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 Although only a minority of introduced species become established and have 

noticeable consequences in their new communities, some can displace native species, 

alter food webs, and cause local extinctions.  Studying these invasive species can provide 

new insights into basic ecological questions as well as inform management strategies.  

Pacific lionfish (Pterois volitans/miles) are the first non-native marine fish to become 

established throughout the tropical and sub-tropical western Atlantic.  Since the early 

2000s, lionfish populations have spread rapidly and grown exponentially, reaching 

densities that are several orders of magnitude greater than those in their native range.  

Combined with these high population sizes, lionfish have strong negative effects on 

native coral-reef fish populations via direct predation.  The main goals of this dissertation 

were to determine how the local density of lionfish influences their demographic rates 

and behavior, and in turn, how lionfish affect native fish populations at different lionfish 

densities, across multiple habitats, and via non-consumptive effects. 



 

 

In the first experiment, I manipulated densities of juvenile lionfish on ten small 

artificial patch reefs The Bahamas and for 8 weeks monitored their demographic rates 

(Chapter 2) and effects on native-fish communities (Chapter 4).  Although there was no 

evidence for density-dependent per capita rates of loss (mortality and emigration) or gain 

(recruitment and immigration), individual growth rates decreased at higher densities.  For 

each increase in lionfish density by 1 fish/m2, lionfish grew an estimated 0.02 mm/day 

slower.  In addition, native fish abundance and biomass declined non-linearly with 

increasing lionfish density, such that lionfish had diminishing per-capita effects on native 

fishes at higher densities.  Observations of lionfish conducted on sixteen coral patch reefs 

encompassing a natural range of lionfish densities revealed that lionfish foraging 

behavior and movements also vary with local lionfish density (Chapter 3).  At higher 

densities, lionfish exhibited greater activity levels and increased time away from shelter, 

including more short-term foraging movements between coral patch reefs and 

surrounding seagrass habitats.  Combined, these patterns suggest that invasive lionfish 

experience intraspecific competition for food. 

The foraging movements of lionfish may also have implications for which native 

species are susceptible to lionfish predation.  By manipulating sixteen patch reefs in The 

Bahamas to have either high or low lionfish densities and comparing changes in native 

fish populations on and around the reefs for 7 weeks, I determined that lionfish first 

caused an approximately 60% reduction in the abundance of native fishes on the patch 

reefs and then caused similar declines on small structures in seagrass beds that surround 

these reefs (Chapter 5).  Unlike the effects of native predators on prey fishes, the effects 

of lionfish did not diminish rapidly with increasing distance from coral patch reefs, likely 



 

 

because lionfish have few natural predators and thus may forage with impunity over 

extended distances.   

The negative effects of lionfish predation both on and around coral reefs are likely 

compounded by the fact that some prey fishes are naïve to the threat posed by lionfish.  

During a critical life-history transition from pelagic larvae to reef-associated juvenile 

(‘settlement’, measured as ‘recruitment’), some coral-reef fishes recognize cues from 

predators and consequently preferentially settle to reefs without predators.  To test 

whether lionfish have similar non-consumptive effects on the recruitment of coral-reef 

fishes, I manipulated the presence, identity, and diet of prior resident fishes and measured 

daily recruitment to fifteen small standardized reefs in Bonaire (Chapter 6).  Regardless 

of predator diet, one species of reef fish had 55-59% lower recruitment to reefs with a 

native predator compared to predator-free control reefs and reefs with lionfish, suggesting 

that they recognize and avoids cues from native predators but not invasive lionfish.   

Overall, this research clarifies the extent and mechanisms underlying the 

ecological effects of invasive lionfish.  In terms of management, the lack of density-

dependent gain and loss rates suggest that current efforts to reduce local densities via 

manual removal by divers are likely to remain the most effective management strategy 

for the foreseeable future.  Due to the non-linear effects of lionfish on native fish 

populations on coral patch reefs and their effects in surrounding areas, management 

efforts that greatly reduce lionfish densities on coral patch reefs will have the greatest 

benefit for native fishes across multiple habitats.  Finally, because at least one species of 

reef fish has lower recruitment to reefs with native predators compared to lionfish, 

monitoring strategies that simply compare the abundance of native fishes on reefs with 



 

 

lionfish to reefs with native predators will likely underestimate the consumptive effects of 

lionfish. 

This research also reveals that invasive lionfish are different than native coral-reef 

mesopredators in many ways: they do not experience density-dependent population gain 

and loss rates at current high densities, they forage over broad distances encompassing 

multiple habitats, and they are unrecognizable to at least some native prey fishes.  In 

addition, typical anti-predator strategies of small native fishes, including inhabiting 

seagrass beds instead of coral patch reefs and avoiding reefs with predators at settlement, 

are ineffective against lionfish.  These characteristics likely at least partially explain why 

lionfish have such strong negative effects on native coral-reef fishes, and some of these 

traits are likely shared by other successful invasive predators. 
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CHAPTER 1 
 

General Introduction 
 

For centuries, studying non-native species has provided insights into questions of 

general ecological and evolutionary importance (Darwin 1859, Grinnell 1919, Elton 

1958, Baker and Stebbins 1965), in part because species introductions enable researchers 

to document changes in populations and recipient communities that would otherwise be 

nearly impossible to observe at such broad spatial and temporal scales (Lodge 1993, Sax 

et al. 2005, 2007, Cadotte et al. 2006).  In addition to its importance for basic science, 

researching non-native species is essential from an applied perspective, especially as the 

rate of human-mediated biological introductions continues to rise (Ricciardi 2007).  

Although the majority of introduced species fail to establish, spread, or have noticeable 

consequences (Williamson 1996, Mack et al. 2000), some can cause widespread 

ecological changes, including displacing native species, causing local extinctions, altering 

food webs, and disrupting ecosystem functions (Vitousek et al. 1997, Fritts and Rodda 

1998, Mack et al. 2000, Salo et al. 2007, Ehrenfeld 2010, Simberloff et al. 2013).  In 

combination with these ecological effects, many non-native species also threaten local 

economies and human health (Vitousek et al. 1997, Mooney and Hobbs 2000, Pimentel et 

al. 2005, Davis 2009).  Such introduced species that achieve self-sustaining population 

growth rates and cause some sort of harm from a human perspective are often called 

“invasive” (Davis 2009, Lockwood et al. 2013).  Despite the attention given to non-native 

species, there are still large gaps in our knowledge of the causes and consequences of 

species invasions. 
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Because the population density of an introduced species plays an important role in 

determining its success, a critical step in understanding the population dynamics and 

effects of any invasive species is to examine how density influences their demographic 

rates and behavior.  Population growth is an essential requirement for an introduced 

species to establish and spread (Lockwood et al. 2013), and previous studies of invasive 

species have often focused on the role of density dependence during these stages.  In 

particular, Allee effects (inverse density dependence), which occur when fitness is 

reduced at low conspecific densities, can cause lower probability of establishment, 

increased lag times, and slower rates of spread (Taylor and Hastings 2005).  Once an 

introduced species is established, it often reaches population densities that are much 

greater than those achieved in their native range (Sakai et al. 2001, Simberloff and 

Gibbons 2004).  Therefore, a critical question is whether and how invasive species have 

escaped natural forms of population control, especially intraspecific competition.  Testing 

for the presence (or lack) of density dependence in invasive species can help shed light 

on this question because direct demographic density dependence, which occurs when per 

capita gain rates (e.g., birth, immigration) decrease and/or loss rates (e.g., mortality, 

emigration) increase as population size increases, is necessary for population regulation 

(reviews by Murdoch 1994, Turchin 1995, Hixon et al. 2002).  Finally, understanding 

density dependence in populations of invasive species can inform management strategies, 

which typically focus on reducing the density of an invader via removal of individuals.  

However, direct density dependence can render removals ineffective, with removals 

sometimes causing an overall increase in population growth rate and total population 

abundance (Zipkin et al. 2009). 



 

 

3 

Because of its effects on demographic rates and behavior, population density can 

also, in turn, influence the effects of invasive species on native communities.  The overall 

effect of an invader is traditionally calculated by scaling up its per-capita effect size 

linearly with invader abundance (Parker et al. 1999), but density-dependent processes can 

cause non-linearities in this relationship (Thiele et al. 2010, Thomsen et al. 2011).  For 

example, intraspecific competition at high conspecific densities can limit the per-capita 

effect of invasive species, thus causing the overall effects of the invader to level-off at 

high densities (Byrnes and Witman 2003, Gherardi and Acquistapace 2007, Griffen and 

Byers 2009).  Conspecific density of invasive species can also influence the spatial area 

over which effects occur.  For example, mobile consumers at higher densities often 

expand their foraging range, likely as a result of prey depletion and/or frequent 

aggressive interactions in areas with high densities of conspecifics, thereby affecting prey 

populations over broader spatial scales (Micheli 1997, Forrester et al. 2006, Breed et al. 

