutjanus griseus Gray snapper 3.3 0.7 3.3 1.0 1.8
Lutjanus synagris * Lane snapper 3.3 1.0 0.5 0.2 -84.6
Rypticus maculatus Whitespotted soapfish 2.8 0.8 1.3 0.2 -53.8
Chromis enchrysura* Yellowtail reeffish 2.0 0.4 0.0 - -99.6
Equetus lanceolatus Jacknife fish 1.7 0.5 1.2 0.3 -30.0
Apogon sp. Unidentified cardinalfishes 0.8 0.6 0.0 - -100.0
Harengula jaguana Scaled sardine 0.7 0.4 0.0 - -100.0
Canthigaster rostrata Sharpnose puffer 0.5 0.1 0.8 0.2 62.0
Paralichthys albigutta* Gulf flounder 0.5 0.2 0.0 - -100.0
Seriola fasciata * Lesser amberjack 0.4 0.1 0.0 - -100.0
Mycteroperca phenax* Scamp 0.4 0.1 0.8 0.1 88.8
Chaetodon ocellatus Spotfin butterflyfish 0.4 0.1 0.3 0.1 -15.8
Epinephelus morio Red grouper 0.3 0.1 0.2 - —42.4

December 2014 (Fig. 3). Across all sample periods,
control reefs held higher densities of lionfish than
maintain-clear (p < 0.027) (Table 4) reefs following
the initial removal event. Control reefs held higher
densities than clear-once sites for only 2 surveys
immediately following lionfish removal (p < 0.004)
(Fig. 3 & Table 4). On maintain-clear reefs, lionfish
density was only significantly different between
December 2013 and March 2014, the sampling peri-
ods immediately prior to and following removal (p =
0.003) (Fig. 3 & Table 4), and May 2015 (p = 0.020).
Following their removal from clear-once and main-
tain-clear sites in January and February 2014, lion-
fish densities increased to 4.1 + 2.0 fish 100 m2 at
maintain-clear and 5.2 + 1.6) fish 100 m~2 at clear-
once reefs by March 2014 (Fig. 3). Estimates of lion-
fish density on maintain-clear sites averaged 9.7 =+
1.5 fish 100 m~2 among all ROV sampling events that
on average occurred 2.3 mo after lionfish removal
events (Fig. 3). Lionfish density steadily increased in
the year following the single removal event on clear-
once reefs, and densities recovered to pre-removal
levels by July 2014 (p = 0.153) (Fig. 3 & Table 4). The
initial, pre-removal mean lionfish density on clear-

once reefs was surpassed by the end of the study
(Fig. 3).

There was no difference among treatments in the
initial fall 2013 estimates of mean lionfish size esti-
mated with the ROV laser scaler (ANOVA, F, 5 =
2.77, p = 0.089), which ranged from 207 mm on main-
tain-clear reefs to 242 mm on control reefs. Estimated
TL of lionfish (n = 222) on control reefs over the study
period ranged from 134 to 456 mm (Fig. S2 in the
Supplement), but the size distribution of fish mostly
fell between 150 and 350 mm TL. Length frequency
distributions from removal events at clear-once and
maintain-clear treatments were computed from the
1575 culled individual lionfish. Among all sites, total
lengths of removed lionfish ranged from 74 to
376 mm (Fig. S3 in the Supplement). Length distri-
butions for clear-once and maintain-clear reefs from
the initial removal event were similar and skewed
toward larger-sized lionfish (>200 mm TL; Fig. S3A,B).
Age distributions estimated with the growth function
reported by Barbour et al. (2011) indicated the major-
ity of lionfish from both treatments were 1 and 2 yr
old fish (Fig. S3F,G). The size distribution of lionfish
removed from maintain-clear reefs in July 2014 had 2
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Fig. 3. Mean (+SE) lionfish density estimated from counts
made with a remotely operated vehicle (ROV) and then scaled

(x1.29) to correct for incomplete detectability. Arrows indi-
cate timing of lionfish removal efforts between ROV samples

distinct modes, with the predominant mode centered
on 150 mm TL (Fig. S3C). Therefore, fish that re-
cruited to cleared reefs following the initial removal
events in January and February 2014 likely consisted
of a large percentage of age-0 fish, as well as indi-
viduals as old as 4 yr (Fig. S3G). The final removal
events conducted at maintain-clear reefs in Febru-
ary—May 2015 had fewer small (<200 mm TL) fish
than the previous removal event, but more than were
originally removed in early 2014 (Fig. S3E).

Reef fish communities were not different between
treatments at the beginning of the experiment prior
to removals. Removal treatment had significant effects
on reef fish community structure. For the PERM-
ANOVA model containing all reef fish taxa, both
treatment (p = 0.021) and sample timing (p = 0.001)
were significant, but their interaction was not (p =

0.254, Table 5). Reef fish communities on control
reefs were significantly different from both removal
treatments (PERMANOVA, p < 0.034), but removal
treatments were not significantly different from each
other (PERMANOVA, p = 0.333) (Table S3 in the
Supplement). Models computed for exploited species
and small demersal fishes produced different results
wherein the effect of sample timing was significant,
but treatment and the interaction between the main
effects were not (Table 5). Substantial gains in abun-
dance were not observed for most taxa regardless of

Table 4. Two-factor repeated measures ANOVA results for

model computed to test the effects of lionfish removal treat-

ment (Treat: control, clear-once, maintain-clear) and sample

timing on lionfish density (fish x 100 m~2) estimates at study

artificial reefs. Post hoc pairwise multiple comparisons

(Tukey) for significant main test results follow. Significant
(o0 < 0.05) p-values are in bold

Source df TypelllSS MS F P
Treat 2 22586 11293 771  0.003
Site(Treat) 24 35154 1465
Timing 5 4727 945 5.05 <0.001
Treat x Timing 10 7034 703 3.75 <0.001
Residual 120 22484 187
Total 161 91494

Sample timing
Test Dec 13 Mar 14 Jul 14 Dec 14 May 15 Aug 15

Control vs. 0.970 0.001 0.001 0.027 <0.001 <0.001
maintain-clear

Control vs. 0.997 0.002 0.004 0.412 0.528 0.285
clear-once

Clear-once vs. 0.953 0.994 0.958 0.419 0.031 0.076
maintain-clear

Timing Dec13 Mar14 Jul1l4 Dec14 May 15
Control

Mar 14 0.815

Jul 14 0.110 0.763

Dec 14 0.982 0.994 0.420

May 15 0.316 0.964 0995 0.752

Aug 15 0.042 0.525 0.999 0.220 0.946
Clear-once

Mar 14 0.002

Jul 14 0.153 0.693

Dec 14 0.811 0.096 0.843

May 15 1.000 0.001 0.089 0.673

Aug 15 0.998 <0.001 0.056 0.553 1.000
Maintain-clear

Mar 14 0.003

Jul 14 0.116 0.793

Dec 14 0.067 0.898 1.000

May 15 0.020 0.989 0.986 0.998

Aug 15 0.149 0.729 1.000 0.999 0.971
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Table 5. PERMANOVA results for models computed to test the effects of lion-
fish removal treatment (Treat: control, clear-once, maintain-clear) and sample
timing on reef fish community structure (species composition and relative
abundance) estimated from video samples collected with a remotely operated
vehicle at study reefs. Significant (o < 0.05) p-values are in bold

Model Source df TypelIl SS MS pseudo-F p
All fishes  Treat 2 51242 25621 2.70 0.021
Timing 5 16587 3317 2.24 0.001
Site(Treat) 24 2.27 x 10° 9474
Treat x Timing 10 16770 1677 1.13 0.254
Residual 120  1.77x10° 1482
Total 161  4.90 x 10°
Exploited  Treat 2 10677 5338 0.71 0.641
reef fishes Timing 5 27020 5404 4.42 0.001
Site(Treat) 24 1.83 x 10° 7621
Treat x Timing 10 13149 1315 1.07 0.356
Residual 116  1.42x10° 1224
Total 157  3.76 x 10°
Small Treat 2 19348 9674 0.88 0.489
demersal Timing 5 20130 4026 3.37 0.001
reef fishes Site(Treat) 24 2.62x10° 10948
Treat x Timing 10 9874 987 0.83 0.805
Residual 119  1.42x10° 1195
Total 160  4.54 x 10°

Table 6. Two-way repeated measures ANOVA results for models computed to

test the effects of lionfish removal treatment (Treat: control, clear-once, main-

tain-clear) and sample timing on reef fish diversity indices and number of
individuals. Significant (o0 < 0.05) p-values are in bold

Index Source df TypeIlI SS MS F P
Species Treat 2 8.34 4.17 0.214 0.809
richness Site(Treat) 24 468.44 19.52
Timing 5 149.33 29.87 7.252 <0.001
Treat x Timing 10 26.83 2.68 0.652 0.767
Residual 120 49417 4.12
Total 161 1147.61
Shannon- Treat 2 1.35 0.68 0.877 0.429
Wiener Site(Treat) 24 18.50 0.77
diversity H' Timing 5 1.64 0.33 2.015 0.081
Treat x Timing 10 1.56 0.16 0.962  0.481
Residual 120 19.50 0.16
Total 161 4241
Pielou's Treat 2 0.31 0.16 1.36 0.275
Evenness J' Site(Treat) 24 2.77 0.12
Timing 5 0.28 0.06 1.911 0.097
Treat x Timing 10 0.28 0.03 0.951 0.490
Residual 120 3.52 0.03
Total 161 7.13
No. of ind.  Treat 2 2.38x10° 1.19x10° 0.399 0.676
(across taxa) Site(Treat) 2 7.15x107 2.98x10°
Timing 5 1.54 x 10 3.09x 10° 3.216  0.009
Treat Timing 10 6.29x10° 6.29x10° 0.655  0.764
Residual 120 1.15x10® 1.30x 10°
Total 161 2.11x 108

lionfish removal effort (Fig. S1 in
the Supplement). Modest increases
in mean density were seen for bank
sea bass Centropristis ocyurus, pelagic
planktivores (e.g. scads, sardines),
small demersal fishes (e.g. damsel-
fishes, cardinalfishes) and slippery
dick Halichoeres bivittatus from tar-
geted lionfish removals (Fig. S1).
Removal treatment did not affect any
of the reef fish diversity indices meas-
ured (Table 6, Fig. 2). The effect of
sample timing was significant for
species richness, but not for diversity
or evenness (Table 6, Table S4 in
the Supplement, Fig. 2). Differences
in numbers of individuals across taxa
stemmed from low numbers in spring
and summer 2014 compared to in-
creases in numbers in summer 2015
(Fig. 2, Table S4). There were no sig-
nificant interactions between removal
treatment and sample timing on any
reef fish diversity index (Table 6).

The linear mixed model regression
fit to lionfish density versus experi-
ment day for clear-once reefs was
significant with a slope (x95% CI)
of 0.063 + 0.011 lionfish 100 m™2 d-!
(Fig. 4). Therefore, the density of lion-
fish on cleared reefs was estimated to
increase by 1 fish 100 m™2 approxi-
mately every 16 d.

DISCUSSION

Extensive baseline data on reef fish
community structure at both natural
and artificial reefs in the nGOM (e.g.
Dance et al. 2011, Patterson et al.
2014) have enabled us to track the li-
onfish invasion in this region (Dahl
& Patterson 2014). Results presented
here for artificial reef study sites off
northwest Florida clearly demonstrate
that shifts in reef fish community
structure occurred between 2009-
2010 and 2011-2012, time periods
which bracket the appearance of lion-
fish in the nGOM region (Dahl & Pat-
terson 2014). Taxa-specific differences
were most pronounced for small dem-
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Fig. 4. Scatterplot of estimated lionfish density (scaled up-
ward by a factor of 1.29 for incomplete detectability) versus
days after lionfish removal for clear-once experimental arti-
ficial reef sites and the line fit to the significant fixed effect of
days after removal. The intercept (£95% CI) is the average
of coefficients from individual reefs in the model. The slope
(£95 % CI) is the recolonization rate of lionfish to all cleared
reefs, taking individual reef variation into account

ersal reef fishes, such as damselfishes, cardinalfishes,
wrasses, blennies, and gobies, which have been doc-
umented as predominant prey of lionfish (Albins &
Hixon 2008, Morris & Akins 2009, Dahl & Patterson
2014). In fact, local depletion or extirpation of these
taxa due to lionfish predation has been reported in
other systems (Green et al. 2012, Albins 2015). Lion-
fish densities on nGOM artificial reefs were among
the highest in the western Atlantic by fall 2013 (Dahl
& Patterson 2014), and mean density had already
reached nearly 10 fish 100 m™2 on our study reefs by
fall 2012. This is significant in that such densities are
above threshold values where ecological impacts
have been predicted to occur on Caribbean reefs
(Green et al. 2014, Benkwitt 2015).

Observed shifts in reef fish community structure fol-
lowing the arrival of lionfish in the nGOM seem like
compelling evidence of lionfish effects, especially
given similar declines attributed to lionfish in other
parts of their invaded range. However, the occurrence
of the DWH in summer 2010 is a confounding factor in
drawing inference about potential ecological impacts
of lionfish in this region. Estimates of the spatial
extent of DWH surface oil extended over our study
area periodically from April to August 2010 (Goni et
al. 2015). There is clear evidence that some nGOM
reef fishes were exposed to toxic petroleum com-
pounds released during the spill (Murawski et al.
2014), with documented impacts on fishes including
genetic effects, shifts in trophic position, declines in

size at age, and changes in community structure
(Whitehead et al. 2012, Norberg 2015, NOAA-NRDA
2015, Tarnecki & Patterson 2015). Therefore, it is pos-
sible that reef fish declines observed at study reefs in
2011-2012 were initially driven by the DWH. Declines
observed in larger species, such as snappers and gray
triggerfish, during 2011-2012 versus 2009-2010 could
have resulted from mortality due to the spill or emi-
gration from spill-affected areas. Few of these species
settle directly on reefs, but instead recruit to reefs fol-
lowing months to years in intermediate nursery habi-
tats, such as Sargassum wracks, seagrass beds, or
shell rubble reefs. Therefore, it is unlikely that lionfish
directly consumed these groups on our study reefs, a
conclusion supported by diet data (Dahl & Patterson
2014). Small demersal fishes, such as damselfishes,
cardinalfishes, wrasses, blennies, and gobies, are ob-
ligate reef residents, settle directly from the plankton
onto reef habitat, and are much more site-attached
than the larger taxa described above. Therefore,
localized effects of lionfish were more likely to have
affected small demersal fishes directly as opposed to
larger and more mobile species.

Our inability to definitely state that reef fish com-
munity shifts predated lionfish becoming well-
established on study reefs partly stems from the fact
that no data on fish community structure were col-
lected at the study reefs during the year immediately
following the DWH when mean lionfish density
(~5 fish 100 m~2) was less than predicted threshold
values from the Caribbean (Dahl & Patterson 2014,
Green et al. 2014). However, declines in the number
of species and lower species diversity observed in
2011-2012 relative to 2009-2010 showed signs of
stabilizing by 2013, with the possibility of a reversing
trend. This occurred while mean lionfish density on
study reefs increased to over 30 fish 100 m~2, and
mean mass of individuals had nearly doubled over
what was observed in fall 2011 (Dahl & Patterson
2014). Therefore, despite an increasing lionfish pop-
ulation in the region, and specifically on our study
reefs, fish communities had somewhat stabilized
from declines observed following 2009-2010. One
group that did not experience density or diversity
increases during 2013, however, was small demersal
fishes. Given these taxa are the predominant prey
of lionfish in this and other systems, exponentially
increasing lionfish populations after 2012 may have
then suppressed any resiliency these groups may
have otherwise shown in recovery from the DWH
event or limited lionfish presence.

Regardless of the ultimate cause(s) of reef fish com-
munity structure shifts observed between 2009-2010
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and 2011-2012, a central goal of this study was to
conduct lionfish removal events to examine what
level of effort would be required to facilitate recovery
in affected communities. Targeted removals from
nGOM artificial reefs did significantly reduce lion-
fish density. However, reductions were short-lived
as juvenile and adult lionfish rapidly recruited to
cleared reefs. Lionfish were observed on cleared
reefs as early as a week after removing all lionfish,
and more than 500 individuals were removed from
maintain-clear reefs during follow-up removal events
during the year following initial culling. One year
after lionfish removal, clear-once sites had lionfish
densities comparable to those of control reefs, and
mean lionfish density on clear-once reefs eventually
surpassed the levels initially observed in fall 2013.
When accounting for incomplete detectability, our
estimates of lionfish density illustrate the extent to
which the nGOM region is invaded. Mean densities
from our control sites throughout the study, and
clear-once sites at the conclusion of the study, were
8- to 10-fold higher than the mean density (4.4 fish
100 m~2) reported by Hackerott et al. (2013) in a
meta-analysis of lionfish densities on Caribbean reefs.
This may explain why we failed to see lasting lionfish
reductions in both population numbers and size.
Indeed, results reported here are consistent with
models that predict sustained removal efforts are
required to control lionfish populations (Arias-
Gonzalez et al. 2011, Barbour et al. 2011, Morris et al.
2011a), perhaps at intensities greater than has been
performed elsewhere in the invaded range (Frazer et
al. 2012, de Leo6n et al. 2013, Benkwitt 2015).

A reduction in the mean size of lionfish present in
the system would be a desirable management out-
come as it could reduce cumulative predation on vul-
nerable reef fishes given that lionfish diet shifts with
ontogeny and proportionally more fish are consumed
at larger sizes (Morris & Akins 2009, Dahl & Patterson
2014). Larger, mature individuals also have higher
energetic demands and consume prey at higher rates
than smaller sized fish (Cerino et al. 2013). Recruit-
ment and settlement of juvenile lionfish onto previ-
ously cleared reefs was high following the first
removal event in early 2014, effectively lowering the
mean size of individuals at both maintain-clear and
clear-once reefs. However, the size distribution of
lionfish present at maintain-clear reefs from the final
removals in February and May 2015 had shifted back
toward larger adults, thus mostly negating early
reductions in mean size of lionfish.

The early life history and recruitment dynamics of
invasive lionfish are not well understood. Therefore,

little information exists to evaluate whether juveniles
that recruited to cleared reefs were more likely to
have local or distant sources. Adult lionfish also
quickly recruited to cleared reefs, which means they
had to swim long (>300 m) distances over open sub-
strate to study reefs that were isolated from any nat-
ural reef habitat (>5 km) and located between 300 m
and 1 km from adjacent artificial reefs. This in-
ference contrasts with reports of limited adult or
post-settlement movement in estuarine (Jud & Lay-
man 2012), southeast Atlantic natural hardbottom
(Bacheler et al. 2015), and Caribbean patch and con-
tinuous coral reef ecosystems (Akins et al. 2014),
where site fidelity of lionfish has been reported to be
high, and may explain the higher degree of success
of targeted removal efforts in such areas (Frazer et al.
2012). Our findings support recent work that indi-
cates that lionfish display lower site fidelity under
high-density conditions (Tamburello & Co6té 2015).
Lionfish densities observed on control reefs through-
out our study represent the highest values reported
across their invaded range; thus, intraspecific com-
petition for prey resources may be prompting move-
ment on greater scales than has been reported previ-
ously (Tamburello & C6té 2015). Consistent with that
hypothesis is the fact that non-reef benthic fishes
(e.g. lizardfishes, flounders, sea robins) and inverte-
brates constituted significantly greater proportions of
lionfish diet at nGOM artificial reefs versus lionfish
recovered from natural reefs (Dahl & Patterson 2014).
Therefore, lionfish associated with artificial reefs are
clearly spending time away from reefs foraging on
non-reef associated prey. The extent of these move-
ments and the area over which lionfish are utilizing
prey resources is currently unknown, but conventional
or acoustic tagging approaches could be employed to
examine those questions.

The rapid recolonization rate of juvenile lionfish set-
tling from the plankton and/or adults immigrating
from nearby habitat onto cleared reefs resulted in li-
onfish densities that were rarely below thresholds
proposed by others to mitigate ecological impacts
to native fishes despite substantial removal effort
(Green et al. 2014, Benkwitt 2015). This may be why
our lionfish removals did not translate into significant
gains for most fish taxa, though previous studies were
mostly focused on small fishes likely to be consumed
by lionfish. For larger species included in our
analyses, the effects of lionfish were not apparent
but may have been undetectable on the timescale
studied, especially if impacts are indirect, competitive
trophic interactions resulting in reduced growth or re-
production (Albins 2015). Additionally, this study dif-
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fers from other removal experiments in that small de-
mersal reef fishes (e.g. damselfishes, cardinalfishes,
wrasses), which constitute high proportions of lionfish
diet in systems or habitats where they are abundant,
were already nearly absent from study reefs at the
start of the experiment. While these species did in-
crease somewhat following lionfish removals in this
study, their densities remained less than 25 % of the
values observed in 2009-2010, or those reported by
Dance et al. (2011) for even earlier time periods.
Benkwitt (2015) reported that even single lionfish
were able to negate substantial gains in lionfish prey
species on small (1 m®) patch reefs in The Bahamas,
and Green et al. (2014) reported that approximately
90 % lionfish removal was required to foster ecological
resiliency for native prey fish communities on larger
(100-150 m?) Bahamian patch reefs. No such estimate
yet exists for the nGOM region of a threshold lionfish
density necessary to mitigate lionfish effects and
foster ecosystem resiliency, but recolonization rates of
lionfish following experimental removals at study
reefs could be used hereafter to predict the level of
harvesting effort that would be required to keep lion-
fish densities suppressed below some threshold. In-
deed, our results predict that to maintain lionfish den-
sities <5 fish 100 m™2, all lionfish must be harvested
from reefs approximately every 2 mo, about twice the
frequency performed in this study.

The extraordinary and continued success of inva-
sive lionfish in the nGOM may be attributable to
mechanisms of decreased biotic resistance or resili-
ence. Disturbed ecosystems, regardless of causation,
have been shown to be more vulnerable to invasion
(Stachowicz et al. 2002). Indeed, recent trophic dy-
namic ecosystem simulations computed with an Eco-
path with Ecosim model of the west Florida Shelf
ecosystem indicate that depleted biomass of top
predators (e.g. groupers, snappers) can influence the
relative invasion success of lionfish (Chagaris et al.
2015). Evidence of native western Atlantic species
preying on lionfish is rare; thus, top predators in the
Chagaris et al. (2015) model were assumed not to
prey upon lionfish. The model also assumed no lion-
fish cannibalism; thus, no direct lionfish control was
present in the model. Despite this, their results sug-
gest that lionfish invasion success can be influenced
through competitive trophic interactions. Historic
overexploitation (i.e. overfishing) of top predators in
the nGOM region, coupled with declines following
the DWH, may have compromised ecosystem resist-
ance to the initial invasion success of lionfish and
contributed thereafter to their exponential increases
in abundance and biomass.

Localized lionfish removal efforts in this study did
not result in substantial gains in native reef fish
abundance, but sustained removal efforts were
somewhat effective at limiting lionfish densities to
relatively low levels on nGOM artificial reefs. Un-
fortunately, regionally high lionfish densities may
require more frequent removal efforts than we at-
tempted, or on much larger spatial scales, to effect
meaningful reductions in lionfish density and bio-
mass. If expansive lionfish culling efforts could be
accomplished on the shallow (<40 m depth) shelf,
lionfish populations associated with mesophotic reefs
on the outer shelf and upper continental slope (i.e.
below traditional recreational diving limits, 40 m), or
other areas that receive little to no control efforts,
might still serve as constant sources of new lionfish
recruits. Efforts to reduce lionfish biomass at those
depths will be logistically challenging and expen-
sive. Therefore, to see beneficial effects on local reef
fish communities, lionfish removals going forward
will require an effort high enough to offset recolo-
nization from difficult to reach source populations.
Ongoing ecosystem modeling efforts that are aimed
at evaluating the ecological impacts of lionfish in the
nGOM should be coupled with economic models
to estimate the expense and feasibility of lionfish
removal or harvesting efforts that will be required to
accomplish the goal of minimizing lionfish impacts in
the northern Gulf of Mexico.
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ABSTRACT: The Indo-Pacific red lionfish Pterois volitans has spread throughout the western
Atlantic causing declines in biomass and diversity of native species at local reefs; worst-case sce-
narios predict species extinctions and ecosystem phase shifts. While reductions in reef fish popu-
lation density and recruitment are evident, it is not known whether lionfish are reducing genetic
diversity of native species, a major driver of extinction in natural populations. A before-after con-
trol-impact experiment was used to determine whether lionfish removals cause an increase in
density of native species and genetic diversity in one species, the bicolor damselfish Stegastes par-
titus. We found that removing lionfish significantly augmented the density of several reef fish
species. However, while allelic frequencies in bicolor damselfish recruits changed after removals,
genetic diversity did not increase substantially despite a 3-fold increase in recruit density.
Responses to lionfish removal differed among native species; rare species with small population
sizes may be more susceptible to recruitment failure and diversity loss as a result of lionfish
predation than widespread species with large populations.

