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Abstract One of the major goals of invasion biology

is predicting the effects of invaders on native species,

which is often accomplished by linearly scaling-up per-

capita effects with invader abundance. However, the

relationship between invader density and their ecolog-

ical impact is poorly understood, and it is likely that the

effects of invasive species scale non-linearly with

increasing invader density. The Pacific red lionfish

(Pterois volitans) is an invasive predator that has

reached high abundances throughout the tropical and

sub-tropical western Atlantic, Caribbean, and Gulf of

Mexico. A single lionfish can have extremely large

effects on native reef-fish communities, yet the rela-

tionship between lionfish density and their ecological

effects is not well known. I manipulated juvenile

lionfish densities on small patch reefs in the Bahamas

and monitored the subsequent effects on native coral-

reef fish abundance, biomass, richness, evenness,

composite diversity, and community structure over

7 weeks. Native fish abundance and biomass decreased

non-linearly with increasing lionfish density, with the

largest drops in abundance and biomass at low lionfish

densities and their effects leveling off at high densities.

Lionfish density also significantly affected richness and

community structure, but these effects could not be

clearly classified as either linear or non-linear. Even-

ness and composite diversity were not significantly

affected by lionfish density. Given that the effects of

lionfish on native fish abundance and biomass level-off

at high lionfish densities, it appears important to remove

all lionfish from small patch reefs to have the biggest

influence on conserving the native community.

Keywords Ecological impacts � Non-native �
Predator–prey � Species diversity � Coral

reefs � Pterois volitans

Introduction

Invasive predators can cause severe declines in the

abundance and diversity of native species that far exceed

the effects of native predators (Vitousek et al. 1997; Salo

et al. 2007; Davis 2009). Therefore, understanding how

different introduced predators affect specific popula-

tions and communities of native species is an important

goal in invasion biology, basic ecology, and conserva-

tion biology (Parker et al. 1999). To predict an invader’s

impact, whether be it on individuals, populations,

communities, and/or ecosystems, most studies deter-

mine its per-capita effect and then scale-up this effect

linearly based on the invader’s density (Parker et al.

1999). However, the assumption that per-capita effects
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scale linearly with invader density has not been tested

extensively and does not account for potential non-

linearities in the effects of invasive species at different

densities (Thiele et al. 2009).

Intraspecific interactions can cause the per-capita

effect of invasive predators to scale non-linearly with

increasing invader density. When there is a non-linear

relationship between invasive predator density and its

impact (on native prey abundance, richness, evenness,

diversity, or community structure), then linearly

scaling-up its per-capita effect would either overesti-

mate or underestimate the impacts of the invader at

high densities. Overestimation would occur if the

overall impacts of an invader level-off at high invader

densities (e.g. Byrnes and Witman 2003; Gherardi and

Acquistapace 2007; Griffen and Byers 2008; Matsu-

zaki et al. 2009). Potential mechanisms causing this

overestimation include depletion of food and/or com-

petition that limits an invasive predator’s consumption

rate at high densities. Alternatively, underestimation

of invader impact would occur when an invasive

species has disproportionately large effects at high

compared to low invader densities (e.g. Williams et al.

2002; Keller and Lake 2007). This underestimation

may occur if an introduced predator has a higher per-

capita consumption rate when foraging in groups due

to strategies that include cooperative hunting.

Given that increasing densities of invasive preda-

tors may alter native communities in several different

ways, more experimental studies examining impacts

of a broader range of densities are needed to accurately

predict the effects of specific invaders. However, few

studies have quantified whether different densities of

invaders have linear or non-linear effects on native

populations and ecosystems (Yokomizo et al. 2009;

Kulhanek et al. 2011; Ricciardi et al. 2013). For

example, in a recent meta-analysis, Thomsen et al.

(2011) found 900 papers that studied the impacts of

invaders on marine and freshwater ecosystems, yet

only 39 of these studies manipulated invader abun-

dance. Even those studies that accounted for invader

density rarely tested more than three different abun-

dances (Thomsen et al. 2011). Such information on the

relationship between invader abundance and its eco-

logical effects is particularly important in controlling

invasive species, as understanding the shape of an

invader’s impact curve can help managers prioritize

resources and maximize the effectiveness of manage-

ment plans (Byers et al. 2002; Yokomizo et al. 2009).