2013).  Overall, understanding how the effects of invaders vary with population density 

can help managers prioritize resources and maximize the effectiveness of removal efforts 

(Byers et al. 2002, Yokomizo et al. 2009).   

Understanding the demography, behavior, and effects of invasive predators is 

especially important because invasive predators are often particularly damaging (Fritts 

and Rodda 1998, Salo et al. 2007, Paolucci et al. 2013).  In addition to examining how 

density influences the effects of invasive predators on prey populations, another critical 

component is to determine the mechanisms underlying these effects.  Specifically, 

predators can influence prey populations both by causing mortality via direct 

consumption and by causing changes in prey behavior, morphology, and life history 
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characteristics via non-consumptive effects (Lima and Dill 1990, Preisser et al. 2005, 

Peckarsky et al. 2008).  Although it is typically advantageous for prey to recognize and 

respond to predator cues, they often lack an evolutionary history with introduced 

predators, which can lead to ineffective antipredator responses (‘prey naïveté hypothesis’; 

Cox and Lima 2006, Banks and Dickman 2007, Sih et al. 2010, Carthey and Banks 2014, 

Saul and Jeschke 2015).  This prey naïveté is often the cited explanation for why 

introduced predators cause such large declines in native prey populations, especially on 

islands and in insular freshwater systems (Cox and Lima 2006).  Because of the multiple 

ways that predators can affect their prey, understanding whether prey recognize and 

respond to non-native predators is necessary to accurately quantify their effects on prey 

populations.  Furthermore, by increasing the foraging success of invasive predators, prey 

naïveté can in turn contribute to the high population growth rates and densities of 

invasive predators (Sih et al. 2010).  Therefore, testing for anti-predator responses of prey 

can also inform our understanding of whether and how invasive predators have escaped 

density-dependent population regulation. 

The primary goals of this dissertation were to determine how the local density of 

an invasive predator influences its demographic rates and behavior, and how this 

predator, in turn, influences native prey populations at different densities, across multiple 

habitats, and via non-consumptive effects.  Specifically, I focused on the invasion of 

Pacific lionfish (Pterois volitans/miles, hereafter ‘lionfish’) in the tropical and subtropical 

western Atlantic.  First documented off the coast of Florida in the 1980s, lionfish 

populations have spread rapidly since the early 2000s and are now established from the 

southeastern coast of the United States to the northern coast of South America, including 
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the Caribbean Sea and Gulf of Mexico (Schofield 2009, 2010).  Lionfish are thus far the 

only introduced coral-reef fish to become ‘invasive’ (Côté et al. 2013, Albins and Hixon 

2013), and are of particular concern due to their high population sizes (Green and Côté 

2008, Kulbicki et al. 2012), lack of natural predators (Hackerott et al. 2013, but see 

Mumby et al. 2011), and strong negative effects on native reef fishes via direct predation 

(Albins and Hixon 2008, Morris and Akins 2009, Albins 2013, 2015, Green et al. 2014).  

As a result, invasive lionfish are the focus of intense management efforts throughout the 

region (Barbour et al. 2011, Morris 2012, Frazer et al. 2012). 

Despite differences in lionfish densities between their native and invaded ranges 

(Green and Côté 2008, Kulbicki et al. 2012, McTee and Grubich 2014) as well as within 

their invaded range (Whitfield et al. 2007, Ruttenberg et al. 2012, Frazer et al. 2012, Dahl 

and Patterson 2014, Anton et al. 2014), it is unknown how local lionfish density 

influences their own demographic rates and behavior.  In Chapter 2 I describe the first 

test for density dependence in invasive lionfish.  During the summer of 2011, I 

manipulated juvenile lionfish on 10 small artificial reefs to encompass a range of 

naturally-observed and artificially-enhanced densities.  Their loss (mortality and 

emigration), immigration, recruitment (a proxy for settlement of juvenile fish to the reef), 

and individual growth rates (in length and mass) were subsequently measured for 8 

weeks and compared across density treatments.  

 Chapter 3 examines whether lionfish foraging behavior, activity levels, and 

movement patterns are also associated with local lionfish density.  During the summer of 

2012, I selected sixteen coral patch reefs in The Bahamas encompassing a natural 

gradient of lionfish and prey fish densities and visited each reef at three times of day: 
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dawn, midday, and dusk.  Upon arrival at each reef, I recorded the behavior and location 

of all lionfish.  I also conducted focal behavioral observations of one or two randomly 

selected individuals.  Finally, throughout each visit, I recorded any instances in which 

lionfish departed from or arrived at the reef from the surrounding seagrass habitats.  I 

compared the proportion of lionfish that were hunting, active, sheltering, and moving at 

each reef and the amount of time individual focal lionfish spent hunting and active among 

reefs to determine how these responses vary with lionfish density.   

 Chapter 4 transitions from examining the effect of local lionfish density on 

lionfish themselves to the effects of lionfish at different densities on native coral-reef fish 

communities.  Lionfish can have extremely strong per-capita effects on native fish 

populations, with a single lionfish causing an 80-90% reduction in small coral-reef fishes 

on 4-m2 patch reefs in as few as 5 weeks (Albins and Hixon 2008, Albins 2013).  

However, it is unknown how these effects scale-up with increasing lionfish density.  

Therefore, using the same experimental design as Chapter 2, I compared changes in the 

abundance, biomass, diversity, and community structure of small reef fishes on the 10 

artificial reefs with a range of manipulated lionfish densities throughout an 8-week 

experiment.   

Although it is well established that lionfish cause reductions in native fish 

populations on coral patch reefs (Albins and Hixon 2008, Albins 2013, 2015, Green et al. 

2014), their effects in neighboring habitats have not yet been quantified.  In Chapter 5, I 

investigate the movement and effects of lionfish on native fish communities in the areas 

surrounding coral patch reefs.  Building on the observations conducted in Chapter 3, I 

first used a combination of diver observations and remote video cameras to further 
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document the foraging movements of lionfish around the coral patch reefs on which they 

reside.  To test whether these foraging movements in turn cause declines in native fish 

populations in surrounding habitats, I maintained 8 coral patch reefs at low lionfish 

densities and 8 reefs at high densities, then monitored changes in native fish populations 

throughout the summer recruitment season in 2013.  Specifically, I compared the change 

in density of native fishes both on small structures (coral heads and standardized habitat 

patches constructed from empty conch shells) and in open seagrass areas at various 

distances from these reefs.   

Finally, Chapter 6 asks how lionfish affect native fish communities from a 

slightly different perspective by testing for non-consumptive effects of lionfish on coral-

reef fish recruitment.  During their transition from dispersive pelagic larvae to relatively 

sedentary juveniles, some species of coral-reef fish preferentially settle on reefs without 

predators (Vail and McCormick 2011, Dixson et al. 2012).  However, some juvenile and 

adult coral-reef fishes in the Atlantic appear to be naïve to the threat that lionfish pose 

(Cure et al. 2012, Kindinger 2015, Anton et al. 2016).  To test whether lionfish have non-

consumptive effects on the recruitment of coral-reef fishes similar to those of native 

predators, I constructed fifteen small standardized reefs and manipulated the presence and 

identity of prior resident fishes on each reef.  I compared daily recruitment rates of native 

fishes to reefs with lionfish, native predators, and predator-free control reefs to test the 

hypothesis that coral-reef fishes recognize cues from a native but not an invasive 

predator.  In a second experiment, I manipulated the diet of lionfish and native predators 

to test whether settling reef fishes respond to specific predator cues or to general diet 

cues. 
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As a whole, this dissertation uses a combination of observational and 

experimental field studies to test how local lionfish density influences lionfish 

demographic rates and behavior, and how lionfish, in turn, affect native fish communities 

on coral reefs, in surrounding habitats, and via non-consumptive effects.  Answering 

these questions clarifies the extent and mechanisms underlying the ecological effects of 

lionfish and can aid in management tasks, including predicting and evaluating the 

effectiveness of removal strategies and directing limited resources to areas most affected 

by lionfish.  By examining how the dynamics and effects of an invasive predator depend 

on predator population density, predator foraging behavior across multiple habitats, and 

anti-predator behavioral responses of prey, this research also provides information about 

concepts of general ecological importance and broadens our understanding of the 

dynamics and ecological effects of both native and invasive predators in multiple 

contexts. 
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2.1 ABSTRACT 

Direct demographic density dependence is necessary for population regulation 

and is a central concept in ecology, yet has not been studied in many invasive species, 

including any invasive marine fish.  The red lionfish (Pterois volitans) is an invasive 

predatory marine fish that is undergoing exponential population growth throughout the 

tropical western Atlantic.  Invasive lionfish threaten coral-reef ecosystems, but there is 

currently no evidence of any natural population control.  Therefore, a manipulative field 

experiment was conducted to test for density dependence in lionfish.  Juvenile lionfish 

densities were adjusted on small reefs and several demographic rates (growth, 

recruitment, immigration, and loss) were measured throughout an 8-week period.  