KEY WORDS: Lionfish - Invasive predator effects - Genetic diversity - Native prey - Targeted
removals
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INTRODUCTION

Biological invasions are among the greatest threats
to biodiversity, costing billions of dollars annually in
damages to infrastructure and decimating local pop-
ulations (Pimentel et al. 2005). Invasive predators
reduce local prey through direct interactions but
also affect non-prey species through competition
for prey or trophic cascades (Johnson et al. 2009).
Changes to community structure and trophic organ-
ization associated with invasions are of major con-
cern for the structure and function of native commu-
nities and ecosystems and the services they provide.
Negative effects of invasive species on native eco-

*Corresponding author: james.hogan@tamucc.edu

systems have been described; however, the potential
effect of invasive species on native genetic diversity
has received less attention (Parker et al. 1999, Vila
et al. 2011).

Loss of genetic diversity in populations is troubling,
because it hinders the ability for populations to
respond to environmental changes and stressors
(Booy et al. 2000). In a meta-analysis, Spielman et al.
(2004) reported that out of 170 pairs of taxa, 77 % of
endangered or threatened species showed an aver-
age of 35% lower genetic diversity (i.e. heterozygos-
ity) than comparable non-endangered or threatened
species in the same taxonomic group. Frankham
(1995) named biological invasions along with habi-
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tat loss as a primary factor that causes extinction
for genetic reasons; biological invasions can lead
to increased inbreeding depression, accumulation of
deleterious mutations, and loss of diversity in native
populations due to genetic drift.

Invasive predators can have 2 main effects on
genetic populations, viz. selection and genetic drift.
Selection occurs when predators remove prey non-
randomly from a population, where prey with a cer-
tain trait are more or less likely to be removed. Selec-
tion is an ongoing process and begins as soon as prey
removal begins. The strength of selection and size of
the prey population will determine the rate at which
observable changes in gene frequencies and diver-
sity appear in the prey population. Even rapid evo-
lutionary changes are expected to take years to
decades to manifest themselves in the gene frequen-
cies of the populations (Thompson 1998). Addition-
ally, selection is expected to act only to change gene
frequencies of the specific genes under selection,
leaving unaffected or unlinked genes unaltered.
Drift, on the other hand, is the random removal of
genotypes from the population (Hartl & Clark 2007).
Drift is also an ongoing process in every population
and at low levels; in large genetic populations, it will
not significantly change genetic diversity of a popu-
lation. However, in situations where predation is
severe and the predator removes a large proportion
of the population creating a genetic bottleneck, pre-
dation can act as a strong drift effect and cause
genetic diversity reductions. In the case of drift,
changes in gene frequencies are expected to happen
across the genome (Hartl & Clark 2007). When such
predation bottlenecks occur on a recruitment cohort
(e.g. Doherty et al. 2004), the effect on gene frequen-
cies and genetic diversity can occur over short peri-
ods of time (days to months) as the cohort of recruits
passes through the predation gauntlet (Larson &
Julian 1999).

To our knowledge, only 2 studies have investi-
gated the effect of invasive predators on genetic
diversity or patterns of genetic differentiation of
native prey species (Gasc et al. 2010, Iwai &
Shoda-Kagaya 2012). Iwai & Shoda-Kagaya (2012)
concluded that predation by invasive mongoose
has driven genetic differentiation among popula-
tions of the Japanese Otton frog Babina subaspera.
Gasc et al. (2010) found a decrease in genetic
diversity (i.e. heterozygosity and allelic richness) of
brown anole lizards Anolis sagreii in the Bahamas
after the invasion of a rat predator. The impact of
invasive predators on genetic diversity of native
species may be a more widespread phenomenon

than is currently appreciated; more studies are
needed to assess this.

The invasive lionfish Pterois volitans was first
observed in the western Atlantic in southern Florida
in the mid-1980s and has since spread as far north as
New York (USA) and as far south as Brazil (Ferreira
et al. 2015). In some places, such as the Bahamas, the
lionfish is among the more abundant fish species
(Morris & Whitfield 2009), reaching densities of
450 ind. ha™!, more than an order of magnitude
higher than in its native range (Kulbicki et al. 2012).
The lionfish exhibits various traits that contribute to
its success: it grows and matures quickly (Morris &
Whitfield 2009), and it is a voracious, generalist pred-
ator that consumes over 70 species of small reef fish
as well as shrimps and other invertebrates (Morris &
Akins 2009).

Some prey species in the invaded range appear to
be highly susceptible to lionfish predation. For exam-
ple, Kindinger (2015) found that the native Carib-
bean damselfish Stegastes planifrons fails to recog-
nize the lionfish as a predator and does not respond
to lionfish with evasive behavior. In studies of small
patch reef sites, lionfish have been shown to reduce
the abundance of newly recruited reef fishes by up to
90 % (Albins & Hixon 2008) and reduce prey species
richness up to 2.4 times more than a native predator
(Albins 2013). Lionfish have been predicted, in the
worst-case scenarios, to cause reef fish extinctions
(Albins & Hixon 2013). This novel predator's vora-
cious appetite, coupled with the naiveté of native
prey species, could effectively reduce prey popula-
tion sizes sufficiently to lower population genetic
diversity as other invasive predators have been
shown to do (Gasc et al. 2010), exacerbating extinc-
tion risk for these species. However, whether lionfish
are affecting the genetic diversity of native species
is currently unknown.

Here, we experimentally determined the effect of
lionfish on the densities of several reef fishes and on
the genetic diversity of a common Caribbean native,
the bicolor damselfish S. partitus. We hypothesized
that if lionfish are sharply reducing the abundance
of recruits of this (and other) species, then they
may create a genetic bottleneck within recruitment
cohorts and, therefore, reduce the genetic diversity
of those cohorts as they pass through the predation
gauntlet. We use a before-after control-impact exper-
iment to determine whether the removal of lionfish
can result in increased density and diversity of the
bicolor damselfish in Panama. We also compared
genetic diversity of bicolor damselfish populations
pre- and post-lionfish invasion in Panama.
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MATERIALS AND METHODS
Study location

We implemented a before-after control-impact de-
sign to study the effects of lionfish removal on the den-
sity and genetic diversity of native reef fishes (Fig. 1).
We established 1 control (C) and 1 treatment site (T1)
in October 2013, and a second treatment site (T2) in
May 2014 for additional replication of the study of ge-
netic diversity only. All sites contained lionfish at the
time of first survey. Lionfish were removed from the
treatment sites during the course of the experiment;
the densities of lionfish were not manipulated at the
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Fig. 1. (A) Study region in the Republic of Panama. Bottom

left inset shows the northwestern Atlantic; upper inset

shows the study sites at Tiger Rock in relation to the Va-

liente Peninsula. (B) Timeline for each of 3 sites: Control (C)

and Treatments 1 and 2 (T1, T2). White bars: time period

during which lionfish densities were unmanipulated; black
bars: post-lionfish removal periods

control site. We established these sites at Tiger Rock,
located northeast of the Bocas del Toro province of the
Republic of Panama (Fig. 1A). The treatment and con-
trol sites were chosen based on their close proximity
(~1-2 km) to one another and their similar biological
structure (see below for description) to standardize
naturally occurring differences in currents, recruit-
ment, and substrate class over the archipelago. The
habitat is a chain of discrete calcium carbonate reef
formations. The 2 western-most sites (C: 9°13' 15.94" N,
81°56'46.95"W; and T1: 9°13'06.47"N, 81°56’
27.09" W) are ~100 m long on their seaward sides
where surveys were conducted, with a circumference
of ~500 m. The reefs extend to near 35 m deep, and
each island is separated by ~1 km of sand habitat from
the nearest reef. The third site (T2: 9°12'47.77" N,
81°55'34.44" W) is ~300 m long on its seaward side
and 1 km in circumference, 30 m deep, and 1 km
away from the next adjacent reef. All sites experi-
enced a strong northward-flowing current heading
out to sea. The benthic reef community is sponge-
dominated and home to many reef fish, crinoids, sharks,
and, since 2009, invasive lionfish (Schofield 2010).

Lionfish surveys and removals

To gauge the efficacy of lionfish removals, we sur-
veyed lionfish densities approximately monthly
(weather permitting) at each site with a lionfish-
focused survey approach using 4 transects (each 3 m
x 30 m) at each site. Divers would swim in a sinu-
soidal pattern along the transect, roving ~1.5 m on
either side of the transect tape. Transects were con-
ducted at depths of 10, 12, 15, and 18 m, parallel to
the reef crest. We collected baseline (‘before’) data
at sites C and T1 for 3 mo prior to the experimental
removal of lionfish starting in October 2013. At T2,
we surveyed baseline lionfish density in May and
June 2014. The lionfish removal began in February
2014 at T1 and in June 2014 at T2. Surveys continued
until October 2014 (Fig. 1B).

At T1 and T2, lionfish removals occurred in 1 bout
with continued monitoring and ‘clean-up' of any lion-
fish found after the major removal effort in February
2014 and June 2014, respectively (Fig. 1B). Divers on
SCUBA harvested lionfish using pole spears until
none were visible. Lionfish were removed first from
the transect area, starting at the deepest part of the
wall and proceeding shallower on the seaward
(north-facing) sides. To prevent migration of lionfish
into the transect area, we removed lionfish from
buffer areas adjacent to the study site located to the
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western, eastern, and southern sides of T1 (500 m x
35 m buffer area) and T2 (1 km x 30 m buffer area).
After the initial removals, any lionfish observed in
the treatment sites were removed to maintain low
densities throughout the course of the experiment.

Reef fish surveys

To assess whether lionfish removals caused an in-
crease in the density of 2 size classes of reef fishes (re-
cruits and adults), we surveyed densities at all sites be-
fore and after lionfish removals on an approximately
monthly basis (weather permitting). New recruits of
each species were defined by size class, <2.5 cm total
length (TL). We chose this size class because individu-
als of this size are typically less than 1 mo old (Hogan
2007). Counting ~1 mo old recruits ensures independ-
ence of our recruit densities between monthly surveys.
'Adults’ were defined as all individuals >2.5 cm,
which also includes non-reproductive, juvenile indi-
viduals, but for brevity, we call this size class ‘adults.’
Sizes were estimated by surveyors on SCUBA to the
nearest 0.5 cm size class. Surveyors calibrated size es-
timations prior to the beginning of the experiment by
estimating fish sizes underwater and then catching
the same fish and measuring them. Recruit surveys
were conducted at each site along 1 m x 30 m transects
(n = 4) per site; 1 transect was surveyed parallel to the
reef crest at each of 4 depths (10, 12, 15, and 18 m)
within each site. Adult densities were estimated using
3 m x 30 m transects to account for the larger territory
of adult fishes. A PVC T-bar was implemented to en-
sure that transect widths were consistent. As with the
lionfish density surveys (see above), we collected
baseline data on the densities of native species at C
and T1 for 3 mo starting in October 2013 prior to lion-
fish removal in February 2014; at T2, baseline surveys
were conducted in May and June 2014 prior to
lionfish removal in late June 2014. Surveys continued
until October 2014 (Fig. 1B).

The densities of 3 different species were recorded:
bicolor damselfish Stegastes partitus, yellowhead
wrasse Halichoeres garnoti, and bluehead wrasse
Thalassoma bifasciatum. We chose these species for
their ease of identification, their common occurrence
in the reef community, and their known susceptibility
to lionfish predation (Morris & Akins 2009).

We used a model selection approach based on the
deviance information criterion (DIC) (Spiegelhalter
et al. 2002) to determine what, if any, response native
species had to the removal of lionfish. We fit 6 models
to the data for each species and size-class:

Djx= 0+ gk (1)
Dj=o0u+¢gx (2)
D=0 +BL+¢€x (3)
Djy=oy + BkI] + &k (4)
Dj= o+ BLitj + € (5)
Do = oy + Brlity + € (6)

where j=1,2,...,11 indexes the measurement dates;
k =1,2,3,4 indexes the measurement depths; D, is
the difference in native fish densities between the
treatment and control site for measurement j at depth
k; t; is the difference in days between the date of
observation j and the date of removal of lionfish; [; is
an indicator variable for the removal of lionfish from
the treatment transects for measurement j; [ = 0
before first removal, 1 afterwards; €;, represents a
random error term, described below; and o and 3 are
also described below. Modeling the difference in
densities between the treatment and control tran-
sects should remove the influence of any annual/
seasonal trend in the populations under study.

Model (1) is the null model: the removal of lionfish
from the treatment transect had no effect on the dif-
ference in density of native species at any depth or
time: o, the difference in density due to treatment,
remains the same throughout the experiment. Model
(3) suggests a step effect: removal of lionfish from
the treatment transect resulted in a single constant
change in the difference in densities of native spe-
cies. Here, o becomes the difference in density before
the intervention, while B represents the constant
change in density after the removal. Model (5) sug-
gests that the difference in densities of native species
changed linearly starting with the date of removal of
lionfish. o remains the difference in density before
the intervention, while B now represents the rate of
change in density after the removal. Finally, Models
(2), (4), and (6) are similar to models (1), (3), and (5),
respectively, except that the size of any effect was
allowed to differ by depth k. Thus, the single o and
from Models (1), (3), and (5) are replaced by different
oy and By for each depth k. Our primary parameters
of interest are the B values, since they estimate the
change in density differences that occurs due to lion-
fish removal.

To account for potential lack of statistical inde-
pendence by time and/or depth, we estimated for
each model a correlation matrix V for g;; using a
separable exponential formula that decomposes the
relationship between 2 observations into a product of
exponential functions of their distance apart in time
and space (Mitchell & Gumpertz 2003):
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where ¢, and ¢4 represent temporal and spatial corre-
lations, respectively. Thus, the error terms ¢;;, were
modeled as € ~ N(0,X) whereZ=S x V x S, and S was
a diagonal matrix of standard deviations oy for the
observations. 6, was assumed to be constant by depth
k for each model.

We fit Models (1) to (6) using Markov chain Monte
Carlo (MCMC) methods. Using N(x,y) to represent a
normal distribution with mean x and variance y, and
Unif(x,y) to represent a uniform distribution (Unif)
bounded between x and y, here is a list of our param-
eters and their (uninformative) priors:

e oo ~ N(0,100%) and B ~ N(0,100%); the same priors
were used for models where o and B varied indi-
vidually by depth

® Oy ~ Unif(%, b) for each depth k, with (b-1) ~ Exp
(0.001); by using partial pooling of the standard
deviations, we guard against overfitting the data
(Gelman et al. 2014)

e ¢; ~ Unif(0,1) and ¢4 ~ Unif(0,1)

Convergence of the MCMC chains was monitored
using the Gelman-Rubin diagnostic (Gelman & Rubin
1992) and visual inspection of the traceplots of the
chains for the parameters o and B. The Raftery-Lewis
diagnostic (Raftery & Lewis 1992) was used to moni-
tor precision of quantile estimates. Models were com-
pared using Gelman's estimate of DIC (Spiegelhalter
et al. 2002, Gelman et al. 2014), with smaller DIC
indicating a better model, and models having ADIC <
4 considered to be of similar quality. Where multiple
models had similar DIC values, the most parsimo-
nious model was chosen.

Models were fit using the statistical software JAGS
version 4.1.0 (Plummer 2003) and R version 3.2.5
(R Core Team 2016), including R packages coda ver-
sion 0.18-1 (Plummer et al. 2006), rjags version 4.4
(Plummer 2016), and RZ2jags version 0.5-7 (Su &
Yajima 2015).

Genetic diversity

We chose the bicolor damselfish as a model species
for this study because of its ubiquity on Caribbean
reefs, ease of capture, documented interactions with
lionfish (Morris & Akins 2009), and the availability
of molecular genetic markers. Additionally, previous
genetic data are available for this species from
Panama for comparison to our results (Salas et al.
2010). To determine the effect of lionfish predation

on the genetic diversity of bicolor damselfish, we op-
portunistically collected ~50 individuals of the recruit
size class (£2.5 cm) from all sites at depths from 10 to
18 m before and after lionfish removal; there was no
systematic difference in the depths of collection
among sites. We focused on the recruit size class be-
cause lionfish preferentially target smaller individu-
als (Green & Cote 2014). Also, we independently
sampled each recruit cohort by focusing on fish of a
certain size, whereas adults are an amalgam of mul-
tiple separate genetic cohorts. Pre-removal genetic
samples were taken in January 2014 for T1 and C
and in June 2014 for T2. Post-removal genetic sam-
ples were taken in October 2014 for all sites. Divers
collected samples using a clove oil mixture (9:1; 70 %
isopropanol:pure clove oil) and hand nets. Fish were
collected within the bounds of each site (~360 m?) but
not specifically from the transect areas where sur-
veys were conducted. Each fish was euthanized
humanely, measured for TL, and a fin clip was taken
for DNA analysis and stored in 95% ethanol. Sam-
ples were brought back to the lab at Texas A&M Uni-
versity — Corpus Christi for genomic DNA extraction
(Qiagen DNeasy Blood and Tissue Kit) and genetic
analysis. The timing of the before and after sampling
(i.e. months apart) along with the lethal sampling of
juveniles ensured that we did not sample the same
individual twice and minimized the possibility of re-
sampling from the same recruitment cohort in the
before and after sampling, thereby ensuring the in-
dependence of the samples for statistical purposes.
We chose 12 microsatellite loci from Williams et al.
(2003) and Thiessen & Heath (2007) to estimate genetic
variation in this species (see Tables S1 & S2 in the
Supplement at www.int-res.com/articles/suppl/m558
p223_supp.pdf). We used polymerase chain reaction
(PCR) to amplify microsatellite loci using dye-labeled
forward primers in 10 pl reactions comprising ca.
100 ng template DNA, 10 pM of dye-label forward
primer, 10 pM of unlabeled reverse primer, 200 pM of
each dNTP, 0.1 U Flexi GoTaq (Promega) polymerase,
1x PCR buffer, and locus-specific concentrations of
MgCl,. PCR conditions were 94°C for 2 min, followed
by 29 to 40 cycles of 94°C for 15 s, locus-specific
annealing temperatures (see Williams et al. 2003,
Thiessen & Heath 2007 for details) for 15 s, 72°C for
30 s, and a final extension of 72°C for 90 s. The sizes
of the PCR products were estimated using an ABI
3730x! genetic analyzer. We used GeneMapper v. 4.0
software for genotyping microsatellite fragments
(Applied Biosystems). We calculated standard indices
of genetic diversity, including observed and expected
heterozygosity (Ho and Hg) and allelic richness (A).


http://www.int-res.com/articles/suppl/m558p223_supp.pdf
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To test the hypothesis that lionfish predation was
strong enough to cause declines in genetic diversity of
bicolor damselfish recruit cohort populations, we first
tested for changes within sites in allelic frequencies
between pre- and post-removal samples with an exact
G-test using GENEPOP on the web (version 1.2, de-
memorization: 1000, number of batches: 100, iterations
per batch: 1000; Raymond & Rousset 1995); p-values
were adjusted for multiple comparisons using the se-
quential Bonferroni method. A significant change in al-
lele frequencies may indicate an effect of removal.
Secondly, we calculated the change (difference) in
genetic diversity indices (Hp, Hg, and A) between be-
fore and after lionfish removals at all 3 sites. If lionfish
are having an impact on genetic diversity of these re-
cruit cohorts, then we expect to see a positive change
in diversity indices at the treatment sites where lion-
fish predation has been alleviated, but no significant
change at the control site. To test if changes in diversity
indices were significantly different from 0, we used
1-sample t-tests in R (R Core Development Team);
p-values were corrected for multiple comparisons us-
ing the sequential Bonferroni method. Lastly, to test
whether the invasion of the lionfish has led to declines
in genetic diversity in Panamanian populations of bi-
color damselfish, we compared our measured values
of Hy, Hg, and A to the same diversity indices pub-
lished previously by Salas et al. (2010). They sampled
bicolor damselfish before the lionfish invasion in 2009
from fringing and patch reef sites in the same bay sys-
tem in Bocas del Toro, Panama, named ‘Coral Key'
and '‘Bocas’ and spaced ~20 and 45 km, respectively,
from our sites at Tiger Rock. They used 9 of the same
microsatellite markers that we used in our study, and
we compared the same diversity indices with a 1-sam-
ple t-test in R. We pooled our control and treatment
site samples together for this comparison. If lionfish
predation has influenced bicolor damselfish genetic
diversity since the invasion, our samples should be
lower in diversity than those of Salas et al. (2010). We
used 1-sample t-tests implemented in R to test the hy-
pothesis that genetic diversity has declined in Pana-
manian populations since the invasion of the lionfish
in 2009; p-values were corrected for multiple compar-
isons using the sequential Bonferroni method.

RESULTS
Lionfish density

The average densities of lionfish prior to removal
were 0.02, 0.03, and 0.04 fish m~2 at T1, T2, and C,

respectively. These densities are comparable to natu-
ral reefs in the Bahamas (0.04 m~2, Green & Cote
2009) but lower than artificial reefs in the Gulf of
Mexico (0.14 m~2%; Dahl & Patterson 2014). After the
removal, lionfish density at both treatment sites was
reduced by an order of magnitude (Fig. 2; see
Table S3 in the Supplement for all fish densities).
Control site density decreased by 27 %. Post-removal,
lionfish density at this site was an order of magnitude
greater than at T1 and T2 (Fig. 2). After initial lionfish
removal efforts, no lionfish were seen at T1 for 6 mo
or at T2 for remainder of the experiment (3 mo; Fig. 2).

Effects of lionfish on the density of native reef fishes

After the removal of lionfish at T1, the average
recruit density of bicolor damselfish more than dou-
bled (130 % increase, Fig. 3A; Table S3). The control
site, by comparison, experienced a 14 % increase in
density over the same period (Fig. 3A). The post-
removal density of recruits at T1 was more than
double (122 % more) the density at C (Fig. 3A). The
model that exhibited the best combination of fit and
parsimony was Model (5), which indicates a linear
increase in the difference in densities between the
control and treatment site after removal (Fig. 3A;
Table S4). A 95% credible interval for the slope of
the increase is (0.06, 0.30) recruits m—? mo™".
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Fig. 2. Density of lionfish Pterois volitans from monthly sur-
veys at 3 study sites (Control: open circles, Treatment 1:
filled circles, Treatment 2: filled triangles). Long- and short-
dashed vertical lines indicate the timing of lionfish removal
in Treatments 1 and 2, respectively. Error bars indicate SD.
Sites could not be surveyed in December 2013 and July 2014
due to weather; these dates are omitted for simplicity
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(Fig. 3C). As with bicolor damselfish,
the post-removal density of yellow-
head wrasse recruits at T1 was nearly
double their density at C (188%
greater; Fig. 3C). The model that ex-
hibited the best combination of fit and

-1

parsimony was Model (5), which indi-

cates a linear increase in the differ-
ence in densities between the control
and treatment site after removal
(Fig. 3C, Table S4). A 95% credible
interval for the slope of the increase is
(0.12, 0.36) recruits m=2 mo~".

Yellowhead wrasse adult density
increased by 150% at T1 following
lionfish removal. In contrast, density

decreased by nearly an order of mag-
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2|{E P 04{ F i . nitude (850 %) at C (Fig. 3D). The den-
”‘—:EE 0.3 “.: sity of adults was 400 % greater at T1
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0= "I: — H g ﬁ : 0.4 ! Q lowhead wrasse adults was Model (3),
! ﬂl — : a a single constant increase in the differ-
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Fig. 3. Difference in density of recruits and adults of 3 reef fish species be-
tween 2 sites (Treatment 1 and Control) from monthly surveys. (A,B) Stegastes
partitus, (C,D) Halichoeres garnoti, (E,F) Thalassoma bifasciatum; recruits and
adults, respectively. Vertical dashed lines indicate the timing of lionfish re-
moval from the treatment site. Note the differences in the scales on the y-axes.
Box-plots were constructed using the standard quantile-based definition (e.g.
Quinn & Keough 2002, p. 60). Shaded regions around trend lines are 95%

credible intervals for the mean

Bicolor damselfish adult density increased by
520% at T1 after lionfish removal (Fig. 3B). In com-
parison, density of adults increased by 65% at C
(Fig. 3B). The post-removal density of bicolor adults
at T1 was 97 % greater than the density at C over the
same period (Fig. 3B). The model chosen for bicolor
damselfish adults was again Model (5), a linear
increase in the difference in densities between the
control and treatment site after removal. The differ-
ence in density between T1 and C increased rapidly
after lionfish removal (Fig. 3B). A 95 % credible inter-
val for the slope of the increase is (0.03, 0.10) adults
m~2mot.