The Pacific red lionfish (Pterois volitans) is an

invasive predator that is a top global conservation

issue (Sutherland et al. 2010), and therefore is being

extensively managed (Morris 2012). Lionfish are the

first non-native marine fish to become invasive

throughout the greater tropical and subtropical wes-

tern Atlantic region (Schofield 2009). Originally

recorded off the coast of Florida in the 1980s, lionfish

populations have been spreading rapidly since the

early 2000s (Schofield 2010). Accompanying their

rapid range expansion are exponential population

growth rates (Albins and Hixon 2013), with lionfish in

their invaded range reaching densities of approxi-

mately 400 fish/ha, compared to just 26.3 fish/ha in

their native range (Green and Côté 2008; Kulbicki

et al. 2012). The current method of controlling lionfish

populations is through manual removal, which is a

labor-intensive process and is unlikely to fully erad-

icate them (Barbour et al. 2011). Due to the high effort

associated with lionfish removal but the limited

resources available, directing efforts to most effec-

tively mitigate the effects of lionfish is essential

(Morris 2012; Green et al. 2014).

Invasive lionfish have the potential to have severe

impacts on already stressed coral-reef systems (Albins

and Hixon 2013). Of particular concern is the fact that

lionfish are voracious predators of a variety of coral-

reef fishes, including commercially and ecologically

important species (Albins and Hixon 2008; Morris and

Akins 2009; Muñoz et al. 2011; Cure et al. 2012; Côté

et al. 2013). Lionfish are unlike other predators in both

their appearance and hunting behavior (Allen and

Eschmeyer 1973; Albins and Lyons 2012; Green

et al. 2011; Cure et al. 2012), and consequently

consume native prey fish at extremely high rates

(Albins and Hixon 2008; Côté and Maljivoic 2010;

Green et al. 2011). A single lionfish on a 1–4 m2 patch

reef can reduce the abundance of small [B50 mm total

length (TL)] native fishes by 80–90 % in as few as

5 weeks (Albins and Hixon 2008; Albins 2013). The

effect of invasive lionfish on native fish abundance is

over 2.5 times that of an ecologically similar native

grouper (Cephalopholis fulva), and is accompanied by

a reduction in species richness on patch reefs with

lionfish compared to ones with only that native

predator (Albins 2013). On a larger temporal and

spatial scale, increases in lionfish abundance have

coincided with declines of native fishes on large

natural reefs over several years (Green et al. 2012).
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Despite our growing knowledge of the lionfish

invasion, we still do not know how the effects of

lionfish on native fish communities vary over a range

of lionfish densities. Thus far, field studies of the

effects of lionfish on native fishes have primarily been

presence/absence experiments (e.g. Albins and Hixon

2008; Albins 2013) or observational studies (e.g.

Green et al. 2012). The only study to date to evaluate

the response of native fish to various lionfish numbers

modeled and tested the effect of removal effort on

native prey production on small patch reefs (Green

et al. 2014). While this study demonstrated that

suppression of lionfish below modeled biomass

thresholds can prevent declines in native fish biomass

(Green et al. 2014), it focused on site-specific reduc-

tions in lionfish biomass, not density per se, and did

not evaluate the linearity of lionfish effects.

It is likely that the effects of lionfish will not simply

scale-up linearly with increasing density. There is

evidence for intraspecific competition among lionfish,

as they experience slower growth rates at higher

densities (Benkwitt 2013), which would lead to

disproportionately smaller effects on native prey

populations at higher densities. However, cooperative

hunting by some species of lionfish has been docu-

mented in their native range (Kendall 1990; Lönnstedt

et al. 2014) and anecdotally observed in their invaded

range (personal observation). If invasive lionfish hunt

cooperatively only at higher densities, and cooperative

hunters are more successful than solitary hunters, then

they may have accelerating impacts on native fishes as

their densities increase.

In this study, I address how increasing invasive

lionfish densities affect native coral-reef fishes. Spe-

cifically, I conducted a manipulative field experiment

in which I adjusted lionfish densities and quantified

their effects on native fish abundance and biomass, and

species richness, evenness, composite diversity, and

composition. I show that some metrics scale non-

linearly with increasing lionfish density, with the

effects of lionfish leveling off at high densities.

Methods

Field experiment

I conducted this 7-week study from June to August

2011 near Lee Stocking Island, Bahamas, using a

matrix of artificial patch reefs (23�45019.6900,
-76�8046.5000) (Online Resource 1). These reefs were

constructed in 1991–1992 and are located on a shallow

(\4 m deep) sand and seagrass flat (Carr and Hixon

1997). Each reef measures approximately 1 m3 and is

separated from its nearest neighbor by 200 m and from

the nearest continuous reef by at least 1 km (Hixon and

Carr 1997). Over the two decades since construction,

the reefs have become essentially natural features,

supporting benthic communities of sponges, corals, and

seaweeds that completely cover all reefs, as well as over

70 species of fish (Carr and Hixon 1995, 1997; Hixon

and Carr 1997). These reefs have been used success-

fully in a variety of other manipulative experiments

(e.g. Carr and Hixon 1997; Hixon and Carr 1997),

including studies on invasive lionfish (Albins and

Hixon 2008; Pusack 2013; Benkwitt 2013).