Invasive lionfish exhibited direct density dependence in individual growth rates, as 

lionfish grew slower at higher densities throughout the study.  Individual growth in length 

declined linearly with increasing lionfish density, while growth in mass declined 

exponentially with increasing density.  There was no evidence, however, for density 

dependence in recruitment, immigration, or loss (mortality plus emigration) of invasive 

lionfish.  The observed density-dependent growth rates may have implications for which 

native species are susceptible to lionfish predation, as the size and type of prey that 

lionfish consume is directly related to their body size.  The absence of density-dependent 

loss, however, contrasts with many native coral-reef fish species and suggests that for the 

foreseeable future manual removals may be the only effective local control of this 

invasion. 
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2.2 INTRODUCTION 

Invasive species are a major driver of biodiversity loss and can cause extensive 

ecological and economic impacts (Mack et al. 2000).  Invasive species often reach high 

population abundances which, combined with strong individual effects, drive their 

detrimental effects on native ecosystems (Parker et al. 1999).  Therefore, understanding 

what drives and regulates population dynamics of invasive species is crucial to predict 

and manage invasions effectively.   

Direct demographic density dependence, which occurs when per capita gain rates 

decrease and/or loss rates increase as population size increases, is necessary for 

population regulation (Murdoch 1994).  Density dependence can be manifested in the 

loss rates of mortality and emigration, and the gain rates of immigration, birth, and 

related rates of fecundity and individual growth (review by Hixon et al. 2002).  When a 

population is regulated, direct density dependence leads to a positive population growth 

rate at low densities and a negative population growth rate at high densities. 

Although direct density dependence is a central concept in ecology (Murdoch 

1994, Hixon et al. 2002), it is not well-studied in most invasive species.  Previous studies 

of density dependence in invasive species have often focused on the Allee effect (inverse 

density dependence) and its role in their establishment and population dynamics (Taylor 

and Hastings 2005).  Studies which have investigated the role of direct density 

dependence in limiting invasive populations are usually observational field studies (e.g., 

Bøhn, et al. 2004, Gutowsky and Fox 2011, O’Neal and Stanford 2011) or laboratory 

experiments (e.g., Govindarajulu et al. 2005, Reiskind et al. 2009).  Manipulative field 

experiments, which offer the most powerful tests for density dependence, are absent from 
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the invasive animal literature.  While difficult to conduct, manipulative field studies can 

provide novel insights into population regulation of invasive species by elucidating 

causal mechanisms of density dependence in the environment.  Here, to my knowledge, I 

provide the first experimental field test of density dependence in any invasive animal and 

the first evidence of any kind for density dependence in an invasive marine fish. 

The Indo-Pacific red lionfish (Pterois volitans) is an invasive marine predator that 

currently threatens reef ecosystems throughout the Western Atlantic, Caribbean, and Gulf 

of Mexico (Schofield 2010).  Since the early 2000s, lionfish populations have been 

spreading rapidly and increasing exponentially (Albins and Hixon 2013).  Lionfish 

densities in their invaded range exceed those in their native range by orders of magnitude 

(Kulbicki et al. 2012), with the highest densities of >390 individuals per hectare recorded 

in the Bahamas (Green and Côté 2008).  Invasive lionfish are highly effective predators, 

as they over-consume a broad range of native coral-reef fishes, including economically 

and ecologically important species such as grouper and parrotfishes (Albins and Hixon 

2008, Morris and Akins 2009, Green et al. 2012).  Due to their hitherto unchecked 

population explosion and their strongly negative effects on native coral-reef species, 

lionfish were recently listed as one of the world’s top conservation concerns (Sutherland 

et al. 2010).  Thus far, there is no evidence of a natural population control, so determining 

whether and at what population threshold density dependence will begin to limit lionfish 

populations is an essential step to understanding this invasion.  Determining the role of 

density dependence in invasive lionfish may also inform management by projecting the 

trajectory of their populations and the effectiveness of removal strategies. 
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To test for evidence of density dependence in invasive lionfish, I conducted a 

manipulative field experiment in which I adjusted lionfish densities on small reefs to 

encompass a range of both naturally observed and artificially inflated densities.  By 

tracking their individual growth, recruitment, immigration, and loss (mortality + 

emigration), I determined whether any of the measured lionfish demographic rates were 

density-dependent.   

2.3 MATERIALS AND METHODS 

Ethics Statement 

This study was approved by Oregon State University’s Institutional Animal Care 

and Use Committee (Permit Number: ACUP ID 3886), and all fish were handled in strict 

accordance with their guidelines.  To minimize suffering, at initial capture lionfish were 

held in flow-through aquaria for a limited amount of time.  All tagging and measuring 

was done in less than one minute per fish, so did not require anesthetic.  Subsequent re-

measurements were all done in situ to avoid removing fish from the water.  Permits to 

conduct this field study were obtained from the Bahamian Department of Marine 

Resources.  No protected species were sampled.  

Study System 

To test for density dependence in local populations of invasive lionfish, I 

conducted a manipulative field experiment during June - August 2011 at Lee Stocking 

Island, Bahamas.  I used a matrix of artificial patch reefs that was constructed in 1991-

1992 and is located on a shallow (<4 m deep) sand and seagrass bank (Carr and Hixon 

1997).  Each reef is separated from its nearest neighbor by 200 m and from the nearest 

land or continuous reef by at least 1 km.  Each reef measures approximately 1 cubic 
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meter and consists of 48 standard 8 × 8 × 16-in concrete blocks oriented to provide 24 

holes (Hixon and Beets 1993).  Thus, the matrix of reefs provided habitat replicates of 

identical size and shelter, ensuring accurate density calculations (number of fish per m2).  

Over the two decades since construction, the reefs have become essentially natural 

features, supporting benthic communities of sponges, corals, and seaweeds that cover all 

surfaces, as well as home sites for over 70 species of fish, with hundreds of individuals 

per reef.  These reefs have been used successfully in a variety of other studies, including 

tests of density dependence in native fishes (Hixon and Beets 1993, Overholtzer-McLeod 

2006) and the effects of invasive lionfish (Albins and Hixon 2008).   

During initial surveys, a pair of divers conducted baseline censuses of the entire 

fish community on each reef, recording the abundance by body size (total length, TL) of 

each species.  I removed any lionfish and native piscivores and standardized the number 

of any strong interactors (Nassau grouper, Epinephelus striatus, and territorial Stegastes 

damselfish species) to mean natural densities to reduce any confounding effects of 

variation in the abundance of these species (Almany 2003).  Consequently, all reefs had 

similar relatively intact yet standardized fish communities at the start of the experiment.   

Experimental Design 

I studied new recruit (<50 mm TL) and juvenile (50 – 71 mm TL) lionfish 

because density dependence in coral-reef fishes typically occurs in these stages (Hixon 

and Webster 2002, Osenberg et al. 2002, Hixon and Jones 2005).  I collected lionfish 

from nearby reefs on scuba using handnets.  Captured lionfish were held in 190-l flow-

through aquaria prior to release onto the experimental matrix.  I tagged all lionfish 

subcutaneously using colored elastomer (Northwest Marine Technology Inc., Shaw 
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Island, Washington, USA) on the caudal peduncle and/or slightly anterior to the caudal 

peduncle just under the dorsal fins.  Each fish was given a unique tag based on the color 

and location of the elastomer, enabling me to identify individuals throughout the 

experiment (Frederick 1997).  All fish were held for at least 12 hours after tagging to 

allow for recovery from any tagging effects.  There was no mortality from tagging.  All 

lionfish were measured (TL to the nearest 1 mm) and weighed (wet weight WW to the 

nearest 1 mg) just before being released onto the experimental reefs.   

Between June 26 and July 7, 2011, I transplanted lionfish onto 6 reefs at 6 

different densities.  I also established and maintained 4 reefs with 0 lionfish as controls.  

All treatments were started within a 2-week period.  The treatment densities encompassed 

a range of both natural and artificially inflated densities.  The highest maximum natural 

lionfish density observed on the reefs was 8 lionfish/m2, and the highest treatment density 

was 12 lionfish/m2 (150% maximum natural density).  Since initial community 

assemblages among reefs were similar, lionfish density treatments were assigned via 

constrained randomization to ensure that similar densities were not clustered spatially.  

On each reef, all lionfish were released at the same time to avoid any potential priority 

effects (Almany 2003).  To account for any losses due to transplantation, I used the 

number of lionfish present on each reef after 24 hours as the initial treatment density.   

Lionfish Loss 

I recorded the number and identity of tagged lionfish present on each reef weekly.  

If a lionfish was not seen on a reef, I searched the surrounding sand and seagrass for 

approximately 10 minutes.  If the lionfish was still not found, it was marked as absent for 

that week.  If never found again, it was marked as lost from the last day it was seen.  
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Total lionfish loss was calculated as the difference between the initial treatment density 

and the density on the final day of the experiment.  To determine the effect of initial 

lionfish density on lionfish loss, I used a quasi-binomial regression (R version 2.14.2).  