In contrast, mean recruit density of yellowhead
wrasse remained stable (~2 % increase) between pre-
and post-removal of lionfish at the treatment site
(Fig. 3C). However, the density of recruits dropped
markedly (74 %) at Site C after the removal period

interval for the increase is (0.12, 0.28)
adults m™2 mo™'.

After the removal of lionfish at T1,
the average recruit density of blue-
head wrasse increased slightly by
34 % (Fig. 3E). However, the density of
recruits also increased 88% at the
control site after the removal period
(Fig. 3E). As a result, the difference in
recruit density between the treatment and control
sites was nearly constant before and after removal of
lionfish, and the preferred model was the null model
(Model 1) (Fig. 3E). Bluehead wrasse adult density
was quite low across all sites and times but did in-
crease by 75 % after lionfish removal at T1; densities
did not change at C (Fig. 3F). Again, the preferred
model was the null model (Model 1).

Effects of lionfish on the genetic diversity of
Stegastes partitus

We found little evidence of systematic changes in
allele frequencies in response to lionfish removals.
We found small, significant changes in allele fre-
quencies in some loci in samples from C and T2, but
not T1 after the removal of lionfish based on exact
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G-tests (Table S2). Only 6 of 36 site-by-locus compar-
isons indicated a significant change in allele fre-
quency after lionfish removal; this was reduced to 3
significant comparisons after correction for multiple
comparisons.

Additionally, there was no clear increase in diver-
sity at the treatment sites compared to the control site
after lionfish removals (Fig. 4, and see Tables S1, S5,
S6 & Fig. S1 in the Supplement). The multi-locus
average Hp showed small changes from pre- to post-
removal, with all sites showing a mean increase in
diversity ranging from 1 to 5% change in the fre-
quency of observed heterozygotes (Fig. 4A). How-
ever, none of the changes was significant, and the
responses of individual loci varied (i.e. both negative
and positive changes were seen; see Fig. S1). Mean
Hg increased very slightly (<1%) at C and T2 after
removals, but declined (<1%) at T1 after removals;
the effect was only significant for the control site at
o = 0.05; however, after correction for multiple com-
parisons, this was no longer significant (Fig. 4; Hg: t-
test: df = 10, t = 2.47, p = 0.033; see Table S5 for all
tests). As with Hp, individual loci varied in their
response to removals exhibiting increases and de-
creases in Hg (Fig. S1). Lastly, allelic richness in-
creased after lionfish removals from C and T2, but
decreased after removals from T1. The effect was
only significant at o. = 0.05 for the control site, and the
effect remained significant after Bonferroni correc-
tion (df = 10, t=3.43, p = 0.007). As observed with Hg
and Hy, individual loci varied in their response to
removals, exhibiting increases or decreases in allelic
richness depending on the locus (Fig. S1).

We found that all 3 multi-locus diversity indices
were on average very slightly higher in this study

compared to previous samples taken by Salas et al.
(2010) before the lionfish invasion in 2009 (Fig. 5 and
see Fig. S2); none of these comparisons was signifi-
cant at oo = 0.05 (Table S6). Again, responses of indi-
vidual loci varied for each diversity index, with some
loci showing increases and some showing decreases
in diversity compared to the samples from Salas et al.
(2010).

DISCUSSION

Predators can have 2 kinds of effects on their prey
species populations, affecting their genetic composi-
tion through selection and genetic ‘drift’ effects. If
predation is severe and a large portion of the prey
population is removed, changes in gene frequencies
and a reduction in genetic diversity can be observed
across the entire genome (drift) caused by a genetic
bottleneck. In this study, we looked for evidence of a
genetic bottleneck in bicolor damselfish as a result of
lionfish predation; however, we did not find one de-
spite a large suppression effect of lionfish predation
on the population.

In order for a genetic bottleneck to occur, lionfish
must reduce the size of the populations substantially
(Peery et al. 2012). Recruit and adult densities of bi-
color damselfish rose linearly and significantly after
lionfish removal at our treatment sites, indicating
that lionfish were having a significant effect on their
population demographics. The lionfish effectively
reduced recruit populations by 55 % and adult popu-
lations by 84 %. If lionfish have an effect on genetic
diversity, we would expect to see increases in diver-
sity indices or changes in allelic frequencies between
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Fig. 4. (A) Changes in genetic diversity of Stegastes partitus pre- to post-removal of lionfish Pterois volitans across all sites.

(A) Differences in mean observed heterozygosity (Hp) and expected heterozygosity (Hg); (B) differences in mean allelic rich-

ness (A) for 12 microsatellite loci between pre- and post-removal samples. Control: white bars; Treatment 1: grey bars; Treat-

ment 2: black bars. Error bars are multi-locus SD. Asterisks (*) indicate significant changes within sites between the pre- and
post-removal periods
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Fig. 5. Genetic diversity indices of Panamanian samples of Stegastes partitus pre- and post-invasion of lionfish Pterois volitans.

(A) Mean observed heterozygosity (Hp) and expected heterozygosity (Hg); (B) mean allelic richness (A), for 12 microsatellite

loci. Pre-invasion samples from Salas et al. (2010): Coral Key (white bars); Bocas Island (grey bars). Post-invasion samples from
this study: mean for all Tiger Rock samples (black bars). Error bars are multi-locus SD

pre- and post- lionfish removal within treatment sites.
While the allelic frequencies changed significantly in
the control site, they did not change significantly in
either treatment site. Similarly, genetic diversity in-
creased slightly at the control site after lionfish re-
moval but not at the treatment sites as expected.

Several factors may explain why bicolor damselfish
populations have not experienced a significant de-
cline in genetic diversity despite obvious predation
effects of lionfish. The bicolor damselfish is a highly
fecund species that reaches maturity quickly, which
can lead to rapid population replenishment (Wilson &
Meekan 2002). High fecundity and short generation
times can result in sufficiently large genetic pop-
ulation sizes that a 55% reduction in density is not
extreme enough to leave a detectable genetic signal.
Peery et al. (2012) reported that many studies fail to
detect bottlenecks in populations known to have ex-
perienced significant population declines. They stated
that populations must be reduced by 2 to 3 orders
of magnitude before a bottleneck can be detected
through heterozygosity and allelic richness meas-
ures. The magnitude of reductions in population size
observed in this study is not this extreme; therefore,
we conclude that the effect of lionfish predation was
not sufficient to cause a genetic bottleneck in these
recruit cohorts.

It is possible that lionfish populations that have
been established in this region since 2009 (Schofield
2010) have already caused a reduction in genetic
diversity of bicolor damselfish in all possible recruit
source populations—given their widespread nature—
thereby limiting the possibility of genetic diversity
recovering after lionfish removal. However, the
levels of genetic diversity found in our samples were
slightly higher, albeit not significantly, than esti-
mates of genetic diversity of Panamanian popula-

tions of bicolor damselfish taken in the Bocas del
Toro region prior to the lionfish invasion (Salas et al.
2010). This suggests that there has not been a wide-
spread decline in genetic diversity of this species
associated with the lionfish invasion in this region.
In contrast to our findings, previous studies have
demonstrated that reductions in genetic diversity of
native prey species can be caused by invasive preda-
tors (Gasc et al. 2010, Iwai & Shoda-Kagaya 2012).
However, these studies were conducted on terrestrial
species on islands, where dispersal is more limited
and population sizes are smaller than in the marine
environment (Kinlan & Gaines 2003). Bicolor dam-
selfish, like many marine fishes, have a high disper-
sal capability. With a pelagic larval stage duration of
27 to 31 d (Wellington & Victor 1989), the larvae of
this species disperse on average 77 km, and up to
180+ km, from the natal reef (Hogan et al. 2012). Due
in part to this tremendous dispersal capacity, the
genetic effective population size of this species must
be very large, with genetic populations spanning
much of the Caribbean (Purcell et al. 2009). Connec-
tivity among populations of this species is likely
strongest within the same ecoregion (southwestern
Caribbean; Schill et al. 2015) from locations 10s to
100s of km away (Hogan et al. 2010, 2012, Salas et al.
2010). Therefore, the genetic diversity in Panama
(and elsewhere in the Caribbean) can be readily
replenished from dispersal from sometimes distant
source populations. Thus, marine populations of
this size might be well buffered from reductions in
genetic diversity caused by the introduction of invasive
species.

Many species in the Caribbean have large effec-
tive population sizes and have widespread genetic
connectivity, similar to the bicolor damselfish, which
may make them particularly immune to genetic re-
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ductions from lionfish predation. Yellowhead and
bluehead wrasse, studied here, both show high
levels of genetic connectivity and diversity across
large areas (Rocha 2004, Purcell et al. 2006). How-
ever, many species show population subdivision
within the Caribbean (Shulman & Bermingham 1995,
Purcell et al. 2006), and some have small populations
and may be endemic to a particular region or reef
system (Taylor & Hellberg 2003). Life-history traits
that affect dispersal and recruitment may also have
an effect on recovery from predation and can affect
genetic diversity loss. Bicolor damselfish and yellow-
head wrasse have shorter pelagic larval durations
(28 and 26 d, respectively; Victor 1986, Wellington
& Victor 1989) than bluehead wrasse (49 d; Victor
1986), perhaps contributing to their more rapid re-
colonization responses. Furthermore, recruitment
patterns can also differ; some species experience
regular bouts of recruitment, while others experience
more of a boom-and-bust recruitment. For example,
Victor (1982) showed that most summertime recruit-
ment of bluehead wrasse in San Blas, Panama,
occurred over a 2 wk period in late June/early July,
with very low levels of recruitment outside of that
window. The recruitment of bluehead wrasse in our
study appeared to be episodic with low levels of
recruitment year round except for large increases in
recruitment in March and again in October 2014 and
at both treatment and control sites. Species with
episodic or low levels of recruitment, those that show
lower standing diversity, have short dispersal dis-
tances, have restricted ranges, and have strong pop-
ulation structure within the Caribbean may be more
susceptible to genetic diversity loss as a result of lion-
fish predation.

Additionally, species clearly differ in their response
to lionfish predation, which may make them more or
less susceptible to reductions in genetic diversity.
Here we observed variable responses to lionfish pre-
dation among the 3 native species that we monitored.
Juvenile and adult densities of bicolor damselfish
and yellowhead wrasse increased when lionfish pre-
dation was alleviated; however, bluehead wrasse
densities were not affected by removals. Species
characteristics may play a large role in susceptibility
to lionfish predation and subsequent diversity loss.
Small, shallow-bodied, solitary fishes found resting
on or just above reefs appear to be most susceptible
to lionfish predation (Green & Cote 2014). Our 3 spe-
cies here all have traits making them susceptible to
lionfish: they are all small and shallow-bodied (at least
in the juvenile form), and they are all closely associ-
ated with the reef. Bicolor damselfish are solitary and

territorial, while bluehead wrasse tend to be solitary
or aggregate in small shoals, and yellowhead wrasse
tend to aggregate in small shoals of conspecifics
(J. D. Hogan pers. obs.).

In conclusion, predation by the invasive lionfish
was not strong enough to cause a genetic bottleneck
in populations of the prey species investigated here.
The size of these populations and the scale of genetic
connectivity in the bicolor damselfish may have
buffered against widespread losses in genetic diver-
sity perpetrated by the lionfish. Species that demon-
strate a susceptibility to invasive predators and those
that have small, geographically restricted genetic
populations may be at greater risks of reductions in
genetic diversity from predation. However, this is
not to say that this invasive predator has not left a
genetic mark on these populations. Lionfish preda-
tion had a significant effect on population size, and
lionfish could impose a selective effect on the genetic
structure of these prey populations. Future studies
should look for evidence of selection effects of inva-
sive predators on prey species. These effects could
be observed at lower rates of predation than drift
effects. Next-generation sequencing technologies
could be used to discover single nucleotide poly-
morphisms in genes under selection by predators.
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Lionfish cause increased mortality rates and drive

local extirpation of native prey
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ABSTRACT: As predators play a central role in prey population regulation, predicting the impact
of a novel predator requires determining how the invader affects the compensatory dynamics that
underlie native prey persistence. The Indo-Pacific lionfish Pterois volitans is an invasive meso-
predator that voraciously consumes native coral-reef fishes of the tropical western Atlantic and
Caribbean. The fairy basslet Gramma loreto is a common prey of lionfish, and pre-invasion
research has demonstrated that basslet populations undergo regulating density-dependent mor-
tality due to predation. To unequivocally measure lionfish effects on prey mortality and to test
whether prey survival remained density-dependent when exposed to predation by the invader, a
controlled field experiment was conducted wherein both fairy basslet settlement density and lion-
fish presence were manipulated by divers on natural coral reefs. On reefs with and without lion-
fish, fairy basslet populations were repeatedly censused over the 28 d experimental period and
mortality rates across a gradient of prey densities were quantified. Per capita loss of fairy basslet
was density-dependent on reefs with and without introduced lionfish; however, the magnitude of
this loss was significantly higher on reefs with the invader present. High mortality rates at low
prey density resulted in local extinction of 2 of 14 fairy basslet populations exposed to the invader,
a phenomenon observed only on lionfish reefs. Further, 9 out of 14 lionfish-exposed prey popula-
tions showed loss rates of >50 % compared with just 3 prey populations with such rates on native-
only reefs.

KEY WORDS: Coral reefs - Density dependence - Invasive species - Marine fishes - Population
regulation - Predator recognition - Predator-prey

INTRODUCTION

Anthropogenic species introductions have been
identified as a top conservation priority (Wilcove et al.
1998), as invasions can lead to altered community
structure and ecosystem function, and to native spe-
cies loss (Gurevitch & Padilla 2004, Pimentel et al.
2005, Vila et al. 2011). Invasive predators have
caused some of the most severe impacts of introduc-
tions (Salo et al. 2007, Jones et al. 2008) and have pre-
cipitated numerous extinctions via strong, direct, and
consumptive effects (Blackburn et al. 2004, Kum-
schick et al. 2015). These invasive, predator-mediated

*Corresponding author: ingemank@science.oregonstate.edu

extinctions necessarily imply a change in the pro-
cesses that have previously ensured persistence of
regulated prey populations. One condition of regula-
tion is a compensatory response in one or more demo-
graphic rates to changes in prey density, causing pop-
ulations to increase when rare and to decrease when
abundant (Murdoch 1994, Hixon et al. 2002). There-
fore, predicting the impact of a novel predator re-
quires an understanding of whether and how the in-
vader alters the existing compensatory dynamics that
underlie native population regulation.

Demersal marine fishes have been instrumental in
the detection and quantification of such demographic
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density dependence, as these populations are often
amenable to the local-scale manipulations that can
provide insight into the mechanisms behind density-
mediated effects (Hixon & Webster 2002). Consensus
has emerged that post-settlement mortality of de-
mersal marine fishes often displays direct density
dependence —a positive relationship between prey
density and per capita mortality (Hixon 1998, Hixon
& Webster 2002, White et al. 2010). Numerous stud-
ies have demonstrated that predation is often the
proximate cause of density-dependent (hereafter
DD) mortality (Hixon & Carr 1997, Anderson 2001,
Carr et al. 2002, Holbrook & Schmitt 2002, Hixon
2015) and that this mechanism can lead to temporal
population regulation (Steele 1997, Carr et al. 2002,
Webster 2003, Hixon et al. 2012).

Of vital importance for understanding the implica-
tions of a predator introduction is characterizing the
effects of multiple predators on patterns of prey
mortality. Previous work on patch reefs has demon-
strated emergent, synergistic effects of resident and
transient predators on prey mortality patterns. Hix-
on & Carr (1997) showed that the effects of preda-
tors with differing hunting modes and scales of for-
aging (resident ambush piscivores versus transient
pelagic hunters) —which separately caused density-
independent (DI) mortality —interacted to produce
DD mortality only when both predator types were
present. Thus, the addition of a predator to an exist-
ing community has the potential to qualitatively
alter the relationship between prey density and pre-
dation risk.

As the role of native predators in causing DD mor-
tality is well understood in demersal fish communi-
ties, the introduction of a novel piscivore provides the
opportunity to test how mortality patterns are altered
by an invader. Theory predicts that density depend-
ence (at some life stage and at some spatial scale) is a
necessary condition for regulation (Murdoch 1994,
Hixon et al. 2002), and simulations suggest that the
effects of introduced predators on prey consumption
rates may be particularly pronounced at low prey
densities (Saul & Jeschke 2015), so the potential for
a novel predator to weaken or even reverse DD
demands study. Previously, Ingeman & Webster
(2015) used manipulative field experiments —repli-
cated before and after the introduction of the Indo-
Pacific lionfish Pterois volitans to western Atlantic
marine habitats—to measure changes in the den-
sity—mortality patterns of a common reef fish, the
fairy basslet Gramma loreto. Per capita loss in fairy
basslet remained DD after the invasion despite an
increase in overall loss rates since the introduction of

the novel predator (Ingeman & Webster 2015). How-
ever, the authors could not unequivocally attribute
the altered mortality patterns to lionfish since the
presence of the invader was confounded by possible
environmental or biotic changes (e.g. increased na-
tive predator abundance and/or consumption rates)
in the interval between experiments.

Therefore, in order to detect the effects of an inva-
sive predator on the relationship between density
and predation risk in native prey, I conducted a con-
trolled field experiment on natural coral reefs in the
Bahamas, manipulating both prey density and inva-
sive predator presence, such that differences in loss
rates are attributable to predation by the invader
alone. On reefs with and without invasive lionfish,
I compared (1) the immediate post-settlement and
longer-term changes in density over the 28 d experi-
mental period, (2) the magnitude of per capita loss
due to predation between repeated censuses, and (3)
the presence or absence of density dependence in
populations of fairy basslet.

MATERIALS AND METHODS
Study species

The fairy basslet Gramma loreto, family Gram-
matidae, is a common aquarium fish inhabiting
coral-reefs throughout the tropical western Atlantic
(Bohlke & Randall 1963). Like most reef fishes, the
fairy basslet has a bipartite life-cycle with pelagic
larvae and demersal juveniles and adults (Bohlke &
Chaplin 1994). Fairy basslet are typically found on
the ceilings of caves, outcrops, and open reef ledges
(hereafter ‘ledges’ collectively), where they feed op-
portunistically on passing plankton (Randall 1967).
Individuals form dense aggregations, with the
largest individuals occupying prime feeding posi-
tions nearest the outer edge of the ledge (Freeman
& Alevizon 1983). Population size at the local level
is tightly regulated by high and DD mortality
caused by aggregating mesopredators (Webster
2003). Tagging studies have confirmed static mem-
bership of local aggregations and demonstrated that
juveniles and adults rarely move farther than 3 m
from their home ledge, such that post-settlement
immigration is negligible and where each ledge
supports a distinct local population (Webster 2003).

The Indo-Pacific lionfish Pterois volitans/miles,
family Scorpaenidae, is an invasive mesopredator
introduced in the mid-1980s that has rapidly spread
throughout the region from an invasion locus near



Ingeman: Invasive predator alters prey mortality 237

Southeast Florida (Whitfield et al. 2002) and now
inhabits most of the western Atlantic and Carib-
bean, including the Gulf of Mexico (Schofield 2010).
These voracious, generalist predators have strong
direct effects on native prey fishes via consumption
of newly settled recruits and adults of small species
(Albins & Hixon 2008, Albins 2013, 2015, Coté et al.
2013, Benkwitt 2015, Ingeman & Webster 2015) and
have the potential to alter invaded reef ecosystems
directly through consumption of ecologically impor-
tant native fishes and via the indirect effects of pre-
dation (Albins & Hixon 2013). To date, few biotic
controls have been identified in the invaded range:
Atlantic lionfish are relatively free of parasites
(Sikkel et al. 2014) and do not experience increased
mortality or emigration even at extreme densities
(Benkwitt 2013). Lionfish possess an impressive ar-
ray of traits that may render them difficult to detect
and/or may confuse prey (Lonnstedt & McCormick
2013, Marsh-Hunkin et al. 2013, Black et al. 2014)
and are themselves well-defended from predation
by venomous dorsal spines (Halstead et al. 1955). As
such, predation on lionfish in the invaded range,
although reported, is irregular and thus far insuffi-
cient to control their densities (Hackerott et al.
2013), which have been reported as high as 393 ind.
ha™! (Green & Coété 2009). Fairy basslet are common
prey of the invader, which actively stalks juveniles
and adults with large pectoral fins extended, herd-
ing individuals before striking rapidly (Albins &
Lyons 2012). Anecdotally, fairy basslet individuals
do not employ as robust an anti-predator response
(fleeing into small refugia in the reef) to lionfish as
toward native mesopredators, and experiments with
other native Atlantic prey species have demon-
strated a suboptimal response to the threat of pre-
dation by this novel predator (Black et al. 2014).

Study area

This study was conducted on coral patch reefs near
the Cape Eleuthera Institute, Eleuthera, Bahamas.
Patch reefs of highly variable structure occur on a
2-30 m deep shelf lining the 1500 m deep Exuma
Sound to the southwest of Cape Eleuthera. Prior to
initiation of the experiment, teams of divers on
SCUBA identified 14 patch reefs ranging in surface
area from 137 to 1290 m? at depths of 4-20 m, sur-
rounded by sand and seagrass, and separated from
all other hard substrate by at least 80 m. Experimen-
tal patch reefs were roughly cylindrical in shape and
of variable diameter (10-30 m) and height (2-18 m).

The benthos was dominated by small coral heads,
algae, sponges, and soft corals of various species
scattered over highly convoluted dead coral surfaces.

Experimental design

To determine the effects of invasive lionfish pre-
dation on prey density—-mortality patterns, local
fairy basslet populations were manipulated to cre-
ate a range of prey densities on reefs with and
without the introduced predator. Because the home
ranges of adult lionfish span multiple local popula-
tions of fairy basslet prey, which restrict their
movements to individual reef ledges, this study
employed a split-plot design, whereby predator
treatments where maintained at a larger scale
(reef) than basslet density treatments (ledges within
a reef). Reefs were paired by proximity, as well as
similarity in size, depth, vertical relief, and relative
coral cover, to form 7 experimental reef pairs. One
reef in each pair was assigned by randomization to
receive periodic lionfish removals (with randomiza-
tion constrained to avoid excessive clustering of
this treatment; 'native-only reef’); the other reef
received variable levels of lionfish addition with the
goal of achieving a standardized lionfish density
('lionfish reef’; see subsection ‘Density manipula-
tions'). Within each reef, 2 fairy basslet populations
were chosen based on similarity in initial popula-
tion size, ledge area, proximity to reef margin, and
orientation to prevailing currents. In order to maxi-
mize the demographic isolation of experimental
fairy basslet populations, only discrete ledges that
were >3 m from other occupied ledges were cho-
sen. Divers then performed an initial baseline cen-
sus of all fairy basslet individuals on each experi-
mental ledge and measured ledge surface area
(0.4-1.5 m?) to determine unmanipulated densities
(6.3-18.9 fish m™). One fairy basslet population
from each reef was then randomly chosen to re-
ceive artificially enhanced recruitment sufficient to
increase density to levels commonly observed after
a recruitment event (Webster 2003, Ingeman &
Webster 2015). Fairy basslet additions rather than
removals were employed to avoid artificially inflat-
ing extirpation rates by lowering prey density
below ambient levels. Natural variation in the den-
sities of unmanipulated populations created a con-
tinuous density-gradient that was thus extended by
diver-enhanced artificial recruitment (manipulated
population densities: 13.6-31.1 fish m™2, see subsec-
tion ‘Density manipulations’).
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Density manipulations

To maintain native-only reefs, divers conducted re-
movals as needed, capturing lionfish using hand-nets
where possible and employing pole spears where
conditions made live-capture impossible. While the
target for native-only reefs was complete removal of
lionfish, the cryptic nature of this species, highly
protected reef refugia, and occasional immigration
resulted in low but non-zero densities on removal
reefs. To maintain treatment densities on lionfish
reefs, divers periodically captured juvenile and adult
lionfish (8—-38 cm total length [TL]) from native-only
reefs and non-experimental habitats then translo-
cated them to distant (>500 m) lionfish reefs. A target
density of 300 lionfish ha~! was chosen to represent a
realistic average lionfish density based on observa-
tions of unmanipulated reefs in the region and other
parts of the invaded range (Green & Coété 2009,
Albins 2015). Transplant effects and variable emi-
gration throughout the study duration necessitated
repeated ‘stocking’ of lionfish reefs. However, tar-
geted censuses indicated a strong density gradient
between predator treatment levels, with lionfish
reefs maintaining approximately 6 times higher den-
sities (240.4 + 35.7 lionfish ha™!) compared to native-
only reefs (40.1 + 18.3 lionfish ha™?).