To examine the effects of lionfish density on prey-

sized native fishes, I adjusted densities of juvenile

lionfish on 10 of the artificial reefs, ranging from 0 to

12 lionfish/m2 (Online Resource 2). The highest

natural lionfish density observed on these reefs was

8 lionfish/m2, thus the experimental range extended to

150 % the natural maximum. Four reefs were used as

0-lionfish control reefs and there was one reef per

remaining lionfish treatment (1, 2, 4, 7, 10, and 12

lionfish/m2). This experimental design was chosen to

maximize the range of experimental densities and was

preferred over having fewer treatments with more

replicates given that regression designs have been

called to be used more in ecological experiments, in

part because they have more power than ANOVA

designs (Cottingham et al. 2005). In addition, this

experimental design enables one to determine the

relationship between invader abundance and its

impact, including important parameters such as the

shape, intercept, and slope, rather than merely deter-

mining whether or not a relationship exists (Thomsen

et al. 2011). Replicates were used for the control reefs

to obtain an accurate estimate of recruitment and

variability among reefs with no lionfish present.

Previous studies using these same reefs have found

that there is less variability in native prey abundance

on reefs with lionfish present compared to control

reefs, likely due to the large negative effect of even a

single lionfish on native fish recruits (Albins and

Hixon 2008).

Because initial fish surveys revealed no significant

differences in native fish communities among reefs
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(see ‘‘Statistical analyses’’ below), I assigned lionfish

density treatments to reefs using constrained random-

ization to ensure that similar densities were not

clustered spatially. Using SCUBA and handnets, I

collected lionfish ranging in initial size from 40 to

71 mm TL from nearby reefs. There was no

difference in initial body size among lionfish

treatments (linear regression t = 0.839, p = 0.41;

Online Resource 2). Each lionfish was given a

unique elastomer tag (Northwest Marine Technology

Inc., Shaw Island, WA, USA; Frederick 1997) to

differentiate between lionfish at the start of the

experiment and any new immigrants over the course

of the study and to monitor demographic rates as

part of another study (Benkwitt 2013). Treatments

were started on all reefs within a 2-week period. To

maintain treatments, I monitored lionfish density

during weekly visits and removed any new lionfish

recruits (total of 15 throughout experiment) and

immigrants (total of 5 throughout experiment). In

addition, I removed resident native piscivores and

standardized the number of Nassau grouper (Epi-

nephelus striatus) and territorial damselfishes (Steg-

astes spp.) weekly to mitigate any confounding

effects of these strong interactors on fish recruitment

(Almany 2003).

Of the lionfish initially placed on the reefs, only 6

out of 40 disappeared. To account for the small

changes in lionfish density throughout the experiment,

I averaged the weekly lionfish densities on each reef

over the course of the experiment and used these

average densities in all analyses.

Following the establishment of lionfish density

treatments, a pair of divers using SCUBA censused the

entire fish community on each reef weekly for

7 weeks, recording the species, abundance, and body

size (TL estimated to the nearest centimeter) of all fish

present both on the reefs and within a 1-m radius

around the reefs. Divers slowly approached the reefs

and first counted all planktivorous and active species

hovering above the reefs from a distance of approx-

imately 3 m. From a distance of 1 m, the divers slowly

circled the reefs and counted all other species, using

dive lights to count cryptic species in holes (Hixon and

Beets 1989, 1993). Because the study was conducted

during the summer recruitment period, the null

expectation was that the abundance, biomass, and

richness of small fishes would increase during the

experiment.

Statistical analyses

I focused my analyses on native fishes \50 mm TL,

which were small enough to be vulnerable to lionfish

predation throughout the experiment. Lionfish can

consume prey up to about 2/3 of their body size, but

the average prey size is approximately 20–25 mm,

even for lionfish larger than the ones used in this study

(Albins and Hixon 2008; Morris and Akins 2009).

I calculated the proportional change in abundance,

biomass, species richness, species evenness, and

composite species diversity on each reef over time.