Lionfish loss was minimal, yet to account for changes during the course of the 

experiment I calculated the weighted average weekly lionfish density for each reef.  I 

used these weighted densities (1, 2, 4, 7, 10, and 12 lionfish/m2 rounded to the nearest 

fish) in all other analyses.   

Lionfish Gain 

I recorded the number of new lionfish recruits (<50 mm TL) and juvenile/adult 

immigrants (>50 mm TL) present on each reef weekly.  Any new lionfish were 

immediately removed to preserve the treatment densities.  To determine the effect of 

lionfish density on the total number of new lionfish recruits and immigrants on each reef, 

I ran Poisson regressions.  Because the data were overdispersed in the regression with 

immigrants, I also ran a negative binomial regression.  The results were similar between 

the two analyses, so I report the results from the negative binomial regression since 

diagnostic plots showed that this model better met the assumptions of the test (R version 

2.14.2 with associated package MASS). 

Lionfish Growth in Length 

Initial lionfish lengths ranged from 40 to 71 mm TL, and there was no significant 

difference in initial lengths among experimental treatments (ANOVA, F1,34 = 0.705, p = 

0.407).  Every two weeks, I recaptured all tagged lionfish on scuba using handnets, re-

measured them in situ, and immediately released them back to their original locations on 

the reef.  To account for repeated measures of individual lionfish over the course of the 
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experiment, I ran a linear mixed effects model with lionfish density and time as fixed 

effects and individual lionfish as a random effect.  Comparisons of models with and 

without a correlation structure using AIC values revealed that that no correlation structure 

was necessary.  Because my sample design was unbalanced and because there was no 

significant interaction between density and time in the model, I used a type II sums of 

squares test to determine significance of my explanatory variables (R version 2.14.2, with 

associated packages nlme, lme4, and car).   

I also used a simple linear regression to determine the effect of lionfish density on 

growth rate in length averaged over the entire experiment (R version 2.14.2).  While this 

analysis does not provide information on growth rates over time, it provides a useful 

comparison to the effect of density on mass (see below) for which I only have 

measurements at the beginning and end of the experiment.  Visual analysis of residual 

plots and formal tests (Shapiro and Levene’s) revealed that the assumptions of normality 

and homoscedasticity were met.   

Lionfish Growth in Mass 

Initial lionfish masses ranged from 406 to 3147 mg WW.  There was no 

significant difference in initial masses among treatments (ANOVA, F1,34 = 1.5, p = 

0.229).  After 8-weeks, lionfish were re-captured and re-weighed.  However, Hurricane 

Irene, which passed from August 23 to 26, 2011, precluded re-weighing all lionfish but 

one from the 10-lionfish treatment and all lionfish from the 12-lionfish treatment.  

Therefore, analyses on lionfish growth rates in mass excluded the majority of the 10-

lionfish treatment and all of the 12-lionfish treatment.  Because there appeared to be a 

non-linear relationship between lionfish density and growth rate in mass, I compared a 
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simple linear regression and a non-linear regression using a negative exponential formula 

using AIC values (R version 2.14.2).  I report the results using the model with the lowest 

AIC value.  

2.4 RESULTS 

Invasive lionfish exhibited density-dependent growth in length, with lionfish 

growing slower on reefs with higher lionfish densities (linear mixed effects model: χ2 = 

18.72, df = 34, P < 0.001).  When averaged over the entire experiment, growth rate 

decreased linearly with increasing lionfish density (linear regression: t = -3.56, df  = 34, 

P = 0.001, Figure 2.1a).  For each additional lionfish on a reef, lionfish grew 0.02 

mm/day slower (95% CI 0.01 to 0.03).  Lionfish growth in length was also affected by 

time, with lionfish growing slower on all reefs as the experiment progressed (linear 

mixed effects model: χ2 = 15.24, df = 86, P < 0.001).  There was no significant interaction 

between density and time (linear mixed effects model: χ2 = 1.95, df = 86, P = 0.162), 

however, indicating that lionfish growth rates over the course of the experiment were not 

differentially affected by density.  Thus, lionfish across all density treatments exhibited 

similar declines in growth rate over time, but at higher densities they experienced slower 

growth rates than at lower densities throughout the entire experiment. 

Lionfish growth in mass was also density-dependent (Figure 2.1b), but unlike 

length did not decrease linearly with increasing lionfish density.  Instead, lionfish growth 

in mass was modeled by the negative exponential equation: 

growth = a*e(−b *density)  

where growth is in mg/day, a and b are constants, and density is in #/m2.  

According to the non-linear regression model, both a and b were significant (non-linear 
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regression: t = 6.59, df = 11, P < 0.001 and t = 2.24, df = 11, P = 0.047, respectively) and 

were estimated to be 293.13 +/- 44.50 and 0.066 +/- 0.030, respectively.   

There was no evidence of density dependence in lionfish loss rate (quasi-binomial 

regression: t = -2.04, df = 4, P = 0.111).  Loss rates were low across all density 

treatments, with only 6 out of 40 lionfish lost, about half of which occurred during the 

first 2 weeks of the experiment.  At least one lost lionfish was due to emigration, as this 

tagged fish was found on an adjacent reef 200 m away.  Despite thorough searches of 

surrounding areas, no other lost lionfish were found. 

There was also no evidence of density dependence in lionfish larval recruitment 

and juvenile/adult immigration (Poisson regression: z = 1.59, df = 8, P = 0.112 and 

negative binomial regression: z = -0.35, df = 8, P = 0.729, respectively; Figure 2.2).  A 

total of 14 lionfish recruits appeared during the experiment, with 1-3 fish recruiting to all 

but one reef.  There were only 5 juvenile and adult immigrants, all of which appeared on 

reefs with lionfish densities < 50% maximum natural density.   

2.5 DISCUSSION 

The observed density-dependent growth rates may affect invasive lionfish 

population sizes and their impacts on native species.  Slower juvenile growth may limit 

population size because fecundity, and often survival, are directly correlated with body 

size in fishes (Kirkpatrick 1984, Jones 1991, Lorenzen and Enberg 2002).  Variations in 

lionfish growth rate will also affect which native species are susceptible to lionfish 

predation.  Lionfish diets switch from mostly crustaceans to fishes as they grow (Morris 

and Akins 2009), so slower lionfish growth rates may increase the total consumption of 

crustaceans.  In addition, the size of prey that lionfish consume is directly correlated with 
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their body size (Morris and Akins 2009), with lionfish consuming prey up to 2/3 their 

body length (Albins and Hixon 2008).  Furthermore, because increased lionfish density 

led to slower growth within a matter of weeks, the effects of increased lionfish density on 

growth rates, and consequently on their impacts on native species, may be realized even 

over short time scales.   

The most likely mechanism for density-dependent growth in invasive lionfish is 

intraspecific competition.  Within-species interference and exploitative competition for 

food and/or space causes density-dependent growth in a variety of fish species (Jones 

1991) including some invasive freshwater fishes (Bøhn, et al. 2004, Britton et al. 2008, 

Raby et al. 2010).  Exploitative competition for food, rather than interference 

competition, was more likely in this case because no aggression between lionfish was 

observed during this experiment.  Recruitment of native fishes also declined with 

increasing lionfish density throughout this study, providing further evidence for 

exploitative competition for food.  Because lionfish are extremely effective predators 

(Albins and Hixon 2008, Morris and Akins 2009, Green et al. 2012), the consequence of 

within-species competition for food is that the invasion may eventually be controlled by 

lionfish over-consuming native prey, which would be a worst case scenario (Albins and 

Hixon 2013).  There is already some evidence that this may be the case, as lionfish 

abundance began stabilizing as prey fish declined on some Bahamian coral reefs, though 

it is difficult to disentangle the potential role of culling efforts and natural density-

dependent processes (Green et al. 2012).  

Although invasive lionfish exhibited density-dependent growth, loss rates were 

comparable across all density treatments.  Therefore, there was no indication of a 
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population threshold at which lionfish will begin to decline, even though lionfish were 

experimentally bolstered to 150% natural observed densities.  This finding contrasts with 

many native coral-reef fish species in which density-dependent mortality has been found 

using similar experimental methods in the same region (Forrester and Steele 2000, Carr et 

al. 2002, Hixon and Webster 2002).  However, unlike many native species, lionfish are 

not subject to high predation, most likely due to their venomous spines and other 

defensive characteristics (Allen and Eschmeyer 1973).  Thus far, the only published 

report of predation on lionfish in their invaded range was by large grouper (Maljković et 

al. 2008), which were present on my study reefs.  Even grouper, however, do not appear 

to be common predators of lionfish, as a manipulative field experiment conducted on 

similar patch reefs demonstrated that Nassau grouper abundance does not affect lionfish 

loss rates (TJ Pusack, unpublished data).  In addition to escaping native predators, 

lionfish appear to be free from other causes of density-dependent mortality, including 

interspecific competition (Albins 2013) and parasitism (LJ Tuttle, unpublished data).   