To enhance the natural range in fairy basslet den-
sity, recruits (approximately 1-2 wk post-settlement
and <2.0 cm TL) were captured using dip nets and
anesthetic clove oil, transferred into seawater-filled
plastic bags, and translocated to target populations.
Recruits were captured from distant locations to min-
imize emigration from study ledges. Small numbers
of recruits (<10) were added to a population during
any single dive, and additions were conducted over
several days in order to simulate a natural recruit-
ment pulse and to minimize immediate (pre-census)
loss of basslet transplants to aggregating predators.
Censuses for the experiment commenced 24 h after
recruit manipulations, thereby allowing a day for
transplanted fish to recover from any handling
effects and ensure that transplanted individuals did
not suffer disproportionate mortality compared to
resident fish.

Following the establishment of treatments and
baseline censuses, a minimum of 2 divers re-censused
each population after 2 d, 4 d, and weekly thereafter,
with a final census after 4 wk. During each census,
divers recorded the size of each fairy basslet individ-
ual, the total population size, and any predators
within 2 m of the target basslet ledge. Observations of
fairy basslet populations and individual sizes were

highly congruent between divers, indicating that ob-
servation error was negligible.

Statistical analysis

All fairy basslet populations were censused prior to
artificial recruitment enhancement, and initial den-
sities were checked for systematic bias by both pre-
dator treatment and assignment to recruitment en-
hancement. Mean densities among treatment groups
were compared using Welch's 2-sample (-tests, with
no assumption of equal variance. These comparisons
were repeated for fairy basslet observations at the
first post-manipulation census to ensure that (1) mean
fairy basslet density differed significantly among
recruitment-enhanced versus unmanipulated popula-
tions and that (2) differences in fairy basslet density
were not biased among reefs with and without lion-
fish. Additionally, cumulative population-level effects
of fairy basslet on prey density were assessed by
comparing the 4 resulting categorical treatment levels
created by cross-factoring predator treatment (lionfish
versus native-only reefs, 7 reefs each) and fairy
basslet recruitment regimes (enhanced versus unma-
nipulated, 14 ledges each, 28 ledges total).

Prey per capita loss was defined as the propor-
tional change in abundance accumulated between
intervals.

(1 -Net/Ny (1)

Thus, positive values for per capita loss at a given
time-step indicate that the total number of individuals
decreased since the previous census, and this value is
scaled to the previously observed abundance. Natural
recruitment of fairy basslet was observed in between
the 3rd and 4th censuses, indicated by reduced net
loss and even population increases on some ledges.
Uncontrolled recruitment means that net loss (as an
aggregate measure of population change) likely un-
derestimates mortality but is not likely to systemati-
cally bias results, since fairy basslet recruitment has
been shown to be density-independent. I did not ex-
plicitly account for the difference in length of time in-
tervals, which is likely to increase variability around
estimates of per capita loss. However, time intervals
were identical among treatment groups so this would
not bias comparisons among groups or introduce a
spurious effect of lionfish on patterns of mortality. To
detect lionfish-induced changes in the magnitude of
mortality and the presence of density dependence in
fairy basslet per capita loss, I employed linear mixed
effects models (LMMs) with ‘ledge’ nested within
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‘reef’ as random effects, 'lionfish presence’ and ‘time-
step’ as categorical fixed effects, and 'prey density’
(Note: this term represents the density at the begin-
ning of each sampling interval and not the initial prey
density.) as a continuous fixed effect. In order to test
the significance of lionfish presence on per capita loss
at each census, I included a ‘lionfish x time-step’
(fixed) interaction term. A significant interaction be-
tween lionfish and time-step would indicate a lion-
fish-induced change in the magnitude of mortality in
interval since the previous census. Further, to measure
an effect of lionfish on density dependence, I incorpo-
rated a 'lionfish x basslet density’ (fixed) term. This in-
clusion allows separately fitted slopes of the response
of fairy basslet loss to prey density on lionfish and na-
tive-only reefs. A slope coefficient for lionfish reefs
that does not differ from zero would be consistent
with the hypothesis that lionfish predation eliminates
regulating density dependence.

I fitted full models (including all fixed effects and
interactions) with and without random effects using
restricted maximum likelihood estimation (REML)

—— Lionfish + enhanced recruitment (n = 7)
—A&- Native pred + enhanced recruitment (n = 7)
—e— Lionfish + prey control (n=7)

—o- Native pred + prey control (n = 7)
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Fairy basslet density (fish m=)

4
2

0 5 10 15 20 25
Time (d)

Fig. 1. Time series of fairy basslet Gramma Iloreto density
(mean + SE) over the 28 d experimental period on reefs with
lionfish Pterois volitans (filled symbols and solid lines) and
with native predators only (open symbols and dashed lines).
Fairy basslet populations with artificially enhanced recruit-
ment (triangles) were at significantly higher densities at the
beginning of the experiment compared to unmanipulated
populations (circles). However, high and directly density-
dependent mortality reduced the difference in final densi-
ties within each predator treatment. Further, prey popula-
tions on lionfish reefs (filled symbols, far right) achieved
lower final densities than native-only reefs (open symbols,
far right), regardless of initial density

and compared them using likelihood ratio test (LRTs)
with an adjustment for testing on the boundary (Zuur
et al. 2009). The inclusion of a random intercept at
the 'ledge’ level resulted in a better fit than a fixed
effects only model (L-ratio = 9.43, p = 0.001). Visual
inspection of the residuals of the resulting models
showed no departures from the assumptions of
homogenous variance and normality among popula-
tions. However, there was evidence of temporal auto-
correlation in the residuals, and inclusion of an AR1
structure substantially improved the model (AAIC >
2). Re-examination of the residuals indicated that all
assumptions had been met. After selecting the opti-
mum random effects and correlation structure (see
Appendix), I refit the competing models using maxi-
mum likelihood (ML) and tested the significance of
fixed effects using LRTs. Where LRTs indicated that
interaction terms were not significant, they were
dropped from the model and the main effects were
tested using LRTs. Finally, I estimated parameters
and effect sizes from the final model using REML
(Zuur et al. 2009). All statistical analyses were con-
ducted in the R language and software environment,
v. 3.2 (R Development Core Team 2015) using add-on
packages nlme v. 3.1-128 (Pinheiro et al. 2014).

RESULTS

Prior to diver manipulation, fairy basslet densities
showed no systematic bias by lionfish treatment (¢t =
-0.26, p = 0.79) nor by assignment to enhanced re-
cruitment treatment (¢t = -0.73, p = 0.47). In contrast,
during the initial census (24 h post-manipulation) the
fairy basslet population that received enhanced
recruitment showed significantly higher densities of
24.1 fish m~ compared to 11.2 fish m™ in unmanipu-
lated populations (¢t = 25.0, p < 0.0001; Fig. 1: circles
versus triangles at initial census). Within each prey
recruitment level, initial post-manipulation densities
did not vary significantly by predator treatment (¢t =
-0.51, p = 0.62 and ¢t = 0.80, p = 0.44 for unmanipu-
lated and recruitment-enhanced fairy basslet popu-
lations, respectively; Fig. 1: open versus filled sym-
bols at initial census). Over 4 wk and across all reefs,
net change in fairy basslet population density ranged
from -22.7 fish m™2 (negative values indicating a
decrease in density) to 5.5 fish m™2, with far greater
average decreases observed on lionfish reefs com-
pared to native predator only reefs. This pattern was
true of both recruitment-enhanced fairy basslet pop-
ulations—where a decrease in density was approxi-
mately 140% greater on reefs with lionfish present
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(mean change in density —-15.8 versus —6.6 fish m2)
—and at unmanipulated populations, with lionfish
reefs experiencing 97 % greater decreases compared
to native-only reefs (mean change in density -3.62
with lionfish present versus —1.83 fish m~2 on native-
only reefs). Over the course of 4 wk and despite ini-
tial differences in prey density, fairy basslet popula-
tions on reefs with the invader were lower than those
subject to predation by natives only (Fig. 1: filled
symbols versus open at t = 28).

Cumulative per capita loss of fairy basslet over 28 d
was DD for both native-only reefs and those with
lionfish present (Fig. 2; circles versus triangles). That
is, recruitment-enhanced populations experienced
greater per capita loss compared to unmanipulated
basslet populations on both native-only reefs (24.8 %
versus 6.5 % loss) and on lionfish reefs (60.0 % versus
33.8 % loss). However, the magnitude of this loss was
substantially greater on lionfish reefs regardless of
prey density (Fig. 2; filled versus open symbols).
Notably, unmanipulated (low-density) fairy basslet
experienced slightly higher mean loss rates on lion-
fish reefs even compared to recruitment-enhanced
(high-density) populations at native predator-only
reefs (Fig. 2; filled circle versus open triangle). High
mortality rates on lionfish reefs resulted in extirpa-
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Cumulative per capita loss (4 wk)

Prey controls  Enhanced recruitment

Fig. 2. Cumulative per capita loss (proportional change in
abundance) for cross-factored treatment groups over 28 d
(group means =+ SE). At both unmanipulated and recruit-
ment-enhanced fairy basslet Gramma loreto populations
(circles and triangles, respectively), per capita loss was
higher on reefs with lionfish Pterois volitans compared to
native-only reefs (closed versus open symbols). Per capita
loss at unmanipulated prey populations subject to lionfish
predation were similar to recruitment-enhanced popula-
tions on native-only reefs (comparing filled circle to open tri-
angle), suggesting that lionfish cause high mortality even at

low prey density

tion of 2 out of 14 fairy basslet populations; no fairy
basslet populations on native-only reefs reached zero
abundance. Further, 9 out 14 prey populations ex-
posed to the invader showed loss rates of >50 % over
4 wk. In contrast, only 3 prey populations demon-
strated such high mortality rates on native-only reefs.

Modeling interval per capita loss as a function of
fairy basslet density using LMMs, there was a signif-
icant effect of ‘prey density’ (LRT, p < 0.001, see
Table 1 for fixed effects selection criteria), indicating
the presence of density dependence in per capita
rates of prey loss (see Table 2 for parameter coeffi-
cients and variance). Further, I found no evidence to
suggest that lionfish eliminated the presence of den-
sity dependence (LRT for the 'lionfish x prey density’

Table 1. Selection criteria for fixed effects. Likelihood ratio
and associated p-values comparing models with each poten-
tial explanatory variable (with all other fixed effects and op-
timal random structure in place) to a reduced model without
the focal parameter. AAIC indicates the change in model fit
associated with retaining the variable in the model; p-values
<0.05 (and negative AAIC values) provide evidence for re-
taining the variable. Fixed effects retained in final model are

indicated in bold
Explanatory variable Likelihood P AAIC
ratio
Lionfish (presence) 8.330 0.004 -6.330
Prey density 11.124 <0.001 -9.124
Lionfish x Prey density 0.018 0.975 1.982
Native predator biomass 0.867 0.352 4.017
Time step 13.274 0.021 -3.274
Lionfish x Time step 11.197 0.003 -1.197

Table 2. Summary of fixed effects for final model. Model co-

efficients and variance estimated using restricted maximum

likelihood for all variables retained in final linear mixed
effects model

Effect Value SE df t P

Intercept -0.351 0.165 128 -2.12 0.035
Prey density 0.021 0.008 128 2.48 0.014
Lionfish 0.123 0.227 26 0.54 0.590

Prey density:Lionfish -0.008 0.011 128 -0.711 0.478

Time Step 2 0.076 0.097 128 0.788 0.432
Time Step 3 0.069 0.097 128 0.716 0.475
Time Step 4 -0.05 0.097 128 -0.525 0.601
Time Step 5 0.057 0.097 128 0.588 0.557
Time Step 6 0.143 0.097 128 1.481 0.141
Lionfish:Time Step 2 0.083 0.137 128 0.605 0.546
Lionfish:Time Step 3 0.124 0.137 128 0.906 0.366
Lionfish:Time Step 4  0.297 0.137 128 2.174 0.032
Lionfish:Time Step 5  0.323 0.137 128 2.380 0.020
Lionfish:Time Step 6  0.330 0.137 128 2.262 0.018
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interaction, p = 0.98; Table 1). The coefficient for the
effect of lionfish on the density—mortality relation-
ship was small relative to the slope coefficient itself
(0.008 and 0.021, respectively), and the confidence
interval for this effect includes zero (Table 2). To-
gether, these results indicate that prey loss was DD
regardless of predator treatment. The effect of lion-
fish was mediated by time-step as indicated by a sig-
nificant ‘lionfish x time-step’ interaction (LRT, p =
0.003), precluding the interpretation of the main
effect of lionfish presence singularly across the dura-
tion of the experiment. However, in the final model,
after accounting for prey density, during Time-Steps
4,5, and 6 (11, 18, and 28 d post manipulation) per
capita loss was higher on reefs with lionfish than on
those without (Table 2).

DISCUSSION

Density dependence in vital rates represents a cru-
cial component of population regulation, and the
detection of density dependence and the identifica-
tion of the mechanisms that lead to density depend-
ence remain relevant areas of study in population
ecology (reviews by Hixon et al. 2002, Lande et al.
2002, Osenberg et al. 2002, Brook & Bradshaw 2006,
White et al. 2010, Lebreton & Gimenez 2013, Thorson
et al. 2015). As predation is often the proximate cause
for this compensatory pattern in reef fishes (Hixon
2015), understanding how an introduced marine pis-
civore may alter patterns of density-mediated mortal-
ity in native prey is an important step in predicting
the ultimate effects of invasion, including the risk of
local or global extinction of native species. In this
experiment, I found evidence that fairy basslet mor-
tality remains DD in the presence of invasive lionfish.
However, lionfish predation caused an overall
increase in prey mortality and contributed to the
local extinctions of 2 of 14 of prey populations; in con-
trast, no fairy basslet populations were extirpated on
native-only reefs. Both extirpated populations began
the experiment at low initial density, suggesting that,
unlike native piscivores alone, the invader can cause
high per capita loss rates at low prey density. Further,
9 out 14 fairy basslet populations that were exposed
to the invader—across a range of initial densities —
had a per individual predation risk of >50% across
the experimental period compared with 3 prey popu-
lations showing such mortality rates on native-only
reefs. Thus, while patterns of fairy basslet mortality
were qualitatively DD (per capita loss increasing
with higher prey densities) regardless of predator

treatment, lionfish nevertheless reduced the likeli-
hood of local persistence of fairy basslet populations
by increasing the magnitude of mortality across a
broad range of prey densities.

The observation that lionfish lower the probability
of local prey persistence corroborates previous ex-
perimental research from the invaded range. Albins
(2013) demonstrated that, over 8 wk, a single lionfish
on a small patch reef can reduce prey richness by
nearly 5 species compared to predator-free controls,
an effect nearly twice as large as that caused by
native piscivores. Similarly, Benkwitt (2015) ob-
served increases in native species richness over the
summer recruitment period only on lionfish-free con-
trol reefs; in the presence of the invader species rich-
ness remained unchanged. Additionally, on large
patch reefs and over multiple recruitment periods,
Albins (2015) showed that lionfish significantly
reduced species richness and that the invader caused
the greatest per capita effects on the rarest species.
While the increased mortality rate of native prey
driven by lionfish is not itself a novel result, this study
demonstrates how an introduced generalist predator
can cause extirpation of rare species (or a low-
density population of a single species). By increasing
loss rates even at the lowest prey densities—when
prey populations are at their most vulnerable — pre-
dation by the invader heightens the likelihood that
demographic stochasticity in local prey populations
will result in local extinction.

The observation that lionfish remain effective pre-
dators at low prey density corroborates recent theory
on the differential effects of a novel predator. Saul &
Jeschke (2015) used mechanistic steady-state satia-
tion equations (based on the predator functional
response) to demonstrate that a novel predator with
higher attack efficiency than natives and whose prey
have low experience with the new predator will have
higher consumption rates than natives across all prey
densities. In such a scenario, the difference in con-
sumption rate experienced by the prey will be most
pronounced at low to intermediate prey densities
(Saul & Jeschke 2015). Indeed, lionfish may have a
lower threshold of prey density below which foraging
becomes inefficient compared with native piscivores,
a distinct possibility for a novel predator with no be-
havioral or morphological analogue in the western
Atlantic (Albins & Lyons 2012). While native pisci-
vores often cause strongly DD mortality through an
aggregative effect, spatially congregating and in-
creasing attack rates in the vicinity of high prey den-
sities (reviewed by White et al. 2010), there is thus far
no evidence that lionfish do the same, continuing to
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hunt even as prey densities decline and native pred-
ators move on to richer patches where foraging is
more efficient. Alternatively, lionfish may be less
likely than other generalist native piscivores to em-
ploy prey switching at low densities of the target spe-
cies. In either case, per capita predation rates caused
by natives would fall with decreasing prey density,
but lionfish predation rates would remain high.

Another mechanism that could drive high preda-
tion rates at low prey density is naiveté, when prey
fail to recognize and/or respond suboptimally to the
threat of predation by a non-native predator (Banks
& Dickman 2007, Sih et al. 2010, Anson & Dickman
2013). DD mortality caused by native predators often
relies on intense competition for predator-free shelter
at high prey densities. In contrast, when prey are
rare, shelter is plentiful and predation risk low (For-
rester & Steele 2004). However, if native prey are
naive to the risk of predation by this cryptic hunter
with novel foraging behavior (Albins & Lyons 2012),
lionfish would continue to consume prey at high rates
even when shelter is abundant. Evidence of naiveté
toward lionfish has been mixed in the invaded range.
Recently, Anton et al. (2016) demonstrated that the
Atlantic grunt, Haemulon plumierii, maintains a
greater approach distance from native predators than
from lionfish. Similarly, Kindinger (2015) showed that
territorial 3-spot damselfish, Stegastes planifrons,
that responded aggressively to all native fishes had
reactions to captive lionfish that did not differ from the
response toward empty controls. In contrast, Black et
al. (2014) demonstrated, using another native Atlantic
pomacentrid, S. leucostictus, that native prey can rec-
ognize and respond with anti-predator behaviorin the
presence of lionfish. However, this prey species did
not modify their high-risk courtship behavior in the
presence of the invader (Black et al. 2014), a result
that suggests that other prey may similarly increase
their risk predation when managing tradeoffs with
foraging and/or reproductive demands.

Finally, differences in feeding behavior between
lionfish and native predators could explain the ob-
served mortality patterns in prey. Fairy basslet often
occupy reef ledges where highest mortality rates
occur toward the back of the ledges, the location at
which native ambush hunters have the shortest pur-
suit distance (Webster & Hixon 2000). Larger, com-
petitively dominant individuals that occupy the outer
reaches of the ledge have access to passing plankton
while remaining relatively near shelter, leading to
lower predation risk. Thus, these individuals may
represent a partial prey population refuge, such that
native predators alone rarely cause complete extirpa-

tion of a population. Anecdotally, lionfish often hunt
in the open along the outer margins of reef ledges
and do not rely on a high-velocity pursuit from a hid-
den location. They may therefore have access to prey
individuals unavailable to native predators. While
both native predators and lionfish employ variants of
a hybrid ‘ram-suction’ feeding behavior — combining
a rapid burst of acceleration of the body (ram) with
jaw protrusion and expansion of the buccal cavity to
cause rapid flow of water into the mouth (suction)
(Wainwright & Bellwood 2002)—common native
predators of fairy basslet, such as serranids and
aulostomids, employ considerably more ram move-
ment than lionfish, which may approach prey quite
closely before initiating a strike (Muller & Osse
1984). Speculatively, lionfish may therefore employ a
more effective capture method for prey that are very
near shelter or those that occupy primary feeding
positions near the outer margin of a reef ledge.

While the pre- and post-invasion experimental de-
sign employed in previous work could not unequi-
vocally attribute the altered patterns of prey mortal-
ity to lionfish (Ingeman & Webster 2015), here I
provide evidence that the increase in prey mortality
observed between predator treatments is caused by
the invader. However, while the cumulative effect of
lionfish and native predators (the invasion scenario)
represents an increase in prey mortality rates com-
pared to native predators alone, it is possible that
interactions with lionfish alter consumption patterns
by native predators. The experimental design em-
ployed here cannot distinguish the singular and
interactive effects of native and invasive predators,
and other studies of lionfish predatory effects have
suggested non-additive effects of lionfish and native
predators (Albins 2013). In all cases examined, the
magnitude of the lionfish effect has been greater
than that of native predators and the cumulative mor-
tality rates have been higher than those caused by
either predator alone. Yet, the marginal difference in
loss rates observed between predator treatments
may represent an underestimate of the lionfish effect
if native predators’ consumption rates are reduced
in the presence of the invader (compensatory
mortality).

Another limitation of the study is the use of per
capita loss (or its converse, survival) in quantifying
density dependence. First, as an aggregate demo-
graphic measure, survival does not distinguish be-
tween the presence of a prior resident individual and
a new recruit that has replaced a prior resident that
was consumed in the interval between studies. In the
latter case, both the effective prey density over the
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interval and the true mortality rate would be under-
estimated in calculating per capita loss. It is possible
that natural recruitment rates in this study were not
systematically biased by predator treatment, espe-
cially as native post-larval settlers have been shown
to selectively avoid reefs with caged native predators
but not reefs with lionfish (C. Benkwitt unpubl. data).
Alternatively, in this study, higher consumption of
fairy basslet may have increased the level of conspe-
cific, olfactory distress cues in the proximity of fairy
basslet ledges on lionfish reefs, leading to reduced
settlement and unreliable comparisons of basslet
mortality. Notably, I observed that a natural recruit-
ment pulse drove an increase in average fairy basslet
population size (associated with a new moon soon
after the third census) on native predator-only reefs.
The absence of such an uptick in density on lionfish
reefs is consistent with either reduced settlement or
high post-settlement lionfish predation on uncen-
sused fairy basslet recruits. In either case, measuring
per capita loss as a function of previous population
density may not capture the total effect of lionfish on
DD dynamics.

In addition, if the underlying population dynamics
follow a Beverton-Holt function, as is commonly ob-
served in reef fishes (Osenberg et al. 2002, Shima &
Osenberg 2003), fitting per capita loss as a linear
function of prey density may not be appropriate for
identifying changes in the intensity of density de-
pendence caused by the invader (C. Osenberg pers.
comm.). The mixed-effect model I employ here pro-
vides no evidence for lionfish-induced alteration of
the intensity of density dependence (suggesting that
lionfish could alter only the DI component of fairy
basslet mortality). In contrast, an alternative analyti-
cal method assuming Beverton-Holt dynamics and
using maximum likelihood parameter estimation for
both recruitment and predator-specific mortality
rates (K. Ingeman unpubl. data) suggests that lionfish
in fact increase the DD component of mortality, albeit
with wide confidence intervals around estimates of
both DI and DD parameters. In the face of mixed evi-
dence for changes in the intensity of density depend-
ence and high variability in the data, I therefore
refrain from making inference about lionfish changes
to the DI or DD components of mortality based on
these results. Future efforts should unambiguously
measure demographic rates through tagging of prior
resident fishes, and should adopt the appropriate
dynamic model to infer effects of introduced preda-
tors on DD and DI mortality.