For example, proportional change in abundance was

calculated as:

Nti ¼
Ps

j¼1 ntij
Ps

j¼1 n1ij

ð1Þ

where Nti is the proportional change in native fish

abundance at week t for reef i, ntij is the abundance of

species j on reef i at week t, n1ij is the abundance of

species j on reef i at week 1, and s is the total number of

species present on the reef. Therefore, on each reef Nti

is [1 when there was an increase in abundance, =1

when there was no change in abundance, and\1 when

there was a decrease in abundance relative to the initial

census. For all analyses, I used the proportional

change in each metric (abundance, biomass, species

richness, species evenness, or composite species

diversity) at the final censuses (t = 7) compared to

the initial censuses (t = 1).

The biomass (B) of each native fish was calculated

using the formula:

B ¼ aLb ð2Þ

where a and b are species-specific constants obtained

from the primary literature by Albins (2011), and L is

the length of the individual fish. Proportional change

in biomass was then calculated for each reef over time

as for abundance above.

Species richness was the total number of species

present on each reef. I used Pielou’s J as the species

evenness index (Pielou 1966) and the Shannon–

Wiener index (H’) for composite species diversity,

which combines richness and evenness (Shannon and

Weaver 1949). These indices were chosen to facilitate

comparisons between this study and the only other

published study on the effects of lionfish on native

species evenness and diversity (Albins 2013). I also
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used Simpson’s index (1-D) (Simpson 1949) to

compare a composite species diversity index that is

less sensitive to variation in species richness with the

Shannon–Wiener index, which is more sensitive

(Magurran 2004).

For each metric, I compared the fit of a null

intercept-only, linear, and non-linear (exponential or

negative exponential) model with lionfish density as

the explanatory variable. For analyses of species

evenness and composite diversity, I excluded the

12-lionfish treatment because there was only one

individual native fish remaining at the end of the

experiment. The model with the lowest Akaike

information criterion corrected for small sample size

(AICc; Burnham and Anderson 2002) was selected as

the best model. If the difference in AICc between the

model with the lowest AICc and another model

(DAICc) was\2, then there was no evidence to select

one model over the other (Burnham and Anderson

2002). Using the best-fit model, I then calculated the

estimated change in each metric for each additional

lionfish on a reef. Based on a linear model, this

estimate was equal to the slope parameter. For an

exponential model, the estimated percent change was

equal to eslope. Due to the seemingly large influence of

control reefs on the shapes of the curves for native fish

abundance and biomass, I also repeated the analyses

for these responses with the control reefs excluded.

Visual analysis of plots and formal tests showed no

departures from normality or homoscedascity in the

best fit models.

To determine the effect of lionfish density on the

final native fish community structure (species compo-

sition and relative abundances), I conducted an

ordination of reefs in species space using non-metric

multidimensional scaling (NMDS, Kruskal 1964;

Mather 1976; McCune and Grace 2002). I log(x ? 1)

transformed species abundance data to help reduce the

influence of the most abundant species. After this

transformation, there were no extreme outliers and I

did not perform any other transformations or modifi-

cations. I used Bray–Curtis distance and a random

starting configuration, performing 100 runs with real

data. I also included a Monte–Carlo (randomization)

test to determine whether the extracted axes were

stronger than expected by chance (McCune and Grace

2002). Because I was interested in the effect of lionfish

density on community structure, all ordinations were

rotated to maximize the positive correlation between

lionfish density and axis 1, and I overlaid lionfish

density on the NMDS plot. I then extracted the site

scores and compared the fits of intercept-only, linear,

and non-linear models using lionfish density as the

explanatory variable and NMDS axis 1 score as the

response variable as described above. There was no

difference in native fish communities among treat-

ments at the start of the experiment, as for all metrics

(abundance, biomass, richness, evenness, composite

diversity, and community structure, in terms of species

composition and relative abundances as ordinated by

NMDS) the null intercept-only model was a better fit

than any other model (all DAICc [ 3.73).

a

b

Fig. 1 Proportional change in abundance of prey-sized native

fishes (0–50 mm TL) on patch reefs with manipulated lionfish

densities (0–12 lionfish/m2). a Weekly over the 7-week

experiment and b at the final census only. Curve shows negative

exponential model (best fit model based on DAICc). Points for

0-lionfish control treatment represent mean ± SEM. Sample

size (# of reefs) equals 4 for the 0-lionfish treatment and 1 for all

other treatments
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Table 1 Model comparisons for the effect of lionfish density