Since lionfish appear to be largely free from common sources of density-

dependent mortality, it is likely that the low level of lionfish loss during this experiment 

was due to emigration.  This study was conducted on juvenile lionfish inhabiting isolated 

patches, so the observed loss rates may not be comparable to lionfish in continuous 

habitats or larger lionfish.  While the experimental patches were comparable in size to 

natural patch reefs found throughout the Bahamas, it is plausible that lionfish in more 

continuous habitats may exhibit more movement.  However, in at least one estuarine 

system, juvenile and young adult lionfish up to 256 mm TL in a continuous habitat 

exhibited extremely high site fidelity (Jud and Layman 2012).  Furthermore, studies of 
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density-dependent loss in native coral-reef fishes in the same region have shown that 

small-scale results accurately scale up to larger habitats (Carr et al. 2002, Steele and 

Forrester 2005, Hixon et al. 2012).  Along with habitat, lionfish size may be another 

important factor affecting emigration.  Preliminary tagging studies indicate that smaller 

lionfish exhibit stronger site fidelity than adult lionfish in the Bahamas (personal 

observation), so future studies should investigate whether local adult lionfish density 

influences emigration rates. 

As with loss rates, gain rates in terms of both recruitment of small lionfish and 

immigration of larger lionfish were similar across treatments.  Because of the small 

number of lionfish that recruited and immigrated to all reefs throughout the experiment, 

there was low power to detect significant differences among treatments.  Still, the 

observation that no lionfish immigrated to reefs with >50% natural maximum lionfish 

density may indicate an important area of future research.  Given that the current method 

of lionfish management is through manual removal, if compensatory recruitment and/or 

immigration occur at sites with lionfish removal efforts, then culling of lionfish must be 

maintained at regular intervals (Barbour et al. 2011, Frazer et al. 2012).  However, it is 

important to note that removals typically focus on adult lionfish, therefore conducting a 

study of the effects of adult lionfish density on population gain rates would be useful in 

informing management efforts.   

Although this study was conducted on juvenile lionfish inhabiting isolated patch 

reefs, the findings may nonetheless have implications for management of the lionfish 

invasion.  Because reductions in juvenile growth can eventually translate into limited 

adult abundances (Kirkpatrick 1984, Jones 1991, Lorenzen and Enberg 2002), the 
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observed density-dependent growth may eventually cause local population regulation.  

However, the link between juvenile growth and population regulation is presently 

tenuous, and loss rates of juvenile lionfish were not density-dependent, at least over time 

periods typical of other young reef fishes.  Furthermore, because density dependence 

typically manifests during the juvenile stages of coral-reef fishes (Hixon and Webster 

2002, Osenberg et al. 2002, Hixon and Jones 2005), it is unlikely that adult lionfish will 

experience density-dependent loss, at least until native prey are severely depleted.  Thus, 

it will be difficult to accurately predict when invasive lionfish populations will naturally 

level-off, and current efforts to reduce local densities via manual removal by divers 

(Barbour et al. 2011, Frazer et al. 2012) are likely to remain the most effective 

management strategy.  At the same time, demographic rates of adult lionfish should be 

monitored to evaluate the existence of any compensatory density dependence that may 

hinder removal efforts.  
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Figure 2.1. Effect of density on individual lionfish growth rates.  Invasive lionfish growth 
rate in (A) length (mm/day) decreased linearly with increasing density throughout the 8-
week experiment, while lionfish growth rate in (B) mass (mg/day) decreased 
exponentially.  Points represent mean ± SEM.  Curves show fitted regression lines from 
(A) a linear regression and (B) a non-linear regression using an exponential decline 
function.  Sample sizes (# lionfish): (A) n for each point is: 1, 2, 4, 7, 10, and 12, 
respectively. (B) n for each point is: 1, 2, 3, 6, and 1, respectively.  
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Figure 2.2. Number of new invasive lionfish recruits and immigrants by current lionfish 
density on each reef.  Recruits are new lionfish <50 mm TL and immigrants are 
juvenile/adult lionfish >50 mm TL.  Bars represent total number ± SEM if applicable.  
Sample sizes (# reefs): 4 for the 0 lionfish density treatment and 1 for all other densities.
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3.1 ABSTRACT 

Density-dependent changes in predator foraging behavior due to intraspecific 

competition 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 determine whether lionfish behavior and 

movements vary with local densities of lionfish and/or their prey, I conducted 

observations of lionfish on sixteen 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 movement occurring at both dawn and dusk, but 

not midday.  Although some lionfish foraging behaviors 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 consequences 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.  
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3.2 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 access to mates, increased hunting efficiency, and 

reduced risk of predation (Packer and Ruttan 1988, Courchamp et al. 1999, Krause and 

Ruxton 2002, Gascoigne and Lipcius 2004).  However, at high densities, intraspecific 

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 and Ruxton 2002, Forrester 2015).  Density-dependent behavioral 

and demographic changes are not only important to the population dynamics and 

regulation of a single species (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 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 and Mangel 1986, Shaw et al. 

1995, Anholt and Werner 1995, Grand and Dill 1999, Bohlin and Johnsson 2004, White 

and 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 either by hunting for 

longer during their typical hunting hours and/or by hunting at more periods of the day 

(Lawton 1987, Kronfeld-Schor and Dayan 2003, Wasserberg et al. 2006).  Hunting at 
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more times of 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 predators forage 

over broader distances, then prey species that inhabit newly exploited habitats may be 

consumed. 

Changes in foraging behavior as a result of increased local density may be 

particularly important to the population dynamics of both introduced predators and their 

native prey.  Invasive species often reach higher abundances and individual body sizes in 

their invaded compared to their native ranges (Sakai et al. 2001, Grosholz and Ruiz 2003) 

and thus are likely to be strongly affected by intraspecific interactions.  Furthermore, 

many invasive species are both competitively dominant and more abundant than 

ecologically-similar native species in their new locations (Parker et al. 1999, Mack et al. 

2000, Mooney and Cleland 2001, Sakai et al. 2001), suggesting that intraspecific 

competition will have a larger influence on invasive species than interspecific 

competition.  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 extremely high abundances in parts of its invaded range (Côté et al. 

2013b, Albins and Hixon 2013).  Since they were first sighted off the coast of Florida in 
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the mid-1980s, lionfish have spread throughout the Caribbean, 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 

and Côté 2008, Darling et al. 2011, Kulbicki et al. 2012, McTee and 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 and Patterson 2014), removal efforts (Frazer et al. 2012, de León 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 populations 

are likely unaffected by potential predators (Hackerott et al. 2013, Valdivia et al. 2014, 

but see Mumby et al. 2011) or interspecific competitors (Albins 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 between 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 and Akins 2009, Green et al. 2011, Cure et al. 2012, McTee and 

Grubich 2014).  Invasive lionfish are extremely efficient predators, as they have high 

prey consumption rates (Albins and Hixon 2008, Côté and Maljković 2010) and cause 

large reductions in native coral-reef fish abundance, biomass, and richness (Albins and 

Hixon 2008, Albins 2013, 2015, Green et al. 2014, Benkwitt 2015).  There is evidence 

that invasive lionfish experience intraspecific competition for food, as lionfish at higher 
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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 densities lionfish will alter their foraging 

activity by (1) increasing the amount of time spent active and hunting at crepuscular 

periods and/or (2) increasing the times of day during which they are active and hunting.  

In addition, I expected that lionfish will change the locations at which they hunt such that 

they will (3) spend less time sheltering within the reef and (4) increase the distances over 

which they travel while hunting at higher densities. 

3.3. 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, Côté et al. 2014).  I selected sixteen 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 lionfish in the study area (Tamburello and Côté 2015).  Reefs were selected to 
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encompass a range of natural lionfish densities (1 – 16 lionfish/reef, 0.04 – 1.01 

lionfish/m2) and reef sizes (7.88 – 32.99 m2 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 – 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 visited each reef at three times of day: within 2 hours of sunrise 

(‘dawn’), greater than 3 hours from sunrise or sunset (‘midday’), and within 2 hours of 

sunset (‘dusk’).  During the study, sunrise varied between approximately 0630 and 0650 

hr and sunset varied between 1930 and 2000 hr.   Upon arriving at a reef, observers 

counted the number of lionfish present by conducting lionfish-focused searches, which 

involved first slowly circling reefs and then swimming over reefs until all areas had been 

covered.  Divers paid particular attention to crevices and overhangs 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, we recorded the size (TL visually estimated 

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 moving), or 

hunting (oriented head down with pectoral fins flared), with the latter three categories 

were broadly grouped together as ‘active’ for some analyses.  Similar classifications have 

been used in previous studies of lionfish behavior (Côté and Maljković 2010, Green et al. 
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2011, Cure et al. 2012).  Location was categorized 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 two major categories: sheltering (hidden under structure) or exposed 

(on top of reef or in surrounding area). 