While I observed increased mortality rates and the
local extinction of native prey populations, I do not

conclude that fairy basslet is at high risk of global ex-
tinction as a result of this predator introduction; for
this species, post-settlement demographics are largely
disconnected from recruitment due to a pelagic larval
phase, and local populations are regularly replenished
by DI larval settlement (Webster 2003). Further, this
common species is buffered from the risk of global ex-
tinction by high fecundity, large range size, and fairly
broad habitat tolerances (Bohlke & Chaplin 1994). Of
greater conservation concern are rare species, those
with demographically isolated populations, and spe-
cies whose range is completely encompassed by the
lionfish invaded range, such as the fairy basslet con-
gener, G. dejongi (Victor & Randall 2010). This re-
cently described basslet has been observed only in
Cuba and the nearby Cayman Islands (Lohr et al.
2014), and its entire geographic and habitat range
(reef walls at 20-30 m depth) are inhabited by
lionfish. Another endemic coral-reef fish with a re-
stricted range, the critically endangered social wrasse,
Halichoeres socialis, has recently been documented
as a primary prey item in lionfish diet contents in Be-
lize (Rocha et al. 2015). As this study demonstrates,
such native populations are no longer protected from
high predator consumption rates by low local prey
densities, a result that mangers should consider when
designing and evaluating conservation and mitigation
efforts throughout the invaded rage.
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fects; Reef: separate random intercepts at the reef level;
Ledge: separate random intercepts at the ledge level. LRT
(likelihood ratio test) results display the likelihood ratio and
associated p-value (corrected for testing-on-the-boundary)
comparing the model with optimal random structure to a
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indicated in bold
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None AR(1) 96.4
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9.28 0.0010 Ledge AR(1) 87.6

Editorial responsibility: Charles Birkeland,
Honolulu, Hawaii, USA

Submitted: February 3, 2016; Accepted: June 24, 2016
Proofs received from author(s): September 5, 2016



http://dx.doi.org/10.2307/1313420
http://dx.doi.org/10.3354/meps235289
http://dx.doi.org/10.1890/09-0298.1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20715614&dopt=Abstract
http://dx.doi.org/10.3354/meps196187
http://dx.doi.org/10.1890/0012-9658(2003)084%5b0623%3ATDDAPR%5d2.0.CO%3B2
http://dx.doi.org/10.1111/j.1461-0248.2011.01628.x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21592274&dopt=Abstract
http://dx.doi.org/10.1890/14-0739.1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26236835&dopt=Abstract
http://dx.doi.org/10.1007/s004420050284
http://dx.doi.org/10.1371/journal.pone.0095854
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24796701&dopt=Abstract
http://dx.doi.org/10.1111/j.1600-0706.2009.18039.x
http://dx.doi.org/10.1890/0012-9658(2003)084%5b0046%3ACDDEOC%5d2.0.CO%3B2
http://dx.doi.org/10.3391/ai.2010.5.S1.024
http://dx.doi.org/10.1111/ele.12408
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25626585&dopt=Abstract
http://dx.doi.org/10.1098/rspb.2006.0444
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17360286&dopt=Abstract
http://dx.doi.org/10.1007/s00338-015-1293-z
http://dx.doi.org/10.1016/j.ecolecon.2004.10.002




Vol. 558: 247-253, 2016
doi: 10.3354/meps11833

MARINE ECOLOGY PROGRESS SERIES
Mar Ecol Prog Ser

Published October 25

Contribution to the Theme Section ‘Invasion of Atlantic coastal ecosystems by Pacific lionfish’

NOTE

VSO0

Preiferences of invasive lionfish and native grouper

between congeneric prey fishes

Tye L. Kindinger*, Emily R. Anderson

Department of Integrative Biology, Oregon State University, Corvallis, OR 97331, USA

ABSTRACT: To gain insight about how an invasive predator may influence native prey, we per-
formed a series of experiments in aquaria to characterize and compare the prey preferences of the
invasive red lionfish Pterois volitans and an ecologically similar native mesopredator, the grays-
by grouper Cephalopholis cruentata. Preference for native congeneric fishes, the fairy basslet
Gramma loreto and blackcap basslet G. melacara, were tested. We observed behavior of predators
in response to 2 individual prey consisting of cross-factored combinations of species (fairy and
blackcap basslets) and size (small and large). Upon initial exposure to prey, lionfish first hunted
fairy basslet and graysby first hunted blackcap basslet, with both predators initially preferring
large over small fish. Overall behavior (quantified from the entire duration of observation) indi-
cated both predators lacked a preference between basslet species based on total number of strikes
and hunting time. Despite essentially identical size ranges of predators studied, graysby overall
preferred large basslet across all graysby sizes, whereas the overall preference of lionfish
between prey size varied with lionfish size. Importantly, the initial preferences of predators were
likely least affected by the unnatural setting in aquaria. By preferentially consuming the less-
preferred prey species of native graysby or by increasing predation on larger basslets, invasive lion-
fish may enhance coexistence between basslet species or among basslet sizes within local popula-
tions structured according to a size hierarchy. Alternatively, increased consumption of basslets
may deplete local basslet populations, especially if lionfish exhibit prey switching behavior.

KEY WORDS: Predation - Prey preference - Invasive species - Coral reefs - Lionfish - Grouper -
Basslets

INTRODUCTION

Invasive predators typically have effects on native
prey that are more severe than those of native pred-
ators (Salo et al. 2007) and can cause substantial de-
clines in populations of native species (Pitt & Witmer
2007). These predators often have generalized diets
and, in extreme cases, can drive native species to
local or global extinction (Clavero & Garcia-Berthou
2005). Therefore, accurately predicting the effects of
invasive predators on native prey populations and

*Corresponding author: kindingt@science.oregonstate.edu

communities is important for informing management
and conservation strategies.

A key mechanism underlying predatory effects is
prey preference. Predators may have a preferred
prey which is disproportionately consumed, or they
may exhibit prey switching behavior (sensu Murdoch
1969) where the predator switches to other available
prey once the preferred prey becomes rare. Further,
the combination of native and invasive predation
may result in enhanced depletion of a single prey
species if both predators have a preferred prey in
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common. If predators differ in prey preference, pre-
dation may also be enhanced as the invasive preda-
tor consumes the less-preferred prey of the native
predator. Switching behavior exhibited by an inva-
sive predator could ultimately lead to the extinction
of native prey (e.g. Savidge 1987). Overall, under-
standing the prey preference of an invasive predator
and comparing it to that of a native predator can
reveal potential mechanisms underlying the overall
effects of an invasion on native communities.

By performing a series of experiments, we charac-
terized the prey preference of an invasive marine
predator, the Pacific red lionfish Pterois volitans, and
compared this preference to that of an ecologically
similar mesopredator that is native throughout the
Atlantic, the graysby grouper Cephalopholis cruen-
tata. Invasive lionfish are commonly found on coral
reefs throughout the tropical and subtropical West-
ern Atlantic and greater Caribbean region (Schofield
2010) and, like the native graysby, are considered to
be generalist predators (e.g. Morris & Akins 2009).
As a voracious predator, invasive lionfish can cause
large reductions in the abundance of small native
fishes and declines in species richness at scales that
range from smaller patch reefs (e.g. Albins & Hixon
2008) to large coral reefs (Albins 2015).

Marine piscivores often preferentially distinguish
among prey by species (e.g. Almany et al. 2007) or by
size (e.g. Floeter & Temming 2003). We hypothesized
that native graysby and invasive lionfish have similar
prey preferences, because they are both generalist
mesopredators. We predicted that neither predator
would display a strong preference between 2 con-
generic prey species, and that both would exhibit
shifts in preference from smaller- to larger-sized prey
with increasing predator size, because both graysby
and lionfish are gape-limited predators.

MATERIALS AND METHODS
Study area and fish collection

We conducted this study during August 2014 at the
Cape Eleuthera Institute on Eleuthera, the Bahamas,
where we investigated the preference of predators
for 2 native coral-reef fishes, the fairy basslet Gram-
ma loreto and blackcap basslet G. melacara. These
congeners are popular aquarium fishes that differ in
appearance primarily by coloration (Fig. S1 in the
Supplement at www.int-res.com/articles/suppl/m558
p247_supp.pdf) and are commonly found under
ledges (rock overhangs) throughout Caribbean reefs

(Bohlke & Randall 1963, Starck et al. 1978). SCUBA
divers collected basslets from reefs in the Exuma
Sound at maximum depths of 15 m with small aquar-
ium hand nets and the fish anesthetic quinaldine. We
collected graysby and lionfish from shallow patch
reefs (<5 m deep) in Rock Sound using, respectively,
hand fishing lines while snorkeling and hand nets on
SCUBA. We collected 15 lionfish ranging in size from
10.2 to 20.9 cm total length (TL) and 15 graysby with
a size range of 10.0 to 20.3 cm TL. All fish were main-
tained in outdoor tanks with continuous flow-
through saltwater systems and fed daily; predators
were fed live silverside fish and basslets were fed live
brine shrimp (Artemia sp.).

Experimental design

We conducted all experimental trials in 50 gallon
(ca. 190 1) acrylic aquarium tanks (91.5 x 38 x 51 cm)
with continuous flow-through seawater systems.
Food was withheld from predators for 24 h prior to
observation to ensure predator response to the pres-
ence of prey. Tanks were divided in half with a
removable central barrier of solid aluminum (Fig. 1).
We released a single predator into one side of the
tank and placed 2 basslets in the other side. Basslets
were held in identical small glass containers (~500 ml)
with mesh covers (1 basslet per container) positioned
in each corner of the tank. These prey containers
ensured that predators were able to receive both
visual and chemical cues from basslets, but could
neither make physical contact nor consume any
basslets.

To determine whether the preference of predators
for basslets was driven by basslet species (fairy and
blackcap) or basslet size (small and large: 1.7-2.5
and 3.5-5.2 cm TL, respectively) we presented pairs
of basslets in cross-factored combinations of the 2
variables, resulting in the following treatments:
(1) small fairy and large fairy, (2) small blackcap and
large blackcap, (3) small fairy and small blackcap,
(4) large fairy and large blackcap, (5) small fairy and
large blackcap, and (6) large fairy and small black-
cap. In addition to randomizing the order of basslet
treatments presented to each predator, we also ran-
domized the corner of the tank basslets were placed
in every time a treatment was presented.

Once the predator and basslets were in their
respective sides of the tank, we allowed them to ac-
climate for 20 min, after which we removed the cen-
tral barrier and observed the predator’s behavior for
10 min. Observations were performed either in per-
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Basslet treatments

.

d 1| smfairy [smblackcap| | Basslet species
2| Igfairy | Igblackeap | | (fairy vs. blackcap)
L~ | 3 sm fairy Ig blackcap
4 Ig fairy sm blackcap
5| smfairy lg fairy Basslet size
6 |sm blackcap | Ig blackcap (small vs. large)

Fig. 1. Experimental tank setup (left), consisting of a 50 gallon (ca. 190 1) acrylic aquarium tank, divided by a removable alu-

minum central barrier separating basslets in ~500 ml glass containers with mesh covers from a predator (lionfish shown here).

After a 20 min acclimation period, the central barrier was removed and predator behavior was observed in response to

randomized combinations of individual basslets randomly placed in glass containers. Basslet treatments (right) consisted

of basslet species (fairy and blackcap) cross-factored with basslet size (small: 1.7 to 2.5 cm TL; large: 3.5 to 5.2 cm TL) to
determine whether the preference of predators was driven by either variable

son (74 lionfish trials; 73 graysby trials) or filmed with
a digital video camera (16 lionfish trials; 17 graysby
trials) positioned outside of the tank. During each
10 min trial, we recorded (1) which basslet the pred-
ator hunted first (initial hunting preference); (2) the
number of times the predator's mouth made physical
contact with each glass container (number of strikes);
and (3) the amount of time the predator hunted each
basslet (hunting time). We defined the hunting be-
havior of lionfish as occurring when an individual
directly faced a basslet with flared pectoral fins
and/or blew pulsed jets of water towards a basslet
(Cure et al. 2012). We characterized graysby hunting
behavior as occurring when an individual positioned
itself near a basslet (<10 cm in this experiment) while
directly facing the basslet (Webster 2004).

At the conclusion of the 10 min trial, we separated
the predator from the basslets and placed the central
barrier back in the tank. A new combination of bass-
lets were placed in the glass containers, and all fish
were allowed to acclimate for 20 min before remov-
ing the barrier and observing predator response for
another 10 min. This procedure was repeated until
all 6 basslet treatments had been presented to each
predator in random order.

Statistical analyses

When testing for significant differences in predator
response between fairy versus blackcap basslets, we
analyzed only the 4 treatments where predators were
presented with 2 different basslet species (lionfish:
n = 11; graysby: n = 11). Similarly, we analyzed the 4

treatments where we presented predators with 2
basslets differing in size (small versus large) when
comparing predator response between basslet sizes
(lionfish: n = 13, graysby: n = 12). If a predator did not
display any predatory behavior during any of the 4
treatments described in the treatment groupings
above, then the individual was dropped from that
respective group prior to analysis (resulting in the
final sample sizes reported above).

To test whether initial hunting preferences be-
tween basslet species (fairy and blackcap) and bass-
let sizes (small and large) significantly differed be-
tween predators (lionfish and graysby) and/or among
predator sizes (continuous variables), we fitted gen-
eralized estimation equations (GEEs) with binomial
distributions and exchangeable correlation struc-
tures. GEEs are an extension to the generalized linear
model approach that allow for correlations between
observations from the same subject, thus allowing us
to account for repeated measures. We fitted a full
model with an interaction between predators and
predator size, and then compared the model fit to that
of the reduced additive model by calculating quasi-
likelihood values under the independence model cri-
terion (QIC; Pan 2001). If the initial hunting prefer-
ence significantly varied between predators, we then
performed a post-hoc McNemar test with a continu-
ity correction for lionfish and graysby (separately) to
test whether each predator had a significant initial
preference.

We fitted full GEEs with Poisson distributions and
exchangeable correlation structures to test whether
the number of strikes and hunting time of predators
significantly depended on a 3-way interaction among
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Fig. 2. Initial hunting preference of (A) native graysby and
(B) invasive lionfish between fairy versus blackcap basslets
(n =11 graysby, n = 11 lionfish), and preference of (C) grays-
by and (D) lionfish between small versus large basslets (n =
12 graysby, n = 13 lionfish). Bars represent the total number
of times that each predator initially hunted each basslet dur-
ing treatments consisting of 2 different basslet species (n =4
per individual predator) and 2 different basslet sizes (n = 4
per individual predator). Asterisks and p-values indicate
significant differences in predator response between basslet
species and size based on post-hoc McNemar tests

the type of predator, predator size, and basslet spe-
cies. We compared the full and reduced additive
GEEs with QIC. If the 3-way interaction was signifi-
cant, we fitted GEEs for lionfish and graysby sepa-
rately to determine whether each predator's response
significantly differed among predator size and/or
basslet species (or an interaction between the 2).
Again, final models (full versus reduced) were selected
for each predator based on QIC values. We repeated
this entire process, but with basslet size instead of
basslet species as an explanatory variable in all the
GEEs. All statistical analyses were conducted using R
version 3.1.2 (R Core Team 2014) with the associated
packages geepack (Halekoh et al. 2006) and MESS
(Ekstrom 2014).

RESULTS

Invasive lionfish and native graysby exhibited clear
initial hunting preferences for basslet species that sig-
nificantly differed between predators (Fig. 2A,B; GEE,
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Fig. 3. Mean (+SE) (A) number of strikes and (B) amount of

time spent hunting by native graysby (n = 12) in response to

small versus large basslets during treatments consisting of

2 different basslet sizes (n = 4 per individual predator).

Asterisks and p-values indicate significant differences in re-

sponse between basslet sizes based on generalized estimation
equations (GEEs)

Wald y? = 25.5, p < 0.0001), yet did not significantly
differ among predator sizes (GEE, Wald x%=1.49, p =
0.22). Upon initial exposure to both basslet species,
lionfish first hunted fairy basslet significantly more
often than blackcap basslet (McNemar test 32 = 96.01,
p <0.0001), whereas graysby initially hunted blackcap
basslet (McNemar test; 2 = 62.02, p < 0.0001). How-
ever, these initial preferences were not maintained for
the remainder of the observational periods. Across all
predator sizes observed, there was no significant
difference in the number of strikes or hunting time
directed at each basslet species exhibited by either
predator (Table S2 in the Supplement at www.int-
res.com/articles/suppl/m558p247_supp.pdf).

When testing the initial hunting preference be-
tween basslet sizes, we found that, despite the full GEE
model having a lower QIC value than the reduced
model (Table S1), the interaction between the preda-
tor species and predator size was not significant
(GEE, Wald %2 = 2.60, p = 0.11).

Initial preference between basslet sizes did not
significantly differ between predator species (GEE,
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Fig. 4. Number of strikes by invasive lionfish (n = 13) throughout a range of
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amount of time spent hunting (C) small and (D) large basslets during treat-
ments consisting of 2 different basslet sizes (n = 4 per individual predator).
Regression lines were calculated from models with significant interactions

between lionfish size and basslet size

Wald %2 = 2.57, p = 0.11) nor across predator sizes
(GEE, Wald %2 = 1.01, p = 0.31). Both lionfish and
graysby had a significant initial preference for large
basslet (Fig. 2C,D; McNemar tests, xz =16.1 and 29.0,
respectively; p < 0.0001 for both predators). This pre-
ference for large basslet remained consistent for
graysby in terms of both the overall number of strikes
(Fig. 3A; GEE, Wald y2 = 13.19, p < 0.0003) and hunt-
ing time (Fig. 3B, GEE, Wald y% = 10.24, p = 0.0014).
This preference was also maintained across all sizes
of graysby tested (number of strikes: GEE, Wald %2 =
0.65, p = 0.4202; hunting time: GEE, Wald %2 = 0.01,
p = 0.9433). In contrast, both the overall number
of strikes and hunting time of lionfish depended on
a significant interaction between the size of lionfish
and basslet size (Fig. 4; number of strikes: GEE,
Wald Xz = 8.42, p = 0.0037; hunting time: GEE, Wald
x? = 11.53, p < 0.0007). Predatory behavior directed
at small basslet was greatest among smaller lionfish
sizes, and gradually decreased with increasing lion-
fish size (Fig. 4A & C). We found the opposite trend
in response to large basslet, with increasing levels
of predatory response as lionfish size increased
(Fig. 4B & D).

18 20 an initial preference for large fish.
Following these initial preferences,
overall predatory behavior quantified
from the entire duration of observa-
tions revealed that both the inva-
sive and native predators hunted and
struck about equally at both basslet
species. In terms of overall preference
between prey size, only the prefer-
ence of invasive lionfish varied with predator size.
Native graysby preferred large fishes across all pred-
ator sizes, yet smaller lionfish preferred small bass-
lets and larger lionfish preferred large basslets.

We also observed additional differences in behav-
ior between predators in response to basslets. Grays-
by typically performed strikes at basslets in quick
succession, striking the glass containers up to as
many as 9 times in 3 s. In contrast, there was a mini-
mum of 2 s between individual lionfish strikes. We
also observed lionfish more often than graysby
switching between the two prey basslets within a
single trial. A review of the trials we recorded with
a digital camera revealed that lionfish switched be-
tween basslets a total of 31 times, whereas graysby
switched only 6 times. More than half of the observed
switches by lionfish seemed associated with bass-
let movement. Typically, immediately following the
movement of a basslet in the glass container, the
lionfish turned its attention to that basslet. None of
the switches between basslets by graysby were asso-
ciated with basslet movement.

Both in the experimental setting of this study and
on natural reefs, recognition of basslet species by
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lionfish and graysby likely involves the use of visual
and/or olfactory cues from prey (or combinations of
both). Most reef fish have acute color vision (McFar-
land 1991), so these predators may be able to inter-
pret the differences in coloration between fairy and
blackcap basslets. Preferences for a prey species
could also be explained by varying activity levels
between basslets. Anecdotally, fairy basslet appeared
to be more active in the glass containers compared to
blackcap basslet in this study, and our observations
of lionfish often switching between basslets when
hunting seemingly in response to basslet movement
further supports this hypothesis. Kindinger (2016)
revealed that on coral reefs, fairy basslet were more
aggressive than blackcap basslet, which may indi-
cate fairy basslet are also more conspicuous in a nat-
ural setting.

The behavior of predators observed in this study
suggests that invasive lionfish may have a slightly
broader range of effects on basslets than native
graysby, given that lionfish are seemingly more like-
ly to hunt both small and large basslets, and even
may exhibit switching behavior. However, the initial
preferences of predators are of particular impor-
tance, because these observations were least likely to
reflect the unnatural setting used in this study. Pred-
ators in aquaria were unable to consume prey fishes,
and the glass containers with basslets seemed to
deter predators. Once a predator struck at the glass,
there were often few subsequent strikes for the
remainder of a trial, although predators did continue
to display hunting behavior. Therefore, if the initial
observations of behavior are indicative of the true
preferences of these predators, then the addition of
invasive lionfish on reefs may promote coexistence
between basslets by consuming the less-preferred
species of the native predator. In contrast, invasive
lionfish may enhance overall predation of larger
basslets.

The combination of invasive and native predation
likely results in complex interactions with basslets.
Basslets are found distributed among ledge positions
in local populations based on a size hierarchy (Web-
ster & Hixon 2000, Kindinger 2016). Under ledges,
individuals compete both within and between spe-
cies for feeding position, whereby larger individuals
maintain coveted positions towards the fronts of
ledges where the ability to obtain planktonic food is
greatest. If both the invasive and native predators
preferentially consume these larger fishes, the ability
of smaller basslets to shift closer toward coveted
feeding positions may increase. Interspecific compe-
tition between basslet species (Kindinger 2016) also

may be altered by invasive lionfish via increased
consumption of fairy basslet.

Alternatively, invasive lionfish may enhance pre-
dation of native basslets to the point where competi-
tion no longer exists within local populations. Indeed,
previous field studies indicate that fairy basslet are
faced with increased predation as a result of the
addition of lionfish to native reefs (Ingeman & Web-
ster 2015), and invasive lionfish can even drive local
populations of fairy basslet to extinction (Ingeman
2016, this Theme Section). In addition to these effects
on fairy basslet, invasive lionfish may substantially
affect both basslet species via elevated consumption
rates of larger individuals. Over time, this increased
consumption of larger size classes of prey could
cause shifts in the overall size distribution of basslets,
or potentially even influence population growth rates
via preferential targeting of adult basslets that are
reproductively mature. Additionally, the enhanced
depletion of prey fishes could also have potential in-
direct effects on native predators (including graysby)
via competition for food.

Our study demonstrates aspects of prey preference
that are different and similar between invasive and
native predators. As a result, invasive lionfish may at
one extreme enhance coexistence by preferentially
consuming the less-preferred prey species of the
native predator or by enhancing preferential preda-
tion on larger, competitively-dominant basslets. At
the other extreme, increased consumption of basslets
by invasive lionfish may deplete local basslet popula-
tions, especially if lionfish exhibit switching behavior
following the reduced availability of preferred prey.
Determining how the combination of invasive and
native predation will ultimately affect native prey
populations and communities is imperative for accu-
rately predicting the extent of impact from an inva-
sion, which can inform management and conserva-
tion initiatives.
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Invasive lionfish increase activity and foraging

movements at greater local densities
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ABSTRACT: Density-dependent changes in predator foraging behavior due to intraspecific com-
petition for food can have important implications for population dynamics of both the predator and
its prey. The Indo-Pacific red lionfish Pterois volitans is an invasive predatory reef fish that has
reached high population densities and can cause large reductions in small native fishes. To deter-
mine whether lionfish behavior or movement varies with local lionfish and/or prey densities, I con-
ducted observations of lionfish on 16 coral patch reefs in The Bahamas. Lionfish foraging activity
and movement varied significantly with lionfish density. At higher densities, lionfish exhibited
greater activity levels, time away from shelter, and more short-term foraging movements between
coral patch reefs and surrounding seagrass habitats. However, these changes were not uniform
throughout the day, with differences in activity occurring only at dusk and differences in move-
ment occurring at both dawn and dusk, but not midday. Although some lionfish foraging behav-
iors varied with prey density, overall lionfish density was more strongly related to differences in
lionfish activity patterns. These temporal and spatial changes in lionfish foraging behaviors are
consistent with the predicted effects of intraspecific competition and may have important conse-
quences for lionfish removal efforts and native prey populations. Specifically, in areas with higher
lionfish densities, prey fishes that are more active at dusk and/or inhabit seagrass beds near coral
patch reefs may be more vulnerable to lionfish predation. By culling lionfish, managers may
reduce the local foraging movements of lionfish and thus help maintain native fish communities in

multiple habitats.

KEY WORDS: Behavior - Coral-reef fishes -

Density dependence -

Intraspecific competition -

Movement - Non-native - Predator—prey interaction - Pterois volitans

INTRODUCTION

Local population density can strongly influence
individual behavior and demographic rates through
a variety of mechanisms. In some species there are
benefits to living in groups, including increased ac-
cess to mates, increased hunting efficiency, and re-
duced risk of predation (Packer & Ruttan 1988, Cour-
champ et al. 1999, Krause & Ruxton 2002, Gascoigne
& Lipcius 2004). However, at high densities, intraspe-
cific competition for food and shelter often causes
reductions in individual growth and survival due to
increased interference and/or exploitation of resources
(Jones 1991, Keddy 2001, Krause & Ruxton 2002, For-

*Corresponding author: benkwitc@science.oregonstate.edu

rester 2015). Density-dependent behavioral and de-
mographic changes are not only important to the
population dynamics and regulation of a single spe-
cies (Murdoch 1994, Hixon et al. 2002), but can also
influence community-level dynamics and ecosystem
processes (Micheli 1997, Clark et al. 2000).