(#/m2) on proportional change in prey-sized native fish

abundance, biomass, species richness, species evenness, com-

posite diversity (Shannon–Wiener and Simpson’s), and com-

munity structure (species composition and relative abundance

as NMDS axis 1 scores) on small patch reefs over the course of

a 7-week experiment. Null intercept-only, linear, and non-

linear models were compared for each response. The best fit

model (denoted in bold) was chosen based on DAICc value and

residual standard error, with the best model having no other

model within 2 DAICc of it. Also included are the parameters

estimated by each model, the standard error (SE) for each

parameter estimate, and the p value for each parameter

estimate

Model AICc DAICc Residual SE Parameter Estimate SE p value

Abundance Intercept-only (y * a) 42.96 3.65 1.64 a 1.50 0.52 0.018

Linear (y * a ? bx) 42.33 3.02 1.36 a 2.31 0.56 0.003

b -0.23 1.00 0.054

Non-linear (y ~ a 3 e(bx)) 39.31 0 1.17 a 2.88 0.58 0.001

b -0.71 0.57 0.251

Biomass Intercept-only (y * a) 45.05 3.12 1.82 a 1.53 0.58 0.026

Linear (y * a ? bx) 45.32 3.39 1.58 a 2.37 0.65 0.007

b -0.23 0.12 0.082

Non-linear (y ~ a 3 e(bx)) 41.93 0 1.34 a 3.10 0.67 0.002

b -1.33 1.46 0.386

Richness Intercept-only (y * a) 23.01 4.32 0.61 a 0.97 0.19 \0.001

Linear (y ~ bx 1 a) 19.08 0.39 0.43 a 1.33 0.18 \0.001

b -0.10 0.03 0.013

Non-linear (y ~ a 3 e(bx)) 18.69 0 0.42 a 1.39 0.19 \0.001

b -0.14 0.07 0.062

Evenness Intercept-only (y ~ a) -0.10 0 0.18 a 0.99 0.06 \0.001

Linear (y * a ? bx) 2.15 2.25 0.17 a 0.93 0.07 \0.001

b 0.02 0.02 0.173

Non-linear (y * a 9 e(bx)) 2.09 2.19 0.17 a 0.93 0.07 \0.001

b 0.02 0.04 0.151

Shannon–Wiener diversity Intercept-only (y ~ a) 11.42 0 0.35 a 0.98 0.12 \0.001

Linear (y * a ? bx) 14.87 3.45 0.34 a 1.08 0.15 \0.001

b -0.036 0.03 0.322

Non-linear (y * a 9 e(bx)) 14.83 3.41 0.34 a 1.08 0.15 \0.001

b -0.04 0.04 0.35

Simpson diversity Intercept-only (y ~ a) 8.47 0 0.29 a 1.02 0.10 \0.001

Linear (y * a ? bx) 12.95 4.48 a 1.06 0.13 \0.001

0.31 b -0.02 0.03 0.628

Non-linear (y * a 9 e(bx)) 12.94 4.47 0.31 a 1.06 0.13 \0.001

b -0.02 0.03 0.629

Community structure

(NMDS axis 1 scores)

Intercept-only (y * a) 26.71 15.95 0.73 a \0.001 0.02 0.999

Linear (y ~ a 1 bx) 12.38 1.61 0.30 a -0.53 0.13 0.003

b 0.15 0.02 \0.001

Non-linear (y ~ a 3 e(bx)) 10.76 0 0.28 a 0.32 0.09 0.007

b 0.16 0.03 \0.001
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All statistical analyses were conducted in R version

3.0 (R Development Core Team 2013), with associ-

ated packages AICcmodavg (Mazerolle 2013),

nlstools (Baty and Delignette-Muller 2013), and vegan

(Oksanen et al. 2013).

Results

Native fish abundance and biomass

Over the course of the 7-week experiment, the

abundance of prey-sized native fishes nearly tripled

on the lionfish-free control reefs, increased by approx-

imately 18 % on the reef with one lionfish, and

decreased on all reefs with two or more lionfish

(Fig. 1a). On the reef with the highest lionfish density,

the abundance of native fishes decreased by 97 %,

with only a single recruit goldspot goby (Gnatholepis

thompsoni) remaining at the end of the experiment. By

the final census, the abundance of small fishes

decreased non-linearly with increasing lionfish density

on each reef (Fig. 1b). The decline followed a negative

exponential curve, with an estimated 49.2 % reduction

in the proportional abundance of prey-sized fishes for

each additional lionfish on a reef (95 % CI 27.8–86.9;

Table 1).