Then, 10-minute focal observations were conducted on two lionfish selected using 

randomly-generated numbers or a single lionfish when there was only one individual 

present per reef.  During focal observations, a trained observer recorded the behavior of 

lionfish at 30-second intervals for 10 minutes using the same categories as above.  

Simultaneously, a second observer video recorded the focal lionfish to enable later 

analyses and confirmation of behaviors and allow divers to keep track of lionfish 

movement (see below).  The observers also noted any strikes at prey, successful kills, and 

obviously aggressive interactions (chases, posturing) between lionfish or between lionfish 

and other species.  However, there were very few observed strikes and aggressive 

interactions by focal lionfish, so those data were not analyzed.  The observers maintained 

a distance of approximately 3 m from focal lionfish, at which divers have no apparent 

influence on lionfish behavior (Côté and Maljković 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 if an 

arriving lionfish was a new individual, as a lionfish was seen departing from the reef and 
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traveled out of sight, and soon after another lionfish of the same size and coloration from 

the same direction returned.  In these cases, it was assumed that these were the same 

lionfish 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 

observers were most likely to miss arrivals and departures on reefs with the highest 

lionfish densities, if 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. Cephalopholis cruentata [graysby grouper]), and top 

predators (e.g. Epinephelus striatus [Nassau grouper]) 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 heterogeneity 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 
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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 surrounding 

habitats (see Results), I defined lionfish density as the density of lionfish on each reef at 

midday, which remained relatively constant during each observation period.  This 

measure of lionfish density was significantly positively correlated with the maximum 

density of lionfish observed on each reef during each of the three observation periods 

(correlation = 0.83, t = 13.3, p <0.001), and thus seemed to be an accurate 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 fish 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 

consumed by all sizes of lionfish (Morris and Akins 2009, Muñoz et al. 2011).  Prey 

density did not significantly vary with time of day (likelihood ratio test χ2 = 2.75, p = 

0.25) and there was no significant correlation between lionfish density and prey density 

(correlation = -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/m2) and top predators (0 – 0.30 fish/m2), so I did not include 

these as explanatory variables in the analyses. 

Response variables to test my predictions regarding lionfish behavior were based 

on observations of all lionfish on the reefs and on focal observations of individual 
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lionfish.  From all lionfish, the responses were: proportion of lionfish on each reef that 

were hunting upon arrival at the reef and proportion of lionfish on each reef that were 

active upon arrival at the reef.  From focal lionfish, the responses were: proportion of 

time spent hunting by individual focal lionfish and proportion of time spent active by 

individual focal lionfish.  Response variables to test predictions regarding lionfish 

position and movement were based on all lionfish on the reefs: proportion of lionfish on 

each reef that were sheltering during initial observations, proportion of lionfish arriving 

at each reef throughout observations, and proportion of lionfish departing from each reef 

throughout observations.  Because all responses were proportions, 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 associated package lme4 (Bates et al. 2014).   

3.4 RESULTS 

Lionfish Behavior 

 I observed a total of 95 lionfish at dawn, 126 at midday, and 117 at dusk on and 

around the sixteen coral patch reefs.  A significantly higher proportion of lionfish hunted 

at dawn compared to dusk and midday, and significantly more lionfish also hunted at 

dusk compared to 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 (LRT χ2 = 4.04, 2.31, p = 0.13, 0.32, respectively, Figure A.1, Figure A.2, Table 

A.1).  However, the proportion of time that individual focal lionfish spent hunting varied 

with both time of day and prey density (prey*time LRT χ2 = 16.91, p < 0.001, Figure 
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3.1a, Table A.1).  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 density (95% CI 1.60 – 8.12 and 1.76 – 8.28, respectively).  Regardless of prey 

density, lionfish spent very little 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 > 0.27, Figure A.1).   

In contrast, the proportion of lionfish active (hovering, swimming, or hunting) 

varied with both time of day and lionfish density, but not prey density (lionfish*time: 

LRT χ2  = 9.61, p = 0.008; prey*time: LRT χ2  = 0.67, p = 0.71, Figure 3.2a, Figure A.2, 

Table A.1).  Regardless of lionfish density, the majority of lionfish were active at dawn 

and few were active at midday.  At dusk, however, a significantly 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/m2 (95% CI 

1.21 – 2.61; z = 2.93, p = 0.003).  Similar to these reef-level patterns, individual focal 

lionfish spent significantly more time active at dusk at higher lionfish densities (z = 2.14, 

p = 0.032, 95% CI = 1.03 – 2.07, Figure 3.2b).  The amount of time individual lionfish 

were active at dusk and midday also varied significantly with prey density (Figure 3.1b), 

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 patterns were primarily driven by 

hunting and hovering behavior, as no lionfish were observed swimming upon arrival at 



 

 

48 

the reef and focal lionfish spent an average of 1.6% of their time swimming, compared to 

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*time: LRT χ2  = 14.59 p < 0.001; prey*time: LRT 

χ2  = 0.88, p = 0.64, Figure 3.3a, Figure A.3, Table A.1).  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*time: LRT χ2  > 8.13, p < 0.017; prey*time: LRT χ2  <  

4.15, p > 0.13, Figure 3.3b, Figure 3.3c, Figure A.3, Table A.1).  At dawn, 37.9% of all 

lionfish were observed arriving at the reefs from the surrounding areas, with a higher 

proportion of lionfish arriving to reefs with greater lionfish densities (z = 2.06, p = 0.039, 

Figure 3.3b).  For each increase in lionfish density by 0.1 fish/m2, there was an increase 

in the odds of a lionfish arriving at the reefs by a factor of 1.42 (95% CI 1.02 – 1.99).  At 

midday, there was very little lionfish movement, with only 7.1% of lionfish arriving at or 

departing from the reefs.  At dusk, the opposite pattern as at dawn was observed, with 

34.8% of lionfish departing from the reefs into the surrounding areas, and with a 

significantly higher proportion of lionfish departing at higher lionfish densities (z = 2.96, 

p = 0.003, Figure 3.3c).  For each additional 0.1 lionfish/m2 on a reef, the odds of a 
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lionfish departing from the reef at dusk increased by 2.57 times (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 (Figure 3.4).    

3.5 DISCUSSION 

There were significant differences in lionfish foraging activity and movement at 

different local densities 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 between coral patch reefs and surrounding 

habitats.  However, these changes with density were not consistent throughout the day, 

with the greatest differences in behavior occurring at dusk.  Although prey density was 

associated with changes in some foraging behaviors by individual lionfish, overall it 

appears that lionfish density was more important in explaining activity patterns.  These 

spatial and temporal changes in behavior may in turn change which prey individuals and 

species are most susceptible 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 during the middle of the 

day (Green et al. 2011, Cure et al. 2012, McTee and 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, current strength, and prey availability (Cure et al. 2012).  The 

differences in behavior on reefs with varying lionfish densities in this study, combined 
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with the wide range of lionfish population density both within and between oceans 

(Green and Côté 2008, Darling 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 exploitative 

competition for food was the main driver of changes in lionfish foraging behavior, then 

lionfish should exhibit greater hunting, activity, and movement 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 

and Werner 1995, Lubin and 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 and Côté 2014).  Therefore, 

teasing apart the influence of overall prey density compared to densities of preferred 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 suggests that interference competition is the main form of competition 

among lionfish and driving the changes in lionfish foraging behavior.  However, 
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aggressive interactions between lionfish are rare (Cure et al. 2012), and I likewise 

observed few apparent aggressive encounters between lionfish at any density.  Instead, 

lionfish may interfere with each other’s foraging efficiency in ways other than direct 

aggression (Krause and Ruxton 2002).  For example, in several instances I observed one 

lionfish strike at a prey fish, and immediately thereafter several others swam to 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 and 

Fraser 1984, Nonacs and Calabi 1992), further suggesting that even without direct 

aggressive encounters conspecifics 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 and Russ 2005, Grüss 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 

and Côté 2015).  The crepuscular movements observed in this study, however, appeared 

to be short-term foraging excursions given that approximately half of the lionfish 

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 reefs (Benkwitt in press).  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 
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daytime reef shelters and forage in the surrounding seagrass at night, with important 

consequences for prey populations as well as community structure and nutrient transfer 

(Nagelkerken 2009a, Ogden et al. 2014).  Several species of scorpionfish (Scorpaenidae), 

which are in the same family as lionfish, also leave their shelter in the evening, forage at 

night, and return to the same shelter in the morning (Harmelin-Vivien and Bouchon 

1976).   