If there is increased competition for food at higher
conspecific densities, then predators may alter their
foraging behavior in several ways, with subsequent
consequences for prey populations. For example, if it
takes longer to find and consume prey due to increased
resource depletion or interference while foraging at
higher densities, some individuals may increase the
amount of time spent foraging (Clark & Mangel 1986,
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Shaw et al. 1995, Anholt & Werner 1995, Grand & Dill
1999, Bohlin & Johnsson 2004, White & Warner 2007),
which may also be accompanied by an increase in
conspecific aggressive encounters (Pintor et al. 2009,
Kaspersson et al. 2010). Species that differentially
forage over a diel cycle can expand their foraging
time by hunting for longer during their typical hunt-
ing hours and/or by hunting at more periods of the
day (Lawton 1987, Kronfeld-Schor & Dayan 2003,
Wasserberg et al. 2006). Hunting at more periods of
the day could in turn cause prey species with various
diurnal patterns to be differentially susceptible to
predation. In addition, predators at higher densities
may expand their foraging range, which could enable
them to exploit resources that have not yet been
depleted and/or escape aggressive interactions in
the areas with high densities of conspecifics (Micheli
1997, Forrester et al. 2006, Breed et al. 2013). If pred-
ators forage over broader distances, then prey spe-
cies that inhabit the newly exploited habitats may be
consumed.

Changes in foraging behavior as a result of in-
creased local density may be particularly important
to the population dynamics of both introduced pred-
ators and their native prey. Invasive species often
reach higher abundances and individual body sizes
in their invaded compared with their native ranges
(Sakai et al. 2001, Grosholz & Ruiz 2003), and thus
are likely to be strongly affected by intraspecific
interactions. Furthermore, many invasive species
are both competitively dominant and more abun-
dant than ecologically similar native species in their
new locations (Parker et al. 1999, Mack et al. 2000,
Mooney & Cleland 2001, Sakai et al. 2001), suggest-
ing that intraspecific rather than interspecific com-
petition will have a larger influence on invasive
species. Because invasive predators often cause
larger reductions in native prey populations than do
native predators (Salo et al. 2007), it is crucial to
understand their foraging behavior at different
densities and how this behavior in turn influences
prey populations.

The Indo-Pacific red lionfish Pterois volitans is an
invasive predatory reef fish that has reached ex-
tremely high abundances in parts of its invaded
range (Coté et al. 2013, Albins & Hixon 2013). Since
they were first sighted off the coast of Florida in the
mid-1980s, lionfish have spread throughout the Car-
ibbean, the Gulf of Mexico, and along the east coast
of the Americas (Schofield 2010). Lionfish densities
on reefs in their invaded range can be several orders
of magnitude higher than in their native range
(Green & Coté 2009, Darling et al. 2011, Kulbicki et

al. 2012, McTee & Grubich 2014). At the same time,
there is wide variation in lionfish densities within
their invaded range, owing in part to differences in
the length of time since establishment (Ruttenberg et
al. 2012, Dahl & Patterson 2014), removal efforts
(Frazer et al. 2012, de Le6n et al. 2013), and abiotic
site characteristics including depth and exposure to
strong currents and wave surge (Whitfield et al. 2007,
Anton et al. 2014). In contrast, invasive lionfish popu-
lations are likely unaffected by potential predators
(Hackerott et al. 2013, Valdivia et al. 2014, but see
Mumby et al. 2011) or interspecific competitors (Al-
bins 2013), especially given that native predators are
severely depleted throughout much of the Caribbean
(Paddack et al. 2009, Stallings 2009).

Despite differences in lionfish densities both be-
tween and within their native and invaded ranges,
how local lionfish density influences their hunting
behavior has not yet been examined. Both native and
invasive lionfish are primarily crepuscular hunters,
with peaks in activity and stomach fullness occurring
at dawn or at both dawn and dusk (Fishelson 1975,
Morris & Akins 2009, Green et al. 2011, Cure et al.
2012, McTee & Grubich 2014). Invasive lionfish are
extremely efficient predators, as they have high prey
consumption rates (Albins & Hixon 2008, Co6té &
Maljkovic 2010) and cause large reductions in the
abundance, biomass, and richness of native coral
reef fishes (Albins & Hixon 2008, Albins 2013, 2015,
Green et al. 2014, Benkwitt 2015). There is evidence
that invasive lionfish experience intraspecific compe-
tition for food, as lionfish at higher densities on small
patch reefs exhibit slower growth (Benkwitt 2013)
and have diminishing per-capita effects on prey
abundance and biomass (Benkwitt 2015). Given the
effect of lionfish density on their individual growth
rates, it seems likely that their foraging patterns also
change at different local densities.

I conducted observations of lionfish to test the
hypothesis that lionfish behavior changes at different
lionfish and prey fish densities due to intraspecific
competition for food. Specifically, I predicted that if
there is intraspecific competition for food, then at
higher lionfish densities and/or lower prey fish densi-
ties, lionfish will alter their foraging activity by (1) in-
creasing the amount of time spent active and hunting
at crepuscular periods and/or (2) increasing the num-
ber of periods per day during which they are active
and hunting. In addition, I expected that lionfish
would change the locations at which they hunt such
that they would (3) spend less time sheltering within
the reef and (4) increase the distances over which
they travel while hunting at higher densities.
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MATERIALS AND METHODS
Study sites

This study was conducted between June and
August 2012 on coral patch reefs in Rock Sound near
Cape Eleuthera, The Bahamas (24°50'2.65" N, 76°
16'6.78" W). Lionfish first arrived at the study site in
2005 and there has been virtually no removal effort
in the area, with the exception of isolated lionfish
removals for field experiments (Green et al. 2014,
Coté et al. 2014). I selected 16 reefs on which lionfish
had not been previously manipulated and that were
at least 300 m from any reef on which lionfish
removals had occurred, which is greater than the
maximum distance travelled by the majority of lion-
fish in the study area (Tamburello & Coté 2015).
Reefs were selected to encompass a range of natural
lionfish densities (1-16 lionfish reef™!, 0.04-1.01 lion-
fish m~2) and reef sizes (7.88-32.99 m? surface area),
and there was no significant correlation between
lionfish density and reef size (correlation = -0.11, ¢t =
0.56, p = 0.58). Reefs were similar to each other in
terms of rugosity, benthic community (algae-covered
dead coral, live coral, and sponges), and surrounding
habitat (sand and seagrass). Lionfish size on the reefs
ranged from 6 to 30 cm total length (TL; mean =
18.2 cm), with the majority of lionfish (>90%)
between 15 and 25 cm TL.

Lionfish behavior and movement

A pair of divers (observers) visited each reef at 3
times of day: within sunrise + 2 h (‘"dawn'), >3 h after
sunrise and >3 h before sunset (‘midday’), and within
sunset — 2 h (‘dusk’). During the study, sunrise varied
between approximately 06:30 and 06:50 h and sunset
varied between 19:30 and 20:00 h. Upon arriving at a
reef, observers counted the number of lionfish pres-
ent by conducting lionfish-focused searches, which
involved first slowly circling reefs and then swim-
ming over reefs until all areas had been covered.
Divers paid particular attention to crevices and over-
hangs where lionfish are commonly found, and
because of the small size of the reefs it was possible
to thoroughly search the entire reef area. For each
lionfish, observers recorded the size (TL visually esti-
mated to the nearest cm), behavior, and location the
moment it was sighted. Behaviors were categorized
as resting (sitting on the substrate, not moving),
hovering (in the water column oriented parallel to the
bottom, but not moving), swimming (actively mov-

ing), or hunting (oriented head down with pectoral
fins flared), with the latter 3 categories broadly
grouped together as ‘active’ for some analyses.
Similar classifications have been used in previous
studies of lionfish behavior (Coté & Maljkovic 2010,
Green et al. 2011, Cure et al. 2012). Location was cat-
egorized as the microhabitat on which lionfish were
observed (e.g. under a ledge, on top of the reef, in the
surrounding seagrass) and later divided into 2 major
categories: sheltering (hidden under structure) or
exposed (on top of reef or in surrounding area).

Then, 10-min focal observations were conducted
on 2 lionfish selected using randomly generated
numbers, or a single lionfish when there was only
one individual present per reef. During focal ob-
servations, a trained observer recorded the behavior
of lionfish at 30 s intervals for 10 min using the same
categories as above. Simultaneously, a second ob-
server videorecorded the focal lionfish to enable later
analyses and confirmation of behaviors and allow
divers to keep track of lionfish movement (see next
paragraph). The observers also noted any strikes at
prey, successful kills, and obviously aggressive inter-
actions (chases, posturing) between lionfish or
between lionfish and other species. However, there
were very few observed strikes and aggressive inter-
actions by focal lionfish, so those data were not
analyzed. The observers maintained a distance of
approximately 3 m from focal lionfish, a distance at
which divers have no apparent influence on lionfish
behavior (Coté & Maljkovic 2010, Green et al. 2011,
Cure et al. 2012).

Throughout the entire visit to each reef, divers
noted the time when any lionfish departed from or
arrived at the reef and its behavior. A lionfish was
defined as departing from the reef if it traveled at
least 10 m from the reef. A lionfish was considered
arriving at a reef if it swam in from the surrounding
areas and had not been previously observed at that
reef during that observation period. In only 3
instances were divers unsure whether an arriving
lionfish was a new individual, as a lionfish was seen
departing from the reef and traveled out of sight, and
soon after another lionfish of the same size and col-
oration from the same direction returned. In these
cases, it was assumed that these were the same lion-
fish rather than new individuals. Because the reefs
were relatively small and divers had an unobstructed
view of the surrounding area, the observers were
reasonably confident that they counted all arrivals
and departures of lionfish. However, because ob-
servers were most likely to miss arrivals and depar-
tures on reefs with the highest lionfish densities, if
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anything these results likely underestimate the effect
of lionfish density on movement.

At the conclusion of the focal observations, the
divers re-counted the number of lionfish present
while conducting a survey of resident native fishes.
Divers recorded the abundance and body size (TL) of
all fish 1-15 cm TL, native mesopredators that are
ecologically similar to lionfish (e.g. graysby grouper
Cephalopholis cruentata), and top predators (e.g.
Nassau grouper Epinephelus striatus) on and within
1 m of the reef. Surveys were conducted by slowly
swimming in concentric circles gradually decreasing
in size from the reef edge to the center of the reef
until the entire reef area was surveyed. By slowly
sweeping one hand just above the substrate, divers
counted cryptic bottom-dwelling species such as
gobies and blennies. Dive lights were used to search
for cryptic species in crevices and under ledges.

Statistical analyses

Because multiple observations were conducted on
the same reefs and there was evidence of hetero-
geneity in residuals based on reef, I conducted a
series of generalized linear mixed effects models
(GLMMs) fit using Gauss—Hermite quadrature with
reef as a random effect (Zuur et al. 2009, Bolker et al.
2009). Fixed effects included lionfish density, prey
fish density, and time of day. Because there were
large fluxes in lionfish density on the reefs at dawn
and dusk due to lionfish moving to and from the sur-
rounding habitats (see '‘Results’), I defined lionfish
density as the density of lionfish on each reef at mid-
day, which remained relatively constant during each
observation period. This measure of lionfish density
was significantly positively correlated with the maxi-
mum density of lionfish observed on each reef during
each of the 3 observation periods (correlation = 0.83,
t=13.3, p < 0.001), and thus seemed to be an accu-
rate representation of the relative density of lionfish
that inhabited each reef throughout the study. Prey
density was defined as the density of prey fishes at
the time of each visit and was log(x + 1) transformed.
I restricted prey fishes to those <5 cm TL, which are
small enough to be vulnerable to a range of lionfish
sizes and encompass the prey sizes most often con-
sumed by all sizes of lionfish (Morris & Akins 2009,
Munoz et al. 2011). Prey density did not significantly
vary with time of day (likelihood ratio test ¥% = 2.75,
p = 0.25) and there was no significant correlation
between lionfish density and prey density (correla-
tion = -0.11, t = 0.97, p = 0.33). Because time of day

had the largest influence on lionfish behavior in
previous studies (Green et al. 2011, Cure et al. 2012)
and to test whether the effect of lionfish or prey fish
density on foraging behavior varies at different times
of day, I also included interactions between time of
day and each of the other explanatory variables as
fixed effects. All reefs had similar densities of native
mesopredators (0-0.05 fish m™2) and top predators
(0-0.30 fish m™2), so I did not include these as ex-
planatory variables in the analyses.

Response variables to test my predictions regard-
ing lionfish behavior were based on observations of
all lionfish on the reefs and on focal observations of
individual lionfish. From all lionfish, the responses
were the proportion of lionfish on each reef that were
hunting upon arrival at the reef and the proportion of
lionfish on each reef that were active upon arrival at
the reef. From focal lionfish, the responses were the
proportion of time individual focal lionfish spent
hunting and the proportion of time individual focal
lionfish spent active. Response variables to test pre-
dictions regarding lionfish position and movement
were based on all lionfish on the reefs: the proportion
of lionfish on each reef that were sheltering during
initial observations, the proportion of lionfish arriving
at each reef throughout observations, and the pro-
portion of lionfish departing from each reef through-
out observations. Because all responses were pro-
portions, I modeled the data following binomial
distributions with logit links. I conducted likelihood
ratio tests (LRTs) to test for overall significance of
fixed effects and Wald Z-tests to test for significance
of single parameters (Zuur et al. 2009). All analyses
were conducted in R version 3.0.2 (R Core Team
2013) with the associated package lme4 (Bates et al.
2014).

RESULTS
Lionfish behavior

A total of 95 lionfish were observed at dawn, 126 at
midday, and 117 at dusk on and around the 16 coral
patch reefs. A significantly higher proportion of lion-
fish hunted at dawn compared with at dusk and mid-
day, and significantly more lionfish also hunted at
dusk compared with at midday (all z > 3.63, all p <
0.001). This effect of time period on the proportion of
lionfish hunting on each reef was not modified by
lionfish or prey fish density (Lionfish x Time, Prey X
Time: LRT x2 =4.04, 2.31, p=0.13, 0.32, respectively;
see Table S1, Figs. S1 & S2 in the Supplement at
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www.int-res.com/articles/suppl/m558p255_supp.pdi).
However, the proportion of time that individual focal
lionfish spent hunting varied with both time of day
and prey density (Prey x Time LRT %2 = 16.91, p <
0.001; Fig. 1A, see Table S1 in the Supplement). At
dawn and dusk, lionfish spent significantly more
time hunting at higher prey densities (z = 3.09, 3.38,
p = 0.002, 0.0007, respectively), with the odds of a
lionfish hunting increasing by a factor of 2.43 at
dawn and 2.58 at dusk for each doubling of prey den-
sity (95% CI = 1.60-8.12 and 1.76-8.28, respectively).
Regardless of prey density, lionfish spent very little
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Fig. 1. Pterois volitans. Proportion of time individual focal
lionfish spent (A) hunting and (B) active (hovering, swim-
ming, or hunting) as a function of prey fish density at dawn,
midday, and dusk. Lines are predicted probabilities based
on generalized linear mixed effects models. Dashed lines re-
present slopes that are not significantly different than zero;
solid lines represent slopes that are significantly different
than zero (p < 0.05). Points represent individual lionfish
and were randomly jittered to reduce overlap

time hunting in the middle of the day. There was no
significant effect of lionfish density on time spent
hunting by focal lionfish at any time of day (all z <
1.10, all p > 0.2%; see Fig. S1 in the Supplement).

In contrast, the proportion of lionfish active (hover-
ing, swimming, or hunting) varied with both time of
day and lionfish density, but not prey density (lion-
Fish x Time: LRT y% = 9.61, p = 0.008; Prey x Time:
LRT %2 = 0.67, p = 0.71; Fig. 2A, see Table S1, Fig. S2
in the Supplement). Regardless of lionfish density,
the majority of lionfish were active at dawn and few
were active at midday. At dusk, however, a signifi-

A) All lionfish ~ |[® Dawn ® Midday 4 Dusk
104 uw %y = gf L
- = - =
2 _e
5 0.8
©
ey
K2
E 0.6
IS
©
c 0.4
iel
€
8
o 0.2+
a
0.0 qg" e

B) Focal lionfish

1.0 r ‘:# .‘l-m |

| |

A _ - o _ o ——__ _
2 o0s-
k3] A
©
®
£ 0.6
Y— ° A -
= . ¢ ————"
O 0.4+ __1_————"‘
€ )
o [ ] ]
o ]
[¢) | )
DL_O.Z A

.
001 24% & *° o 2s

°
T T T T T
0.2 0.4 0.6 0.8 1.0

Lionfish density (fish m2)

Fig. 2. Pterois volitans. (A) Proportion of lionfish that were
active (hovering, swimming, or hunting) upon arrival at the
reef and (B) proportion of time individual focal lionfish spent
active as a function of lionfish density at dawn, midday, and
dusk. Lines are predicted probabilities based on generalized
linear mixed effects models. Dashed lines represent slopes
that are not significantly different than zero; solid lines rep-
resent slopes that are significantly different than zero (p <
0.05). Points represent reefs (A) and individual lionfish (B)
and were randomly jittered to reduce overlap
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cantly higher proportion of lionfish were active at
higher lionfish densities, with the odds of a lionfish
being active increasing by a factor of 1.78 for each
increase in lionfish density by 0.1 fish m=2 (95% CI =
1.21-2.61; z = 2.93, p = 0.003). Similar to these reef-
level patterns, individual focal lionfish spent signifi-
cantly more time active at dusk at higher lionfish
densities (z = 2.14, p = 0.032, 95% CI = 1.03-2.0%;
Fig. 2B). The amount of time individual lionfish were
active at dusk and midday also varied significantly
with prey density (Fig. 1B), with the odds of being
active decreasing by 37.8 % for each doubling of prey
density on a reef at dusk (95% CI = 19.3-73.7%, z =
2.85, p = 0.004) and 42.3% at midday (95% CI =
19.7-90.5%, z = 2.22, p = 0.027). These activity pat-
terns were primarily driven by hunting and hovering
behavior, as no lionfish were observed swimming
upon arrival at the reef and focal lionfish spent an
average of 1.6 % of their time swimming, compared
with 46.3 % spent hunting and 21.1 % spent hovering.

Lionfish movement

The position of lionfish varied significantly with
both lionfish density and time of day, but not with
prey density (Lionfish x Time: LRT %? = 14.59, p <
0.001; Prey x Time: LRT y? = 0.88, p = 0.64; Fig. 3A,
see Table S1, Fig. S3 in the Supplement). At dusk, for
each increase in lionfish density by 0.1 lionfish m2,
the odds of a lionfish sheltering decreased by a factor
of 0.58 (95% CI =0.39-0.87, z=2.63, p = 0.009). The
majority of lionfish were exposed at dawn and the
majority of lionfish sheltered at midday across all
lionfish and prey densities.

Likewise, lionfish exhibited predictable movements
between coral patch reefs and surrounding seagrass
and sand habitats that varied with lionfish density
and time of day, but not with prey density (Lionfish x
Time: LRT 2 > 8.13, p < 0.017; Prey x Time: LRT %2 <
4.15, p > 0.13; Fig. 3B,C, see Table S1, Fig. S3 in the
Supplement). At dawn, a higher proportion of lion-
fish arrived from the surrounding areas at reefs with
greater lionfish densities (z = 2.06, p = 0.039; Fig. 3B).
For each increase in lionfish density by 0.1 fish m~2,
there was an increase in the odds of a lionfish arriv-
ing at the reefs by a factor of 1.42 (95% CI = 1.02-
1.99). At midday, there was very little lionfish move-
ment, regardless of lionfish density. At dusk, a pattern
opposite to that at dawn was observed, with a signif-
icantly higher proportion of lionfish departing from
the reefs at higher lionfish densities (z = 2.96, p =
0.003; Fig. 3C). For each additional 0.1 lionfish m~2on
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Fig. 3. Pterois volitans. (A) Proportion of lionfish that were
sheltering upon arrival at the reef, (B) proportion of new li-
onfish that arrived at each reef, and (C) proportion of lionfish
that departed from each reef as a function of lionfish density
at dawn, midday, and dusk. Lines are predicted probabilities
based on generalized linear mixed effects models. Dashed
lines represent slopes that are not significantly different
than zero; solid lines represent slopes that are significantly
different than zero (p < 0.05). Points represent reefs and
were randomly jittered to reduce overlap
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a reef, the odds of a lionfish departing from the reef
at dusk increased by a factor of 2.57 (95% CI =
1.75-4.79). Approximately 50% of the lionfish that
departed from a reef returned to the same reef within
the observation period. Larger lionfish exhibited
more movements between coral patch reefs and the
surrounding habitats, whereas no lionfish less than
15 cm TL was ever observed arriving at or departing
from the reefs (Fig. 4).

DISCUSSION

There were significant differences in lionfish for-
aging activity and movement at different local den-
sities that were consistent with the predicted effects
of intraspecific competition. At higher densities,
lionfish exhibited greater activity levels, time away
from shelter, and more short-term movements be-
tween coral patch reefs and surrounding habitats.
However, these changes with density were not con-
sistent throughout the day, with the greatest differ-
ences in behavior occurring at dusk. Although prey
density was associated with changes in some forag-
ing behaviors by individual lionfish, overall it ap-
pears that lionfish density was more important in
explaining activity patterns. These spatial and tem-
poral changes in behavior may, in turn, change
which prey individuals and species are most suscep-
tible to lionfish predation.

Similar to prior studies in both their native and
invaded ranges, I observed high levels of lionfish
activity at dawn and dusk but very little activity
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Fig. 4. Pterois volitans. Proportion of lionfish within each size

class that arrived at, or departed from, the reefs. Sample

sizes (number of lionfish) in each size class (from smallest to
largest): 7, 10, 235, 61, and 25

during the middle of the day (Green et al. 2011, Cure
et al. 2012, McTee & Grubich 2014). Despite this
overall consistency in diel activity patterns, there is
still considerable variation in lionfish activity levels
among locations within both their native and invaded
ranges due in part to local differences in habitat, cur-
rent strength, and prey availability (Cure et al. 2012).
The differences in behavior on reefs with varying
lionfish densities in the present study, combined with
the wide range of lionfish population density both
within and between oceans (Green & Co6té 2009, Dar-
ling et al. 2011, Kulbicki et al. 2012), suggest that
local lionfish density may also help explain some of
the site-specific variation in hunting behavior.

Exploitative competition for food is the likely cause
of reduced growth rates in juvenile lionfish at higher
densities (Benkwitt 2013, 2015). However, if exploita-
tive competition for food was the main driver of
changes in lionfish foraging behavior, then lionfish
should exhibit greater hunting, activity, and move-
ment at lower prey densities regardless of lionfish
density, which was not the case in this study. Instead,
individual lionfish spent more time hunting but less
time active at higher prey densities, which suggests
that they may spend less time searching for prey at
higher prey densities (Anholt & Werner 1995, Lubin
& Henschel 1996, Harding et al. 2007). In contrast,
the proportion of lionfish on each reef that were
hunting, active, sheltering, and moving did not vary
with prey density. A possible explanation is that the
species composition of prey has a larger influence on
lionfish foraging behavior than total prey density.
Lionfish exhibit diet preferences for certain prey
characteristics, with small, solitary, bottom-dwelling
fishes most susceptible to lionfish predation (Green &
Coté 2014). Therefore, teasing apart the influence of
overall prey density compared with densities of pre-
ferred prey may further clarify the role of exploitative
competition in affecting the foraging behavior of
lionfish.

In contrast, many aspects of lionfish activity
changed at increased lionfish densities, which sug-
gests that interference competition is the main form
of competition among lionfish and is driving the
changes in lionfish foraging behavior. However, ag-
gressive interactions between lionfish are rare (Cure
et al. 2012), and I likewise observed few apparent
aggressive encounters between lionfish at any den-
sity. Instead, lionfish may interfere with each other's
foraging efficiency in ways other than direct aggres-
sion (Krause & Ruxton 2002). For example, in several
instances I observed one lionfish strike at a prey fish,
and immediately thereafter several others swam to
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the same location. Even without being aggressive,
the presence of these other lionfish could potentially
decrease the foraging efficiency of some individuals.
In addition, perceived competition, in the form of
mirrors or competitors in separate tanks, causes
changes in the foraging activity and behavior of
many other species (Barnard et al. 1983, Dill & Fraser
1984, Nonacs & Calabi 1992), further suggesting that
even without direct aggressive encounters, con-
specifics could have a significant effect on lionfish
foraging behavior.