When lionfish-free control reefs were excluded from

the analysis, there was no evidence to choose among the

intercept-only, linear, and non-linear models as the best

fit (DAICc \ 1.31). However, in both the linear and

negative exponential models there was a significant

relationship between lionfish density and native fish

abundance. Based on a linear model, for each additional

lionfish on a reef the proportional abundance of

native fish decreased by 0.08 (95 % CI 0.06–0.10,

t = -3.773, p = 0.02). Based on an exponential

model, for each additional lionfish on a reef there was

an estimated 85.2 % reduction in proportional abun-

dance (95 % CI 80.2–90.6, t = 2.611, p = 0.059).

The species that had the largest increase in abun-

dance on lionfish-free control reefs and the largest

decrease in abundance on all lionfish reefs was the

bridled goby (Coryphopterus glaucofreanum) (Online

Resource 3). On control reefs, 18 out of 31 species

increased in abundance between the beginning and the

end of the experiment, whereas on the reef with the

highest lionfish density the abundance of all native

species decreased.

Similarly, biomass of small fishes tripled on reefs

with no lionfish, yet decreased on all of the reefs with

lionfish present by between 3 % and nearly 100 %

(Fig. 2a). By the end of the experiment, biomass of

small fishes also followed a negative exponential

decline with increasing lionfish density (Fig. 2b;

Table 1). The relationship between lionfish density

and native fish biomass was primarily driven by the

difference between control reefs and reefs with

lionfish present. When control reefs were removed,

there was no effect of lionfish density on native fish

biomass and the intercept-only model provided the

best fit (DAICc [ 6.65).

Native fish richness, evenness, and composite

diversity

While lionfish-free control reefs gained an average of

3.5 native fish species during the summer recruitment

season, all of the lionfish reefs experienced no gain or

a loss in species richness. Like abundance and

biomass, species richness declined with increasing

lionfish density (Fig. 3a), and both the linear and

negative exponential models fit better than the null

intercept-only model (Table 1). However, there was

little evidence to distinguish between the linear and

non-linear models (DAICc = 0.208; Table 1). Based

on the linear model, for each additional lionfish on a

reef species richness decreased proportionally by 0.10

(95 % CI 0.07–0.13; Table 1). Based on the non-linear

model, for each additional lionfish on a reef there was

an estimated 86.9 % reduction in proportional species

richness (95 % CI 81.1–93.2; Table 1).

There was no relationship between species even-

ness (J) or species diversity (H’ and 1-D) and lionfish

density (Fig. 3b–d). For evenness and both diversity

indices, the null intercept-only model fit better than

both the linear and non-linear models (DAICc [ 2.09;

Table 1).

Native fish community structure

The non-metric multidimensional scaling ordination of

reef fish communities at the final censuses converged

on a stable 2-D solution (Fig. 4a; final stress = 5.44,

linear r2 = 0.989, Monte–Carlo p = 0.001). Lionfish

density was strongly positively correlated with axis 1

(r = 0.92, randomization p = 0.003). Based on a

regression of axis 1 scores versus lionfish density,
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community structure was clearly affected by lionfish

density, but there was little evidence to distinguish

between a linear and non-linear model (DAICc = 1.61;

Table 1; Fig. 4b). Of the 27 native coral reef fish

species present during the final surveys, only the

cleaner goby (Elacatinus genie) was positively corre-

lated with axis 1, but this was an extremely weak

correlation (r = 0.11, Online Resource 4). Eight spe-

cies were strongly negatively correlated with axis 1

(r \ -0.50), with the beaugregory damselfish (Stegas-

tes leucostictus) (r = -0.79), bridled goby (Coryph-

opterus glaucofraenum) (r = -0.77), and rosy blenny

(Malacoctenus macropus) (r = -0.76) having the

strongest negative relationships.

Discussion

Native fish abundance and biomass

Increasing lionfish density negatively affected the

abundance and biomass of prey-sized native reef fishes

over the course of the experiment. The largest declines

in native fish abundance and biomass occurred

between the zero and one lionfish treatments. For

biomass in particular, there was no additional effect of

adding more than one lionfish to the reefs. Therefore,

if one were to predict the impact of lionfish on native

fish abundance and biomass by linearly scaling-up

their per-capita effect (Parker et al. 1999), one would

severely overestimate the effects of large numbers of

lionfish in this study system.

A likely explanation for such a leveling off of

impacts at higher lionfish densities is intraspecific

competition among lionfish. The juvenile lionfish in

this study experienced slower growth rates in both

length and mass with increasing density (Benkwitt

2013), which combined with the fact that there was a

non-linear decrease in native fish abundance and

biomass, suggests that lionfish were competing for

food at higher densities. While native fish biomass

declined on reefs with lionfish, lionfish biomass

increased throughout the study, which is indicative

of a potential ‘worst-case scenario’ whereby the

majority of native fish biomass is converted to lionfish

biomass (Albins and Hixon 2013). A similar pattern

has been observed on larger reefs, as increasing

lionfish biomass co-occurred with declining prey

biomass around New Providence, Bahamas (Green

et al. 2012).