The effects of intraspecific competition are often asymmetric, such that smaller, 

subordinate individuals in a population are most affected (Jones 1991, Peckarsky and 

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 this 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 was not captured in this study.  In terms of movement, larger 

lionfish were more likely to travel between patch reefs and the surrounding habitats, with 

smaller lionfish (<15 cm TL) never departing from their home reefs.  Similarly, previous 

studies of lionfish movement have found high site fidelity of small lionfish over the 

course of several months (Jud and Layman 2012, Benkwitt 2013, Tamburello and Côté 

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 and Dill 1990), 
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although there are few documented predators of lionfish in either their native or invaded 

range (Bernadsky and Goulet 1991, Maljković 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 fish-based diet by the time lionfish reach approximately 20 cm TL 

(Morris and Akins 2009, Muñoz 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 individuals 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, Lönnstedt 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 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 and 
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Christianson 2008).  Finally, some activity and movement into the surrounding seagrass 

may be related to spawning behavior, which likely occurs at night.  On one occasion, I 

observed apparent courtship behavior 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 circles around each 

other for approximately 2 minutes.  Two lionfish then returned to the reef while the 

remaining one continued swimming rapidly away from the reef for at least 200 m.  The 

fact that lionfish can spawn up to every four days (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.  If lionfish at higher densities are foraging in 

surrounding seagrass areas, then they may be causing 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 2009a, Ogden et al. 2014).  In 

contrast, lionfish were almost always resting during the middle 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 



 

 

55 

time spent foraging and their foraging movements, many fishes shift to feeding on less 

preferred prey at higher densities (Coates 1980, Dill 1983, Holbrook and Schmitt 1992, 

Schindler et al. 1997, Svanbäck and Persson 2004, Agashe and Bolnick 2010).  There is 

currently no evidence that lionfish have different isotopic diet signatures at sites with 

high compared to low lionfish densities (J. Curtis unpubl.), 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 = 3, 763 per hectare) are comparable to the 

maximum reported densities from small artificial structures in the Gulf of Mexico (3,850 

lionfish per hectare; Dahl and 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 m2) lionfish similarly move over a broader area 

including the surrounding sand while foraging during crepuscular times (A. Davis, 

unpubl.).   

The main method of managing lionfish populations is through manual removal by 

divers, which is a time and labor-intensive process.  However, removals can significantly 

reduce local lionfish abundances (Frazer et al. 2012, de León et al. 2013) and even partial 

removals can help maintain native prey populations on coral patch reefs (Green et al. 
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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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Figure 3.1. Proportion of time individual focal lionfish spent hunting (a) and active 
(hovering, swimming, or hunting) (b) as a function of prey fish density at dawn (blue 
squares), midday (green circles), and dusk (orange triangles).  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 individual lionfish and were 
randomly jittered to reduce overlap.   
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Figure 3.2. Proportion of lionfish that were active (hovering, swimming, or hunting) upon 
arrival at the reef (a) and proportion of time individual focal lionfish spent active (b) as a 
function of lionfish density at dawn (blue squares), midday (green circles), and dusk 
(orange triangles).  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 (a) and individual lionfish (b) and were randomly jittered to reduce 
overlap.   
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Figure 3.3. Proportion of lionfish that were sheltering upon arrival at the reef (a), 
proportion of new lionfish that arrived at each reef (b), and proportion of lionfish that 
departed from each reef (c), as a function of lionfish density at dawn (blue squares), 
midday (green circles), and dusk (orange triangles).  Lines are predicted probabilities 
based on generalized linear mixed effects models.  Dashed lines represent slopes that are 
not significantly different from zero, solid lines represent slopes that are significantly 
different from zero (p < 0.05).  Points represent reefs and were randomly jittered to 
reduce overlap.  
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Figure 3.3. 
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Figure 3.4. Proportion of lionfish within each size class that arrived at or departed from 
the reefs.  Sample sizes (number of lionfish) in each size class: 7, 10, 235, 61, 25, 
respectively.  
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4.1 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 

ecological 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 relationship 

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.  Evenness 

and composite diversity were not significantly affected by lionfish density.  Given 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.  
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4.2 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 populations and communities of native species is an important goal in 

invasion biology, basic ecology, and conservation biology (Parker et al. 1999).  To 

predict an invader’s impact, whether be it on individuals, populations, communities, 

and/or ecosystems, most studies determine 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 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. 2010). 

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 overestimate 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, Matsuzaki et al. 2009, Griffen and Byers 2009).  Potential mechanisms causing this 

overestimation include depletion of food and/or competition 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 
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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 predators 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 

abundance.  Even those studies that accounted for invader density rarely tested more than 

three different abundances (Thomsen et al. 2011).  Such information on the relationship 

between invader abundance and its ecological 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 management 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 western Atlantic region (Schofield 2009).  

Originally recorded off the coast of Florida in the 1980s, lionfish populations have been 



 

 

75 

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 approximately 400 fish/hectare, 

compared to just 26.3 fish/hectare 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 eradicate them 

(Barbour et al. 2011).  Due to the high effort associated with lionfish removal but the 

limited resources available, directing efforts to most effectively 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. 2013a).  Lionfish are unlike other 

predators in both their appearance and hunting behavior (Allen and Eschmeyer 1973, 

Green et al. 2011, Albins and Lyons 2012, Cure et al. 2012), and consequently consume 

native prey fish at extremely high rates (Albins and Hixon 2008, Côté and Maljković 

2010, Green et al. 2011).  A single lionfish on a 1-4 m2 patch reef can reduce the 

abundance of small (<50 mm total length) 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 
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spatial scale, increases in lionfish abundance have coincided with declines of native 

fishes on large natural reefs over several years (Green et al. 2012). 

 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 

reductions 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 documented 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.   
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 In this study, I address how increasing invasive lionfish densities affect native 

coral-reef fishes.  Specifically, 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.   

4.3 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 (23º45'19.69'', -76º8'46.50'') 

(Figure B.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 successfully 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 zero to 12 

lionfish/m2 (Table B.1).  The highest natural lionfish density observed on these reefs was 
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8 lionfish/m2, thus the experimental range extended to 150% the natural maximum.  Four 

reefs were used as zero-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 

determining 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 (see Statistical Analyses below), I assigned lionfish density 

treatments to reefs using constrained randomization 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 total length (TL) from nearby reefs.  There was no difference in 

initial body size among lionfish treatments (linear regression t=0.839, p = 0.41; Table 

B.1).  Each lionfish was given a unique elastomer tag (Northwest Marine Technology 

Inc., Shaw Island, Washington, USA; Frederick 1997) to differentiate between lionfish at 
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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 

also removed resident native piscivores and standardized the number of Nassau grouper 

(Epinephelus striatus) and territorial damselfishes (Stegastes 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 approximately 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.   
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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: 

          (1) 

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 greater than 1 when there was an increase in abundance, equal to 1 when there was 

no change in abundance, and less than 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 = aLb           (2) 
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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 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 (∆ 

AICc) was less than 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 
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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 composition 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 

modifications.  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 treatments at the start of the experiment, as for all metrics 

(abundance, biomass, richness, evenness, composite diversity, and community structure, 
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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 ∆ AICc > 3.73).   

All statistical analyses were conducted in R version 3.0 (R Development Core 

Team 2013), with associated packages AICcmodavg (Mazerolle 2013), nlstools (Baty and 

Delignette-Muller 2013), and vegan (Oksanen et al. 2013).   

4.4 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 approximately 18% 

on the reef with one lionfish, and decreased on all reefs with two or more lionfish (Figure 

4.1a).  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 (Figure 4.1b).  

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 to 86.9%; Table 4.1).   

 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 

(∆ AICc < 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 to 0.10, t = -3.773, p = 0.02).  Based on an 
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exponential model, for each additional lionfish on a reef there was an estimated 85.2% 

reduction in proportional abundance (95% CI  = 80.2 to 90.6%, t =2.611, p = 0.059).   

The species that had the largest increase in abundance on lionfish-free control 

reefs and the largest decrease in abundance on all lionfish reefs was the bridled goby 

(Coryphopterus glaucofreanum) (Table B.2).  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% (Figure 4.2a).  

By the end of the experiment, biomass of small fishes also followed a negative 

exponential decline with increasing lionfish density (Figure 4.2b; Table 4.1).  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 (∆ AICc > 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 (Figure 4.3a), and both the linear and negative exponential 

models fit better than the null intercept-only model (Table 4.1).  However, there was little 

evidence to distinguish between the linear and non-linear models (∆ AICc = 0.208; Table 

4.1).  Based on the linear model, for each additional lionfish on a reef species richness 
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decreased proportionally by 0.10 (95% CI 0.07 to 0.13; Table 4.1).  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 to 93.2%; Table 4.1).   

There was no relationship between species evenness (J) or species diversity (H’ 

and 1-D) and lionfish density (Figure 4.3b, c, and d).  For evenness and both diversity 

indices, the null intercept-only model fit better than both the linear and non-linear models 

(∆ AICc > 2.09; Table 4.1).   