Escaping intraspecific competition is a major driver
of density-dependent movement in many coral-reef
fishes (Abesamis & Russ 2005, Griss et al. 2011,
Green et al. 2015), and a tagging study of lionfish
conducted over the course of several months also
found greater movement among patch reefs at
higher lionfish densities (Tamburello & Coété 2015).
The crepuscular movements observed in the present
study, however, appeared to be short-term foraging
excursions given that approximately half of the lion-
fish returned to the same reef within the observation
period, and lionfish in this system cause reductions in
prey fish populations in the areas surrounding coral
patch reefs up to at least 30 m from the nearest reef
(Benkwitt 2016). Many other families of coral-reef
fishes, including grunts (Haemulidae) and snapper
(Lutjanidae), exhibit similar crepuscular movements
between coral patch reefs and seagrass beds. These
fishes leave their daytime reef shelters and forage in
the surrounding seagrass at night, with important
consequences for prey populations as well as com-
munity structure and nutrient transfer (Nagelkerken
2009, Ogden et al. 2014). Several species of scorpi-
onfish (Scorpaenidae), which are in the same family
as lionfish, also leave their shelter in the evening, for-
age at night, and return to the same shelter in the
morning (Harmelin-Vivien & Bouchon 1976).

The effects of intraspecific competition are often
asymmetric, such that smaller, subordinate individu-
als in a population are most affected (Jones 1991,
Peckarsky & Cowan 1991, Davey et al. 2005, Nilsson
2006, Ward et al. 2006, Samhouri et al. 2009). If this is
the case, then only certain individuals may change
their foraging locations and behavior at higher levels
of competition (Webster 2004, Breed et al. 2013). In
the present study, the behaviors of randomly selected
individual lionfish were fairly consistent with the
initial behaviors of all lionfish on the reefs, which
suggests that the effects of competition may be
equally experienced by all individuals. However, no
focal observations were conducted on lionfish less
than 13 cm TL, so there may be differences in the

behavior of the smallest individuals that were not
captured in the present study. In terms of movement,
larger lionfish were more likely to travel between
patch reefs and the surrounding habitats, with
smaller lionfish (<15 ¢m TL) never departing from
their home reefs. Similarly, previous studies of lion-
fish movement have found high site fidelity of small
lionfish over the course of several months (Jud & Lay-
man 2012, Benkwitt 2013, Tamburello & Coté 2015),
although some larger lionfish also have high site
fidelity (Akins et al. 2014). This apparent discrepancy
may be caused by factors besides competition.
Smaller individuals may remain closer to shelter as
an adaptive response to predation (Lima & Dill 1990),
although there are few documented predators of
lionfish in either their native or invaded range
(Bernadsky & Goulet 1991, Maljkovi¢ et al. 2008).
Smaller lionfish may also be more affected by strong
ocean currents, and therefore remain sheltered on
coral patch reefs because they are unable to swim
into open areas. Finally, smaller lionfish consume
different prey than larger lionfish, as there is an
ontogenetic shift from a primarily invertebrate-based
to a fish-based diet by the time lionfish reach approx-
imately 20 cm TL (Morris & Akins 2009, Munoz et al.
2011). Consequently, smaller individuals may not
need to forage over broader distances because their
preferred food may not be depleted near reefs. This
seems likely given that the majority of lionfish were
between 15 and 25 cm TL, with only a few smaller
individuals on each reef. Therefore, the majority of
competition for food likely occurred between individ-
uals in larger size classes.

Although intraspecific competition is a likely
explanation for increased activity and movement of
lionfish at higher densities, there are several other
non-mutually exclusive possibilities. First, at higher
densities there may be more opportunities to engage
in group hunting behavior, which has been shown to
increase per-capita consumption rates of lionfish in
the Indo-Pacific (Kendall 1990, Lonnstedt et al. 2014).
If invasive lionfish also have increased hunting
success when in groups, then there may be an
advantage to being more active and increasing their
foraging movements at higher densities. Lionfish
may also spend less time sheltering and undergo
more foraging movements at higher densities due to
differences in the perceived risk of being attacked by
larger predators. Even when a prey species is not
subject to direct predation, it may still modify its
behavior in response to predators, so departing from
the relatively safe shelter of the reefs in groups may
provide ‘safety in numbers’ for lionfish (Creel &
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Christianson 2008). Finally, some activity and move-
ment into the surrounding seagrass may be related to
spawning behavior, which likely occurs at night. On
one occasion, I observed apparent courtship behav-
ior similar to that described by Fishelson (1975) and
Green et al. (2011). Three lionfish (between 19 and
28 cm TL) rapidly departed the reef, and once 20 m
away in the open sand and seagrass they swam in cir-
cles around each other for approximately 2 min. Two
lionfish then returned to the reef while the remaining
lionfish continued swimming rapidly away from the
reef for at least 200 m. The fact that lionfish can
spawn up to every 4 d (Morris 2009) suggests another
explanation for why larger lionfish departed the reefs
on a regular basis, especially when there were higher
local densities of mature adults.

Overall, the observed behavioral differences among
invasive lionfish at different densities may have
implications for native prey populations. There was a
peak in feeding and activity at dawn regardless of
lionfish density, but at dusk lionfish were more active
only at higher densities. This observation suggests
that native prey species that are primarily active at
dusk will be affected only in areas with high lionfish
densities. At both dawn and dusk, there was increased
movement to and from habitats surrounding patch
reefs at higher lionfish densities. Given that lionfish
deplete prey populations in the habitats surrounding
coral patch reefs (Benkwitt 2016), lionfish at higher
densities may be causing greater reductions in a
wider range of prey species, potentially including
juveniles of commercially and ecologically important
fishes that use seagrass beds as nursery grounds
(Nagelkerken 2009, Ogden et al. 2014). In contrast,
lionfish were almost always resting during the mid-
dle of the day regardless of lionfish density, which
suggests that strictly diurnal fishes may be relatively
safe from lionfish predation when these prey fishes
are most active. In addition to increasing their time
spent foraging and their foraging movements, many
fishes shift to feeding on less preferred prey at higher
densities (Coates 1980, Dill 1983, Holbrook & Schmitt
1992, Schindler et al. 1997, Svanback & Persson
2004, Agashe & Bolnick 2010). There is currently no
evidence that lionfish have different isotopic diet sig-
natures at sites with high compared with low lionfish
densities (J. Curtis unpubl. data), but if they do alter
their diets at higher densities, then there may be
even more consequences for prey populations.

Future studies should be conducted to determine
the extent to which these results apply to other
locations with different lionfish densities and habitat
characteristics. Densities of lionfish observed here

(mean = 3763 lionfish per hectare) are comparable to
the maximum reported densities from small artificial
structures in the Gulf of Mexico (3850 lionfish per
hectare; Dahl & Patterson 2014), but higher than
those observed on larger patch and continuous reefs
in many parts of the invaded range (mean ~3-640
lionfish per hectare; McTee & Grubich 2014). Based
on these differences, the effects of lionfish density on
patch reefs where lionfish are concentrated within
small, isolated areas may be diluted when scaled up
to continuous reefs. However, even on larger reefs,
lionfish often aggregate in small groups around
structures during the day, and there is some evidence
that on large patch reefs (100-1200 m?) lionfish simi-
larly move over a broader area including the sur-
rounding sand while foraging during crepuscular
times (A. C. D. Davis unpubl. obs.).

The main method of managing lionfish populations
is through manual removal by divers, which is a
time- and labor-intensive process. However, re-
movals can significantly reduce local lionfish abun-
dances (Frazer et al. 2012, de Le6n et al. 2013) and
even partial removals can help maintain native prey
populations on coral patch reefs (Green et al. 2014).
Given that at higher densities lionfish also have
increased activity levels at dusk and movements at
both dawn and dusk, removals on patch reefs may be
most efficient during midday when lionfish are
aggregated on the reefs. Furthermore, removals may
have more benefits than previously documented. By
keeping lionfish densities low, managers may reduce
the local foraging movements of lionfish and thus
help maintain native fish communities in multiple
habitats.
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ABSTRACT: Non-trophic interactions between Indo-Pacific lionfish Pterois volitans and P. miles
and Atlantic and Caribbean reef fishes are not yet well understood. To determine the effects of
potential competitive and behavioral interactions between native predators and invasive lionfish,
we experimentally altered the presence of lionfish and red grouper Epinephelus morio in karst
solution holes in Florida Bay, USA, and then tracked subsequent changes in the juvenile reef fish
and motile macroinvertebrate communities for 6 wk. Relative to solution holes where we excluded
both predators, mean juvenile reef fish abundance declined 83.7 % in solution holes with a lionfish
but increased by 154 % in solution holes with a red grouper. There was no difference in juvenile
reef fish abundance in solution holes with both lionfish and red grouper compared to holes where
we excluded both predators. The composition of lionfish stomach contents shifted from mostly
teleost fishes when lionfish were present in solution holes alone, to mostly crustaceans when in the
presence of a red grouper. Concurrently, the abundance of 2 species of cleaner shrimp (Ancy-
lomenes pedersoni and Periclimenes yucatanicus) decreased by 14.7 % when lionfish were pres-
ent but increased by 56.2 % at holes where lionfish were excluded. We suggest that these results
are due to altered lionfish predatory behavior in the presence of red grouper and highlight the
importance of maintaining intact native predator communities for ameliorating the negative
effects of the lionfish invasion.

KEY WORDS: Lionfish - Red grouper - Interspecific interactions - Community ecology - Reef fish -
Invasive species - Ecological impacts

INTRODUCTION

A number of classic studies in ecology have
shown the importance of predators in shaping the
structure of prey communities across diverse marine
ecosystems. More specifically, substantial evidence
supports the ability of resident fish predators to
affect the size and structure of reef fish communi-
ties via piscivory on post-settlement fish recruits
(Hixon & Beets 1993, Stallings 2009). These studies
have largely focused on the direct interactions be-
tween predators and prey fish; however, predators

*Corresponding author: robert.ellis@myfwc.com

can also affect the size and structure of prey com-
munities via indirect interactions. For example,
predators can shape prey communities when they
alter the traits or behaviors of intermediate species,
a phenomenon commonly known as behaviorally
mediated indirect interactions (BMlIIs; Strauss 1991).
Interaction chains driven by changes in the behav-
ior or traits of intermediate species are often at
least as strong as density-driven effects and may in
fact account for the majority of predator effects on
food chains (see reviews by Werner & Peacor 2003
and Preisser et al. 20095).
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Among the studies to explicitly test piscivory-dri-
ven BMIIs, Stallings (2008) found a strong, positive
effect of Nassau grouper Epinephelus striatus on the
abundance of juvenile coral reef fishes in Bahamian
patch reefs that was driven by changes in the forag-
ing behavior of small-bodied groupers. Pusack (2013)
investigated a similar interaction in which he found
evidence for a BMII between Nassau grouper and
juvenile coral reef fishes mediated by the behaviors
of the lionfish Pterois volitans and P. miles, piscivores
native to the Indo-Pacific and invasive in the western
Atlantic and Caribbean since at least 1985 (Schofield
2009). Since about 2004, lionfish have experienced a
rapid range expansion throughout the Caribbean,
Gulf of Mexico, and southeastern US Atlantic waters
and have been present on reefs in the Florida Keys,
USA, since at least 2009 (Ruttenberg et al. 2012). As
generalist predators, lionfish consume a diverse ar-
ray of fishes and invertebrates (Valdez-Moreno et al.
2012, Coté et al. 2013a), and some evidence suggests
an ontogenetic shift in diet where larger lionfish con-
sume mostly fish (Morris & Akins 2009). On invaded
coral reefs, lionfish predation can reduce the abun-
dance of native fishes by 80 to 94 % and the biomass
by up to 65% (Albins & Hixon 2008, Green et al.
2012a, Albins 2013). By 2010 lionfish had invaded the
hard bottom habitats of Florida Bay (see Fig. 1),
which serves as an important nursery habitat for
many fishes and invertebrates that move to nearby
coral reefs as adults (Fourqurean & Robblee 1999).
Consequentially, predation by invasive lionfish in
Florida Bay on juvenile coral reef fishes may have
cascading consequences for the health of nearby
coral reefs.

A common mesopredator resident in the hard bot-
tom habitats of Florida Bay that will interact with
invasive lionfish is the red grouper Epinephelus
morio. In Florida Bay, red grouper are primarily asso-
ciated with karst hard bottom features called solution
holes —pockmarked pits in the limestone formed by
past freshwater incursion — which they excavate by
removing sediment and detritus (Coleman et al.
2010). Previous experiments conducted on the faunal
communities associated with Florida Bay solution
holes showed that red grouper presence positively
affected the abundance and diversity of these com-
munities and that the community-level effects were
driven by strong interactions with only a small
number of individual species from the total species
pool (Ellis 2015). This group included some juvenile
coral-reef fishes, primarily small juvenile grunts
Haemulon spp., which were consistently among the
most numerous fauna encountered in solution holes.

Red grouper consume primarily crustaceans and
some demersal fishes (Moe 1969, Weaver 1996) and
are territorial, making aggressive displays that in-
clude low frequency sound production and rapid
direct approaches to conspecifics and other resident
solution-hole fishes (Ellis 2015). These behaviors,
combined with the fact that the red grouper is usually
the largest individual animal encountered in solution
holes, may displace or disrupt predation by resident
and transient predators around solution holes. Over
time, such behavioral interactions between red
grouper and other piscivores could result in differen-
tial survival of post-settlement juvenile reef fish
when compared to their survival in habitats without
red grouper. This hypothetical BMII could be impor-
tant in altering the predatory effects of lionfish that
invade Florida Bay solution holes.

Several species of shrimp commonly found in
Florida Bay solution holes, including Periclimenes
yucatanicus, Ancylomenes pedersoni, and Stenopus
hispidus, have been found in lionfish stomach con-
tents (Morris et al. 2009, Faletti & Ellis 2014). At least
one of these species, A. pedersoni, is an experi-
mentally verified cleaner that removes ectoparasites
from reef fishes (Bunkley-Williams & Williams 1998,
McCammon et al. 2010). It is yet unknown how the
presence of invasive lionfish may affect crustacean
behaviors. Some shrimp species will change their
behavior in the presence of finfish predators, often
relying on habitat features for protection (Ory & Thiel
2013). Two common species of anemones in Florida
Bay, Condylactis gigantea and Bartholomea annulata,
have symbiotic relationships with cleaner shrimp and
may offer protection from predation for these species
(Silbiger & Childress 2008, Briones-Fourzan et al.
2012). Given that ectoparasites removed by cleaner
shrimp can have negative and even lethal conse-
quences for parasitized fish (Artim et al. 2015), lion-
fish predation on these species could represent
another indirect negative effect on the native reef
fishes in Florida Bay.

While other large-bodied groupers, including Nas-
sau and tiger grouper Mycteroperca tigris, reportedly
prey on lionfish (Maljkovi¢ et al. 2008), red grouper
apparently do not (Morris 2009). Mesocosm experi-
ments have shown little effect of native grouper pres-
ence on lionfish behaviors (Morris 2009, Raymond et
al. 2015). Furthermore, it has been widely debated
whether mesopredators such as groupers actually
function as biocontrol for invasive lionfish (see Mumby
et al. 2011 and subsequent responses by Hackerott et
al. 2013 and Valdivia et al. 2014). However, Pusack
(2013) reported that Nassau grouper appeared to
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reduce the effect of lionfish predation on native reef
fish abundance. As congeners, Nassau and red
groupers are extremely similar in appearance and
size. Given these similarities, we were motivated to
investigate if a similar behavioral interaction may
occur between lionfish and red grouper. To do this,
we set up an experiment to test the potential BMII
between red grouper and juvenile reef fish mediated
through lionfish in Florida Bay solution holes. Here
we present the results of an experiment designed to
quantify (1) the effects of red grouper on solution
hole-associated juvenile reef fish abundance and
diversity; (2) the effects of lionfish on solution hole-
associated juvenile reef fish abundance and diver-
sity; and (3) the modification in lionfish effects on
juvenile reef fish abundance and diversity in the
presence of red grouper.

MATERIALS AND METHODS
Study site

Florida Bay is a large open embayment in south
Florida bordered by the Florida Keys, the Ever-
glades, and the Gulf of Mexico (Fig. 1). The benthic
habitat of Florida Bay is primarily seagrass, inter-
spersed with areas of karst hard bottom that is usu-
ally covered in a thin veneer of sediment and pock-
marked with solution holes (Fourqurean et al. 2002).
For this study, we used a set of 16 solution holes located
in outer Florida Bay that were similar in terms of size
and location (see Table S1 in the Supplement at

www.int-res.com/articles/suppl/m558p267_supp.pdf).
Solution hole area, defined here as the product of the
2 longest perpendicular measurements, ranged from
1.69 to 6.99 m? (mean + SE: 4.20 + 0.371 m?). The
maximum excavated depth of solution holes, defined
here as the deepest single measurement taken within
the excavated area of the solution hole, ranged from
26 to 77 cm (45.3 £ 3.01 cm).

Experimental design

To test the effects of lionfish on the abundance, di-
versity, and community structure of juvenile reef fish
associated with solution holes in the presence and ab-
sence of red grouper, we conducted a 6 wk field ex-
periment where we manipulated the presence of both
red grouper and lionfish in solution holes. We first sur-
veyed solution holes in early June 2013 to assess red
grouper and lionfish presence. All solution holes were
occupied by a red grouper, but no lionfish were pres-
ent at any of the solution holes at the start of the ex-
periment. We randomly assigned the 16 red grouper-
occupied solution holes to one of 4 treatment groups
(n = 4): (1) no predators; (2) lionfish alone; (3) red
grouper alone; and (4) both lionfish and red grouper.
Here we use the term 'no predators’ to refer only to
the absence of red grouper and lionfish in this treat-
ment; we did not manipulate the abundance of any
other native predators during the experiment. We
used the 'no predator’ treatment to estimate the effect
of all other native predators (e.g. black grouper, toad-
fish, etc.) on solution hole communities. For the preda-
tor treatments, we used only a single li-
onfish or single red grouper to match
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the typical densities of these predators
as observed in Florida Bay solution
holes. Red grouper are generally soli-
tary and often displayed territorial ag-
gressive displays towards conspecifics
(Elis 2015). Lionfish densities in Florida
Bay from 2010 to 2012 were similarly
low and, despite an increase in occur-

counter more than a single individual
lionfish in a solution hole. We assumed
that red grouper were unlikely to prey
on lionfish but that red grouper pres-
ence would disrupt lionfish predation.

‘ rence over time, it was rare to en-
|
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Fig. 1. Approximate locations of solution hole sites in southwest Florida Bay,
USA, used in this study. Open stars: sites where we conducted experimental
manipulations; closed stars: sites where we collected lionfish

This assumption allowed us to ignore
any density-mediated indirect interac-
tions (DMlIIs) and just test for BMIIs be-
tween red grouper and the suite of so-
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lution hole-associated juvenile coral reef fishes via li-
onfish. For the purposes of estimating the BMII be-
tween red grouper and juvenile reef fish via lionfish,
the no predator treatment represents the baseline
‘control’ condition, the red grouper alone and lionfish
alone treatments estimate the total effect of each
predator separately on juvenile reef fish abundance,
and the both predator treatment represents the
‘threat’ condition (sensu Okuyama & Bolker 2007).

Red grouper present at the no predator and lionfish
alone treatment holes were captured using hook-
and-line, measured for total length (TL), tagged with
a dart tag, and released at a vacant solution hole
located at least 5 km from the experimental study
area. Previous experiments conducted in this system
showed that relocating red grouper in this method
was sufficient to prevent recolonization during the
experiment (Ellis 2015). We collected 8 lionfish from
hard bottom habitats located elsewhere in Florida
Bay using monofilament hand nets, and then imme-
diately transported them to the study area. Lionfish
were measured and then individually released at
each of the appropriate assigned lionfish alone or
both predator solution holes. Lionfish are known to
exhibit high site fidelity (Jud & Layman 2012), so we
did not expect them to migrate between solution
holes during the study. The average size of lion-
fish used during the 2013 experiments was 17.4 +
0.89 (SE) cm TL, which corresponds to an age of
~4-5mo (Potts et al. 2011).

Prior to predator manipulations, a team of 2 divers
on SCUBA conducted a visual census of all reef
fishes associated with all 16 solution holes, following
the methods described by Hixon & Beets (1993). After
slowly approaching the solution hole to a distance of
~1 m from the edge, each diver slowly circled the
hole while recording the number and identity of each
fish species. Divers first focused on the active plank-
tivores hovering above the hole, then enumerated
and recorded any demersal and cryptic fishes and
macroinvertebrates found inside the hole using flash-
lights to aid identification. Divers then summed their
recorded abundances for each species and deter-
mined the average number per species. Total species
richness was determined as the sum of all distinct
species observed by both divers. Divers visually esti-
mated the size of each fish to the nearest 1 cm (below
10 cm TL) or to the nearest 5 cm (above 10 cm TL).
Each survey lasted until all individuals were counted,
or for a minimum of 5 min (mean census duration was
about 12 min). The grunt species complex in Florida
Bay contains at least 6 different species that are visu-
ally indistinguishable at sizes <5 cm TL, so grunts

were identified to species when possible and individ-
uals <5 cm were grouped together as ‘grunt recruits.’
Divers also noted the identity and habitat association
of cleaner shrimp. Specifically, divers noted if shrimp
were found within 10 cm of either of the 2 anemones
found in Florida Bay known to host cleaner shrimp
(C. gigantea and B. annulata), or were found else-
where in the solution hole not near anemones. This
protocol was repeated weekly for 6 wk (7 total sur-
veys at each of the 16 solution holes). On average, it
took 2 d to survey all 16 experimental solution holes.

In addition to conducting weekly diver censuses,
we checked the no predator and lionfish alone treat-
ment holes once every 48 h for the duration of the ex-
periment to ensure that no new red grouper or
lionfish had moved onto these sites. New individuals
encountered were captured, measured, tagged, and
released at unoccupied sites as described above. At
the end of the experiment all lionfish were collected
with hand nets and euthanized with an overdose
of MS-222. We followed the methods described by
Green et al. (2012b) for all lionfish dissections: first,
we recorded lionfish total length and dry blotted
weight, then removed and weighed the stomach, en-
tire alimentary canal, and all stomach contents. We
recorded the length and dry-blotted weight of all
prey items before identifying prey to the lowest possi-
ble taxonomic group using guides from Humann &
Deloach (2002) for fishes and Abele & Kim (1986) for
crustaceans. Unrecognizable prey items were identi-
fied using undigested hard parts (e.g. otoliths, skele-
tons) whenever possible. Finally, we calculated the
proportion of each prey group in the diet by number,
size, weight, and frequency of occurrence.

Statistical analysis

We calculated a variety of community response
variables to measure the effects of red grouper and
lionfish separately and in concert on the native juve-
nile reef fish populations associated with solution
holes: total abundance (IN), Hill's diversity numbers
H,, H;, and H,, and Hill's evenness (E). Hill's num-
bers provide a means of calculating commonly used
diversity indices using the single equation:

. L
H, =(2p§‘)1fa M
i=1

where p; is the relative proportion of the community
made up by species i (Hill 1973). When evaluated for
integer values for a of 0, 1, and 2, H, reduces to spe-
cies richness, the antilog of the Shannon-Wiener
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index, and the reciprocal of the Simpson's index,
respectfully. Generally, as a increases, the index
gives greater weight to more abundant species. Hill's
evenness, E, was calculated using the equation:

Ey1 = Hy/Hy (2)

that Hill initially proposed because it does not include
species richness (Hp), and therefore is relatively insen-
sitive to sample size (Hill 1997). Hill's evenness con-
verges to 1 when all species are equally abundant, so
smaller values indicate more uneven communities.