The species that had the largest difference in

abundance between the lionfish-free control and the

lionfish reefs was the bridled goby (Coryphopterus

glaucofraenum), followed by the beaugregory dam-

selfish (Stegastes leucostictus), and the rosy blenny

(Malacoctenus macropus). This result is consistent

with those of Albins and Hixon (2008) and Albins

(2013) who also documented that bridled goby and

beaugregory damselfish experienced the largest

declines in abundance between lionfish-free reefs

and reefs with one lionfish present. Throughout the

Bahamas, gobies, damselfishes, and blennies comprise

a large part of the prey species found in lionfish

stomach contents (Albins and Hixon 2008; Morris and

Akins 2009; Côté et al. 2013). However, at the highest

a

b

Fig. 2 Proportional change in biomass of prey-sized native

fishes (0–50 mm TL) on patch reefs with manipulated lionfish

densities (0–12 lionfish/m2). a Weekly over the 7-week

experiment and b at the final census only. Curve shows negative

exponential model (best fit model based on DAICc). Points for

0-lionfish control treatment represent mean ± SEM. Sample

size (# of reefs) equals 4 for the 0-lionfish treatment and 1 for all

other treatments
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experimental lionfish density, populations of all native

species were severely depleted, with only a single

native fish recruit present on the reef at the end of the

experiment.

In addition to predation by lionfish, cues emitted

by lionfish could have contributed to the reduction

in native fish abundance and biomass on reefs with

lionfish present. For example, Vail and McCormick

(2011) found a 24–43 % reduction in recruitment of

damselfish to patch reefs with predator odor com-

pared to control reefs in the Pacific. Thus far, there

is no evidence that fish recognize chemical cues

from lionfish in either their native or invaded ranges

(Lönnstedt and McCormick 2013; Marsh-Hunkin

et al. 2013), which suggests that the majority of

lionfish effect in this study was due to direct

predation and not differential recruitment. However,

further research should address whether chemical or

other cues from invasive lionfish affect native fish

recruitment, especially at extremely high lionfish

densities.

Native fish richness, evenness, and composite

diversity

Although native fish abundance and biomass declined

non-linearly with increasing lionfish density, the patterns

of species richness, evenness, and composite diversity

were less consistent. Species richness decreased with

more lionfish on a reef, with extirpations of many native

prey species occurring as lionfish density increased. By

contrast, there was no relationship between evenness and

composite diversity across lionfish treatments after

excluding the highest lionfish treatment (where there

was only one individual native fish remaining). Even-

ness and composite diversity did not change significantly

because at higher lionfish densities there were fewer

individuals of the most abundant species present (such as

the bridled goby and the beaugregory damselfish) and

also fewer total species due to extirpations. Albins

(2013) found a similar pattern whereby there was a

decrease in species richness, an increase in species

evenness, and a comparable change in composite species

a b

dc

Fig. 3 Proportional change in a species richness, b species

evenness, c Shannon–Wiener diversity, and d Simpson’s

diversity of prey-sized native fishes (0–50 mm TL) on patch

reefs with manipulated lionfish densities (0–12 lionfish/m2) at

the end of the 7-week experiment. Curves show best fit models

based on DAICc: a linear and negative exponential, b–d no

other curve fit better than a null intercept-only model. Points for

0-lionfish control treatment represent mean ± SEM. Sample

size (# of reefs) equals 4 for the 0-lionfish treatment and 1 for all

other treatments
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diversity on reefs with one lionfish present compared to

lionfish-free control reefs.

Native fish community structure

Lionfish density was important in structuring small

native fish communities on small patch reefs in this

study. By the end of the experiment, reefs clearly

separated along axis 1 of the NMDS based on lionfish

density, with the lionfish-free control reefs clustering

on the negative side and the higher lionfish treatment

reefs separated by increasing lionfish density along the

positive side of axis 1. As with species richness,

however, the effect of lionfish density on community

structure could not be clearly classified as either linear

or non-linear. Native species that were most nega-

tively correlated with axis 1 in the ordinations were the

same species (beaugregory damselfish, bridled goby,

and rosy blenny) that experienced the largest drops in

abundance between lionfish-free and lionfish-present

reefs. Only one native species, the cleaner goby

(Elacatinus genie), was positively correlated with axis

1, but this was a very weak correlation. Although

lionfish occasionally consume cleaner gobies in the

laboratory (Tuttle personal communication), there is

thus far no evidence that invasive lionfish consume

cleaner gobies in the wild. Given that cleaner gobies

provide a service on reefs by removing ectoparasites

from fishes (Côté and Soares 2011) it is worthwhile to

note that they may not be consumed readily by

lionfish, even at high densities of this invasive

predator.