We used linear mixed-effects models (LMM) to
draw inferences about the effects of predator treat-
ment on the 5 community metrics (N, Hy, H;, H,, and
E), following the methods described by Albins (2013).
The models included 2 categorical explanatory vari-
ables, predator treatment and week, and a random
intercept for each solution hole. Time (week) was in-
cluded as a categorical variable to eliminate any as-
sumptions about the relationship between response
variables and time. Solution hole identity was in-
cluded as a random variable due to the repeated
measures design of the experiment that required
multiple observations of the same hole across time.
Model selection was based on likelihood-ratio tests
(LRT) performed on nested models to determine if in-
cluding a treatment by the week interaction term im-
proved the model fit. Visual examination of the model
residuals suggested violations of the assumptions of
both homogeneity of variance and independence, so
we fit alternative models for each community re-
sponse metric: one that incorporated heteroscedastic-
ity among treatments, one that incorporated temporal
autocorrelation among observations within solution
holes using the AR(1) autoregression model, and one
that incorporated both variance and autocorrelation
structures. Because the addition of the variance and
autocorrelation structures caused the models to be
non-nested, the resulting model fits were compared
with Akaike's information criterion (AIC) to deter-
mine the optimal model for hypothesis testing. t-tests
were used to evaluate differences between all treat-
ment contrasts for each of the 5 community response
metrics at the end of the experiment, when the best-
fit model from the LMM analysis indicated that pred-
ator treatment had a significant effect.

To evaluate the effects of red grouper and lionfish
on the structure of the juvenile reef fish communities,
we performed ordinations with non-metric multidi-
mensional scaling (NMDS; McCune & Grace 2002).
For all ordinations, recruit abundances were square-
root transformed and standardized using the Wiscon-
sin double standardization, where abundances were

first standardized by species maxima and then by the
sample total. We calculated Bray-Curtis distances for
the ordinations and for hypothesis testing of recruit
community structure and then tested for differences
in the composition of recruit communities with per-
mutational multivariate analysis of variance (PERM-
ANOVA; Anderson 2001). Recruit abundances were
not transformed or standardized, and all analyses
were run with 1000 unconstrained permutations. Sta-
tistical analyses were conducted in the R software
environment (R Core Team 2014) using the 'lme4’
package for the LMMs (Bates et al. 2015), and the
‘'MASS' and 'vegan’ packages for the NMDS and
PERMANOVA analysis (Venables & Ripley 2002,
Oksanen et al. 2011).

We estimated effect sizes for the direct effects of
lionfish, the total indirect effects of red grouper, and
the effects of both predators together on juvenile reef
fish recruit abundance using a ratio-based approach
(Trussell et al. 2006, Hughes et al. 2012). The direct
effect (DE) of lionfish (LF) on recruit abundance, R,
was calculated with the ratio of recruit abundance in
the lionfish alone treatment to the mean recruit
abundance in the no predator (NP) treatment:

DEr = (Rup/Rnp) - 1 3)

Similarly, the indirect effect (IE) of red grouper on
recruit abundance was calculated with the ratio of
recruit abundance in the red grouper alone treat-
ment (RG) to the mean recruit abundance in the no
predator treatment:

IEpg = (Rra/Ryp) — 1 (4)

Finally, the BMII of red grouper on recruit abun-
dance via lionfish was calculated with the ratio of the
recruit abundance with both predators (BP) (i.e. the
effect of both predators or the lionfish effect in the
presence of predator cues) to the mean recruit abun-
dance in the lionfish alone treatment (following
Okuyama & Bolker 2007):

BMII = (RBP/RLF) - 1 (5)

The numerators for all ratios were provided by all
replicates of the given treatment, whereas the de-
nominator was the mean recruit abundance at the
end of the experiment for the given treatment. We
estimated means and 95 % confidence intervals for
all effect sizes by bootstrapping 1000 times with
replacement to account for the low number of exper-
imental replicates available for each of the treat-
ments. This approach is similar to the methods used
by Paine (1992) to quantify interaction strength.

In an earlier analysis, we found a relatively high
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Fig. 2. Abundance (mean + SE) of juvenile reef fish recruits at solution
holes in Florida Bay from 4 experimental predator treatments (n = 4 per
predator treatment). Letters at the far right: results of pairwise compar-
isons among treatments at the final census; matching letters indicate
p > 0.05 based on pairwise t-tests performed on the best-fit linear mixed-
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Table 1. Estimated mean + SE of juvenile reef fish recruit community
abundance, species richness, diversity, and evenness. p-values from
pairwise t-tests performed on each of the 6 a priori contrasts based on
the 5 community response variables at the end of the 6 wk experiment;
n = 4 per predator treatment; *p < 0.1, **p < 0.05. NP: no predator; LF:
lionfish alone; RG: red grouper alone; BP: both predators

Response Treatment Estimate Contrast P
Abundance NP vs. LF** 0.037
NP 43.8+17.2 NPvs.RG** 0.050
LF 8.25+8.25 NPvs. BP 0.413
RG 111 £ 35.4 LFvs.RG**  0.023
BP 50.8 +15.2 LF vs. BP** 0.027
RG vs. BP* 0.059
Species richness (Hp) NP vs. LF** 0.010
NP 4.50 +0.87 NPvs.RG 0.148
LF 1.00 £1.00 NP vs. BP 0.296
RG 3.25+0.63 LFvs.RG** 0.014
BP 5.75+0.63 LF vs. BP** <0.001
RG vs. BP** 0.031
Shannon diversity (Hj) NP vs. LF* 0.059
NP 278 £0.17 NP vs.RG 0.171
LF 0.86 +£0.86 NP vs. BP 0.448
RG 2.30 £ 0.41 LF vs. RG 0.104
BP 3.24 £0.71 LF vs. BP** 0.033
RG vs. BP 0.208
Simpson diversity (H,) NP vs. LF* 0.077
NP 2.25+0.08 NPvs.RG 0.722
LF 0.78 £ 0.78 NP vs. BP 0.470
RG 2.09 +£0.41 LF vs. RG* 0.097
BP 2.55+0.35 LF vs. BP* 0.053
RG vs. BP 0.427
Evenness (H,/H,) NP vs. LF* 0.080
NP 0.82+0.03 NPvs. RG* 0.083
LF 0.22+£0.22 NPvs. BP 0.663
RG 0.90 £ 0.02 LF vs. RG* 0.058
BP 0.80 £ 0.03 LF vs. BP* 0.086
RG vs. BP** 0.042

proportion of decapod crustaceans in the
stomach contents of lionfish collected from
Florida Bay including some species known
to provide cleaning services (Faletti & Ellis
2014), so we were motivated to test for
predator treatment effects on shrimp abun-
dance using the LMM framework described
above. When specific treatment effects
were not found, we grouped treatments by
lionfish presence —lionfish present (either
alone or with a red grouper) and lionfish
absent (no predators or red grouper
alone) —and tested for differences in shrimp
abundance between the start and end of
the experiment using paired-sample t-
tests. We tested for differences in cleaner
shrimp habitat association between the
start and end of the experiment and for dif-
ferences in the fish to invertebrate ratio in
lionfish stomach contents in the presence
and absence of red grouper using a 2-tailed
Fisher's exact test. We set the level of statis-
tical significance for all tests at o= 0.05 and
considered results to be marginally signifi-
cant when 0.05 < p < 0.10. Except when
noted otherwise, all results are presented
as means =+ SE.

RESULTS
Predator effects

After 6 wk the abundance of juvenile
reef fish recruits was greatest at solution
holes with red grouper alone (111 + 35.4),
followed by holes with both predators (50.8
+ 15.2), and holes with neither predator
(43.8 £ 17.2; Fig. 2). Of the 4 solution holes
of the lionfish alone treatment, 3 had zero
recruits present after 6 wk, while at the
fourth we counted 33 recruits (8.25 + 8.25).
On average, the abundance of juvenile
reef fish recruits at solution holes with both
predators was significantly greater com-
pared to the lionfish alone treatment and
less than at the red grouper alone holes,
but was not different from the no predator
holes (Table 1). The results of LMM analy-
sis supported including predator treatment
either as a main effect or as an interaction
with time for all metrics (see Table S2 in
the Supplement). The preferred variance
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Fig. 3. (a) Species richness, (b) Shannon and (c) Simpson di-
versity, and (d) Hill's evenness of juvenile reef fish recruit
communities after 6 wk with red grouper alone (RG; @), lion-
fish alone (LF; A), no predator (NP; O), or both predators (BP;
#); n = 4 per predator treatment. Different letters indicate
significant differences between groups after 6 wk based on
pairwise t-tests performed on the best-fit linear mixed model

structure and inclusion of temporal autocorrelation
differed among the metrics tested, i.e. allowing vari-
ance to vary by treatment improved the models for
abundance and evenness while including temporal
autocorrelation improved the models for abundance
and species richness.

Red grouper and lionfish had varying effects on the
other community metrics when compared to the no
predator holes. Red grouper alone had a marginally
significant positive effect on the evenness of juvenile
reef fish recruits compared to the no predator treat-
ment (red grouper alone = 0.900 + 0.021; no preda-
tors = 0.816 = 0.032; p = 0.083), but no other compar-
isons were significant (see Table 1). However,
lionfish alone had a significant negative effect on all
5 of the community metrics tested compared to the no
predator holes (Fig. 3). The species richness, Simp-
son's diversity, and evenness of juvenile reef fish
communities were all significantly greater with red
grouper compared to holes with lionfish alone. In
general, communities were more species rich, diverse,
and even with both predators compared to holes with
lionfish alone (Fig. 3).

Compared to the no predator treatment, communi-
ties with both predators were not significantly differ-
ent in terms of any of the community response met-
rics analyzed, including recruit abundance. However,
we found a marginally significant difference be-
tween communities in the presence of both predators
(5.75 = 0.63 recruit species) compared to those with
red grouper alone (3.25 + 0.63 recruit species; p =
0.059), but these communities were significantly less
even with both predators (0.80 + 0.03) than they were
with red grouper alone (0.90 + 0.02; p = 0.042).

The structure of recruit communities varied greatly
among predator treatments. During the 6 wk experi-
ment, we encountered 14 unique species of juvenile
reef fishes. However, we counted only 9 of these spe-
cies during the final survey at the end of the experi-
ment (Table 2). Of this group, the grunts, specifically
white and French grunts (Haemulon plumerii and H.

Table 2. Treatment effects, in terms of the relative difference in mean abundance of each of the 9 species encountered during

the final (Week 6) survey and the full juvenile reef fish recruit community, for red grouper alone (RG), lionfish alone (LF), both

predators together (BP), and the BMII estimate. Control values presented are the mean abundance of each species in the
no predator (NP) treatment

Species Common name Control RG effect LF effect = Combined effect BMII
Nup (Nrc-Nap)  (Nee—Nup) (Nap—Np) (Nap-Nip)

Haemulon plumierii White grunt 17.3 47.8 -13.5 8.5 22.0
Haemulon flavolineatum  French grunt 11.3 14.5 -9.0 2.75 11.8
Haemulon spp. Juvenile grunts 11 7.75 -9.5 -4.5 5
Anisotremus virginicus Porkfish 0.25 0.25 -0.25 0.5 0.75
Pomacanthus arcuatus Gray angelfish 0.0 0.0 0.0 0.75 0.75
Holacanthus ciliaris Queen angelfish 0.25 -0.25 -0.25 0.0 0.25
Haemulon parra Sailors choice 1.0 -0.5 -1.0 0.0 1.0
Lutjanus synagris Lane snapper 0.5 -0.5 -0.5 -0.5 0.0
Pareques acuminatus Highhat 2 -1.25 -1.25 -1.0 0.25
Total 43.5 67.8 -35.3 6.5 41.8
% change - 156 -81.1 14.9 96.1
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indirect effect of red grouper alone on recruit
abundance was 1.546 (range: 0.206-2.77), in
line with the 156 % increase in recruit abun-
dance observed during the experiment. The
estimated effect size of the BMII between red
grouper and juvenile reef fish recruits via
lionfish according to the ratio-based method
was estimated as 5.18 (range: 2.15-8.73) or
about 5 times the expected recruit abun-
dance with lionfish alone.

After 6 wk, we found no effect of predator
treatment on cleaner shrimp abundance. The
LRT did not support including predator treat-
ment in the final model for shrimp abun-
dance (likelihood-ratiogg = 0.77; p = 0.38).
However, the mean abundance of cleaner
shrimp declined by 14.7 % in solution holes
with lionfish between the start and end of the

15 experiment, irrespective of the presence or
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Fig. 4. Non-metric multidimensional scaling (NMDS) ordination of
juvenile reef fish communities (abundance by species) associated
with experimental solution holes at the end of the 6 wk experiment
conducted in Florida Bay during June-July, 2013. Ellipses show the
SD of all points for each predator treatment group; n = 4 per predator
treatment. No ellipse for the lionfish alone treatment as 3 of the 4
juvenile fish communities were non-existent (n = 0) at the end of the
experiment; these sites are represented by the single point located

at (-1.33, 0.0217)

flavolineatum, respectively) were the most numer-
ous. NMDS ordination of recruit communities show-
ed clear separation of communities with lionfish
(Fig. 4). However, because 3 of the 4 lionfish alone
solution holes had zero recruits at the end of the
experiment, the 3 zero-abundance points overlaid on
top of each other (see point at [-1.33, 0.02] in Fig. 4),
so the ellipse representing the standard deviation of
the lionfish alone treatment communities collapsed
to a line. There was significant overlap in the red
grouper alone and no predator communities, while
communities with both predators appeared to be sep-
arate from all other groups. PERMANOVA results
indicated that predator treatment had a significant
effect on community structure (pseudo-F; 5 = 2.27,
p = 0.029), supporting the separation of communities
by treatment visualized in the NMDS.

Overall lionfish alone reduced juvenile reef fish
recruit abundance by 81.1% compared to the no
predator treatment (Table 2). The bootstrapped esti-
mate of the direct effect of lionfish on recruit abun-
dance, calculated as the ratio of recruit abundance
with lionfish to recruit abundance with no predators,
was —0.802 (range: —1.00 to —0.434). The estimated

absence of red grouper. Conversely, mean
cleaner shrimp abundance in solution holes
without lionfish increased by 56.2%, a mar-
ginally significant effect (t = -=2.23; p = 0.052;
Fig. 5). We also observed a significant shift in
cleaner shrimp association with anemones in
solution holes with lionfish, where 42.3 % of
cleaner shrimp were found within 10 cm of
an anemone at the start of the experiment
and 61.2 % were within 10 cm of an anemone
at the end of the experiment (p = 0.011). In solution
holes without lionfish, cleaner shrimp association
with anemones did not significantly change (p = 0.89;
Fig. 6).
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Fig. 5. Comparison between cleaner shrimp abundance (mean

+ SE) at the start and end of the experiment at solution holes

with (lionfish alone + both predator treatments) and without

(no predator + red grouper alone treatments) lionfish. p-

values reported above bars were based on paired t-tests

comparing shrimp abundance at the start and end of the
experiment for each group

No lionfish



Ellis & Faletti: Grouper versus lionfish 275

0.80

W Hole
Anemone

p=0.89

g

o2}

=}
1

Proportion associated
o o
N N
o o
1 1

DISCUSSION

The results of our experiment and diet
analysis suggest that red grouper enhance
the abundance of juvenile reef fishes that
recruit to solution holes in Florida Bay and
support the hypothesis that this effect occurs
via changes in piscivore behavior in solution
holes. Juvenile reef fishes benefited from the
presence of the relatively large, territorial,
habitat manipulating red grouper, while,

Start
Lionfish No lionfish

Fig. 6. Proportion of cleaner shrimp encountered on or within 10 cm
of an anemone (‘Anemone’) or more than 10 cm from an anemone
(‘Hole') at the start versus the end of the experiment. Predator treat-

I i I I
0.00 - I
End

Start End

conversely, recruit abundance was signifi-
cantly depleted with lionfish. Lionfish are
extremely efficient predators on Caribbean
reef fishes, and reef fish populations on coral
reefs and hard bottom habitats invaded by

ments were grouped by lionfish presence (lionfish alone + both pre- lionfish have suffered significant declines
dators treatments) or absence (no predator + red grouper alone shortly following invasion (Albins & Hixon
treatments) in solution holes; n = 8 for each group. p-values reported 2008, Green et al. 2012a). The results pre-

above bars are based on Fisher's exact test results comparing
shrimp-anemone association at the start and end of the experiment

for each group

Lionfish diet analysis

Between June and August 2013 we analyzed the
stomach contents of 29 lionfish captured at solution
holes with (n = 13) and without (n = 16) red grouper.
Overall, fish made up 51 % of stomach contents by
number and crustaceans made up 35.4 %, with the re-
maining 13.5% of prey items unidentifiable (see
Table S3 in the Supplement). Mean gut content
weight was 1.92 + 0.56 g; only one stomach was empty.
Palaemonid shrimps were the largest consumed fam-
ily by number (19.8%), while collectively cleaner
shrimps (e.g. Lysmata spp., Ancylomenes pedersoni
and Periclimenes yucatanicus) made up 30.1% of
lionfish stomach contents. By weight, fish prey com-
prised 87.1% of lionfish stomach contents and crus-
taceans comprised 9.68 %; 3.23% of prey items by
weight were unidentifiable. Within teleost prey
groups, Lutjanids made up the largest percentage by
weight (34.2%), followed by unidentifiable teleosts
(22.3 %), grunts (genus Haemulon; 16.4 %) and gobies
(family Gobiidae; 9.43 %). We documented a shift in
lionfish diet in the presence of red grouper from a pri-
marily piscivorous diet when the lionfish were in solu-
tion holes alone to a crustacean-based one in holes
when both lionfish and red grouper were present to-
gether (p = 0.028; Fig. 7). When alone, lionfish con-
sumed 78.4 % fish by number but fish prey made up
just 43.4% of lionfish stomach contents when a red
grouper was also present at the time of capture.

sented here confirm that the negative effects
of lionfish on native reef fish populations
observed elsewhere in the invaded range
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Fig. 7. Diet composition (% by number) of lionfish collected

from solution holes in Florida Bay with (‘Grouper present’)

and without (‘Grouper absent’) a red grouper at the time of
collection. UID: unidentifiable
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also hold true for Florida Bay hard bottom fish
communities.

Lionfish and red grouper had very different effects
on the diversity of juvenile reef fishes in Florida Bay
solution holes. In general, solution holes with red
grouper alone were similar to those with neither
predator in terms of species richness and diversity.
Meanwhile, similar comparisons are difficult to make
for lionfish as they reduced recruitment to zero at 3 of
the 4 lionfish-only treatment holes. While all 4 of the
community diversity metrics were depressed in the
lionfish alone treatment compared to the others,
making specific conclusions about predator-driven
effects on diversity are problematic when the preda-
tor leaves no prey at all. Certainly, this is a strong
qualitative result if not a quantitative one: lionfish
reduce the abundance and diversity of native Carib-
bean reef fishes, apparently through indiscriminate
piscivory. Our results parallel those found in other
parts of the invaded range including reductions in
native reef fish recruitment (Albins & Hixon 2008),
reef fish abundance (Green et al. 2012a, Co6té et al.
2013b), and species richness (Albins 2015).

We found no differences in recruit abundance in
solution holes with both predators compared to the
other treatments, and solution holes with both preda-
tors had comparable species richness and diversity
compared to the red grouper alone and no predator
treatments (see Table 1). These results generally sup-
port the BMII hypothesis: when red grouper were
present in solution holes with lionfish, the associated
communities of juvenile reef fishes, although depres-
sed in abundance, were still similar to those in solu-
tion holes without red grouper or without either
predator. Native fish communities appeared to bene-
fit from the presence of red grouper compared to
when the exotic piscivorous lionfish was present
alone.

Our reevaluation of the diet composition of lionfish
found in Florida Bay solution holes revealed that
teleosts made up a smaller portion of the diet by
number in Florida Bay compared to other diet studies
done in the Bahamas and North Carolina (Morris et
al. 2009, Munoz et al. 2011). We also found that gob-
ies had the highest index of relative importance (IRI)
of all prey groups, supporting reports elsewhere that
gobies may be especially vulnerable to lionfish pre-
dation (Morris & Akins 2009, Albins & Lyons 2012).
The shift we observed in diet from teleost-dominated
to crustacean-dominated appeared to be driven by
the presence of red grouper. This result further
supports our BMII hypothesis that the disruptive
presence of red grouper cause lionfish to alter their

predation behavior to consume more benthic crusta-
ceans that may be easier prey to consume compared
to juvenile reef fish. Further investigation is needed
to decipher the specific mechanisms driving this
interaction. However, if lionfish alter their diets to
target certain species such as cleaner shrimp, this
could ultimately lead to a loss of the ecosystem serv-
ices provided by those species. Larval settlement pat-
terns for these 2 species in Florida Bay are unknown,
though some other species of shrimps exhibit peaks
of post larval settlement in the Middle Keys range of
Florida Bay during the summer months (Criales et al.
2006). A summer influx of post larval shrimps could
explain the increase in shrimp abundance we ob-
served in the absence of lionfish throughout the
study period.

Red grouper do not compete with lionfish for prey;
although both will consume crustaceans and demer-
sal fishes, the diets of lionfish collected from Florida
Bay do not overlap with red grouper diets. However,
we suspect that lionfish and red grouper may com-
pete for space in solution holes. The exact nature of
the lionfish response to red grouper, via modification
of some specific behaviors by the lionfish or a more
generally disruptive effect of red grouper presence,
remains untested. The few studies that have ex-
plicitly investigated behavioral interactions between
native Atlantic reef fishes and lionfish have found
that lionfish generally ignore potential predators
while native fish actively avoid the lionfish. One
study of competitive shelter use between lionfish and
Nassau grouper in experimental mesocosms found
that Nassau grouper avoided lionfish even when they
were much larger than the lionfish, but lionfish
did not change their use of shelter even when the
grouper was much larger (Raymond et al. 2015).
During an experimental feeding trial, Morris (2009)
reported that red grouper moved away from lionfish
when approached. In the present study, we did not
observe avoidance of lionfish by red grouper, or vice
versa. However, the duration of such observations
was limited to the time we spent conducting commu-
nity censuses, and we did not quantify avoidance
behaviors by either fish. Nevertheless, our results
and those reported by Pusack (2013) suggest that
invasive lionfish alter their feeding behaviors in the
presence of larger native groupers.

The link between recruitment, post-settlement
mortality, and adult population size for reef fish is
complex. However, Shulman & Ogden (1987) found
that changes in immediate post-settlement survival
of French grunts was a more important factor in reg-
ulating the ultimate abundance of adult grunts on
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coral reefs than to changes in recruitment. We tested
the hypothesis that enhanced reef fish abundance at
red grouper occupied solution holes results in part
from disruptive behavioral interactions with pisci-
vores that lead to enhanced survival of juvenile reef
fishes. Importantly, we did not observe any predation
on the transplanted lionfish during the experiment,
despite reports elsewhere that groupers may act as
predators of invasive lionfish (Maljkovic et al. 2008,
Mumby et al. 2011). There are increasing control
efforts across the invaded range, including attempts
by spearfishers to ‘teach’ native groupers and sharks
to feed on lionfish that have been largely unsuccess-
ful and dangerous for divers (Diller et al. 2014). Ulti-
mately, it may be that intact native fish communities
that include native mesopredators are the best way
to ameliorate the worst-case effects of lionfish by
competing with and altering their behavior (Albins
& Hixon 2013). Some recent evidence suggests that
Caribbean reefs with relatively high native predator
density can maintain unchanged prey populations
despite being invaded by lionfish (Elise et al. 2015).
Other studies have found that lionfish-induced re-
ductions in the density of native fishes <10 cm TL did
not translate to larger prey (10-20 cm TL; Albins
2015). Lionfish, then, may represent an enhanced
gauntlet that juvenile reef fish must pass through,
but not necessarily an impenetrable one.

The successful invasion of exotic species is thought
to be more likely in human-altered ecosystems (Sax
& Brown 2000). As humans have reduced the bio-
mass of native mesopredators on coral reefs and hard
bottom habitats throughout the Caribbean, there are
fewer competitive and behavioral interactions that
limit both the population size and predatory effects of
lionfish in its native range. The experiment presented
here supports the mesopredator release hypothesis
by showing how the presence of a native predator,
the red grouper, can ameliorate the negative effects
of lionfish predation on native reef fish communities.
This study sheds some light on the community-level
effects of both native and invasive predators, an inte-
gral part of expanding fisheries management from
single-species stock assessments to ecosystem-based
fisheries management (Pikitch et al. 2004). Here we
show how an important fishery species, the red
grouper, has complex direct and indirect interactions
with the other species that colonize grouper-exca-
vated solution holes in Florida Bay. Some of these
interactions may have population-level effects on
species that support fisheries and provide important
ecosystem services, services that are lost or reduced
by the presence of lionfish (Johnston et al. 2015).

Albins & Hixon's (2013) description of a ‘worst-case
scenario’ for lionfish in the western Atlantic high-
lights the need for intact predator communities to
ameliorate the effects of the lionfish invasion. Our
study provides some of the first experimental evi-
dence of this effect and begins to shed light on the
mechanisms by which native predators may lessen
the negative effects of this exotic invader.
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