Implications and conclusions

Due to the small reef size and limited duration of this

field experiment, caution must be used when applying

conclusions from this study to managing the lionfish

invasion in general. Still, these findings may have

some implications for the management of invasive

lionfish, at least in small patch reef systems. The

largest decrease in native fish abundance and biomass

occurred between the zero and one lionfish treatments,

with additional lionfish causing smaller subsequent

declines. This result implies that removal efforts in

small patch reef habitats should be thorough and aim

to remove all lionfish to have the biggest conservation

impact on native fish abundance and biomass. This

result differs slightly from model predictions and tests

of lionfish removal effort necessary to minimize their

impacts on native fish biomass, which found that patch

reefs with high and moderate removal effort have

comparable increases in native fish biomass when prey

production is accounted for (Green et al. 2014). These

discrepancies between studies are likely due to several

factors, including the differences in size and type of

a

b

Fig. 4 a Non-metric multidimensional scaling (NMDS) ordi-

nation of reefs in species space at the end of the 7-week

experiment. Each point represents a reef with a minimum

convex hull polygon around 0-lionfish control reefs. Labels

correspond to the density of lionfish (#/m2) on each reef. The

solid line represents the correlation (angle) and strength (length)

of the effect of lionfish density. The distances between points

approximate the dissimilarities among the communities at those

reefs in terms of species composition and relative abundance.

b Effect of manipulated lionfish density on prey-sized native fish

community structure, represented by NMDS axis 1 score

extracted from ordination in (a). Curves show linear and

negative exponential models (best fit models based on DAICc).

Points for 0-lionfish control treatment represent mean ± SEM.

Sample size (# of reefs) equals 4 for the 0-lionfish treatment and

1 for all other treatments
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reefs used and prey production on the reefs. While this

study used small (1 m3) artificial reefs, Green et al.

(2014) used natural patch reefs of 100–150 m2. As a

result of the large differences in patch size, natural

recruitment was likely much lower to the reefs in this

study. Consequently, the effects of lionfish in this

study, particularly at high densities, may have been

limited by recruitment of prey fish to the reefs. The

differences between these studies further demonstrate

that there will likely not be one universal rule to aid in

the management in lionfish. Instead, the effectiveness

of removal strategies will be context-dependent based

on factors including reef size, habitat type, and natural

prey production in the area.

Removal strategies will also vary based on the

management goals that the removals are trying to

accomplish. Even at this small scale, increasing

lionfish density did not affect all metrics in the same

manner. For example, species richness declined with

increasing lionfish density, but the decline curve was

not necessarily non-linear while evenness and diver-

sity did not change significantly with increasing

lionfish density. This difference in pattern among

metrics has been found for a variety of other invaders

(e.g. Williams et al. 2002; Gherardi and Acquistapace

2007; Matsuzaki et al. 2009). Therefore, management

targets may depend on whether the removals are

primarily trying to conserve native fish abundance,

biomass, or diversity. In this system, it appears that

removing all lionfish is important for conserving

native fish abundance and biomass on small patch

reefs. However, if conserving native species richness

is the goal of lionfish removals, then removing any

lionfish may be of equal help regardless of how many

other lionfish are present.

In addition to having some implications for

managing the lionfish invasion, these results also

apply to invasive species in general. A major goal of

invasion biology is measuring the impact of invasive

species, and thus far this has often been accom-

plished by linearly scaling-up per-capita effects

(Parker et al. 1999). In the past few years, however,

there have been several calls to incorporate potential

non-linearities in invader impacts with increasing

invader abundance when measuring and predicting

the effects of invasive species (Thiele et al. 2009;

Thomsen et al. 2011; Ricciardi et al. 2013). Still,

most other studies of invasive species effects do not

account for invader abundance, and those that do

usually compare only a few invader densities,

making it difficult to create a unified framework for

predicting the effects of different types of invaders

(Thomsen et al. 2011; Ricciardi et al. 2013). The

results from this study comparing the effect of a

broad range of densities of invasive lionfish on

several different native community metrics demon-

strate that accounting for non-linearities in invader

impacts is important in managing the ecological

effects of biological invasions.
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