Native fish community structure 

 The non-metric multidimensional scaling (NMDS) ordination of reef fish 

communities at the final censuses converged on a stable 2-dimensional solution (Figure 

4.4a; 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, community structure was clearly 

affected by lionfish density, but there was little evidence to distinguish between a linear 

and non-linear model (∆ AICc = 1.61; Table 4.1; Figure 4.4b).  Of the 27 native coral 

reef fish species present during the final surveys, only the cleaner goby (Elacatinus 

genie) was positively correlated with axis 1, but this was an extremely weak correlation (r 

= 0.11, Table B.3).  Eight species were strongly negatively correlated with axis 1 (r < -

0.50), with the beaugregory damselfish (Stegastes leucostictus) (r = -0.79), bridled goby 

(Coryphopterus glaucofraenum) (r = -0.77), and rosy blenny (Malacoctenus macropus) (r 

= -0.76) having the strongest negative relationships.   
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4.5 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), 
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followed by the beaugregory damselfish (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. 2013a).  However, at the 

highest 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, chemical 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 compared 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 (Marsh-Hunkin et al. 2013, Lönnstedt and 

McCormick 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 
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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).  Evenness 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 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 negatively 

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 
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correlation.  Although lionfish occasionally consume cleaner gobies in the laboratory (LJ 

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 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 
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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 diversity 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 accomplished 

by linearly scaling-up per-capita effects (Parker et al. 1999).  In the past few years, 
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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. 2010, 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 

demonstrate that accounting for non-linearities in invader impacts is important in 

managing the ecological effects of biological invasions.  
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Figure 4.1. 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 ∆AICc). 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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Figure 4.2. 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.  Curves show linear and negative 
exponential models (best fit models based on ∆AICc).  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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Figure 4.3. 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 ∆AICc: (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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Figure 4.4. (a) Non-metric multidimensional scaling (NMDS) ordination 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 ∆AICc).  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 4.1. Model comparisons for the effect of lionfish density (#/m2) on proportional 
change in prey-sized native fish abundance, biomass, species richness, species evenness, 
composite diversity (Shannon-Wiener and Simpson’s), and community 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 ∆AICc value and residual standard error (res. SE), with the best model having no 
other model within 2 ∆AICc of it.  Also included are the parameters estimated by each 
model, the standard error for each parameter estimate, and the p-value for each parameter 
estimate.  
 

 Model AICc ∆ 
AICc 

Res. 
SE 

Para-
meter 

Est-
imate SE p-value 

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*e(bx)) 

39.31 0 1.17 a 2.88 0.58 0.001 

Abundance 
  

        b -0.71 0.57 0.251 
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*e(bx)) 

41.93 0 1.34 a 3.10 0.67 0.002 

Biomass 
  

        b -1.33 1.46 0.386 
Intercept-
only (y~a) 23.01 4.32 0.61 a 0.97 0.19 <0.001 

Linear 
(y~bx+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*e(bx)) 

18.69 0 0.42 a 1.39 0.19 <0.001 

Richness 
  

        b -0.14 0.07 0.062 
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Table 4.1. (Continued) 
 

 Model AICc ∆ 
AICc 

Res. 
SE 

Para-
meter 

Est-
imate SE p-value 

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*e(bx)) 

2.09 2.19 0.17 a 0.93 0.07 <0.001 

Evenness 
  

        b 0.02 0.04 0.151 
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*e(bx)) 
14.83 3.41 0.34 a 1.08 0.15 <0.001 

Shannon-
Wiener 

diversity 
  

        b -0.04 0.04 0.35 
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*e(bx)) 

12.94 4.47 0.31 a 1.06 0.13 <0.001 

Simpson 
diversity 

  

        b -0.02 0.03 0.629 
Intercept-
only (y~a) 26.71 15.95 0.73 a <0.00

1 0.02 0.999 

Linear 
(y~a+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*e(bx)) 

10.76 0 0.28 a 0.32 0.09 0.007 

Community 
Structure 
(NMDS 
Axis 1 
Scores) 

  

        b 0.16 0.03 <0.001 
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5.1 ABSTRACT 

Cross-habitat foraging movements of predators can have widespread implications 

for predator and prey populations, community structure, nutrient transfer, and ecosystem 

function.  Although central-place foraging models and other aspects of optimal foraging 

theory focus on individual predator behavior, they also provide useful frameworks for 

understanding the effects of predators on prey populations across multiple habitats.  

However, few studies have examined both the foraging behavior and ecological effects of 

non-native predators across multiple habitats, and none has tested whether non-native 

predators deplete prey in a manner predicted by these foraging models.  I conducted 

behavioral observations of invasive lionfish (Pterois volitans) to determine whether they 

exhibit foraging movements similar to other central-place consumers.  Then, I used a 

manipulative field experiment to test whether their effects on prey populations are 

consistent with three qualitative predictions from optimal foraging models.  Specifically, 

I predicted that the effects of invasive lionfish on native prey will (1) occur at central 

sites first and then in surrounding habitats, (2) decrease with increasing distance away 

from their shelter site, and (3) extend to greater distances when prey patches are spaced 

closer together.  Approximately 40% of lionfish exhibited short-term crepuscular 

foraging movements into surrounding habitats from the coral patch reefs where they 

shelter during daylight hours.  Over the course of 7 weeks, lionfish depleted native fish 

populations on the coral patch reefs where they reside, and subsequently on small 

structures in the surrounding habitat.  However, their effects did not decrease with 

increasing distance from the central shelter site and the influence of patch spacing was 

opposite the prediction.  Instead, lionfish always had the greatest effects in areas with the 
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highest prey densities.  The differences between the predicted and observed effects of 

lionfish foraging are likely due to different constraints faced by invasive predators 

compared to native predators, namely that lionfish do not face increased predation risk 

with increased movement away from shelter sites.  By foraging at greater distances from 

patch reefs than native predators, lionfish eliminated a spatial refuge from predation used 

by juveniles of many commercially and ecologically important reef fishes.  

5.2 INTRODUCTION 

Mobile predators that forage across multiple habitats affect prey populations, 

community structure, nutrient transfer, food web stability, and ecosystem function over 

broad spatial scales (Polis et al. 1997, Lundberg and Moberg 2003, McCann et al. 2005, 

Schmitz et al. 2010).  Many consumers that make cross-system foraging movements 

consistently return to the same shelter or breeding site, where they provide food for 

offspring and/or gain access to non-food resources, such as refuges from predators.  

Based on optimal foraging theory (MacArthur and Pianka 1966), central-place-foraging 

models make several predictions about how these consumers should maximize net energy 

gain by optimizing foraging effort and prey selectivity (Covich 1976, Orians and Pearson 

1979, Schoener 1979).  Results from empirical studies often match these predictions 

(Pyke et al. 1977, Andersson 1981, Stephens and Krebs 1986), even for animals that do 

not meet the original definition of central-place foragers (e.g., those that do not bring 

food resources back to a central site and/or do not always return to the same exact central 

site; Huntly 1987, Chase 1998, Lewison and Carter 2004, Bakker et al. 2005, van Gils 

and Tijsen 2007, Bestley et al. 2015, Chudzińska et al. 2015, Rozen-Rechels et al. 2015).  

Although these classic models and most subsequent studies have focused on the behavior 
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of individual consumers, they can also provide a useful framework for examining how 

predators may affect prey populations and communities across multiple habitats (Fagan et 

al. 2007).   

Central-place-foraging theory predicts that consumers should decrease foraging 

effort at greater distances from their central site due to increased predation risk and/or 

lower net energy gain as travel time between the central site and the prey resource 

increases (Andersson 1978, Kacelnik 1984, Lima 1988, Lima and Dill 1990, Kotler et al. 

1993, van Gils and Tijsen 2007).  As a result, all else being equal, prey abundance should 

increase with increasing distance from the central site.  Visible ‘halos’ where prey 

populations are locally depleted near shelter sites have been documented for a variety of 

consumer and resource types in a range of ecosystems, including herbivorous sea urchins 

and fishes depleting seagrass near coral patch reefs reefs (Randall 1965, Ogden et al. 

1973), small herbivorous mammals depleting plants near burrows (Huntly 1987), and 

seabirds depleting fish populations near colonies (Birt et al. 1987).  As resources near 

their central site become depleted, consumers subsequently travel farther during foraging 

trips and consequently remove prey resources from a larger area (e.g., Kuhn et al. 2014). 

Despite many studies of the foraging behavior and ecological effects of predators, 

relatively few have examined both the movements of non-native predators across 

multiple habitats and the subsequent consequences for prey populations (Nordström and 

Korpimäki 2004, Rand et al. 2006, Caut et al. 2008, Ruffino et al. 2011, Ruokonen et al. 

2012).  Additionally, although several studies have looked at the movement and dispersal 

patterns of invasive species in the context of central-place foraging (Holway and Case 

2000, Galende and Raffaele 2008, Russell et al. 2010), none has tested whether non-



 

 

108 

native predators deplete prey populations in a manner predicted by central-place and 

other optimal foraging models.  Invasive predators may experience different constraints 

and trade-offs than native predators, as they have often escaped their natural enemies 

(‘enemy release hypothesis’; Keane and Crawley 2002, Colautti et al. 2004, Liu and 

Stiling 2006, Heger and Jeschke 2014) and can be more efficient foragers (e.g., due to 

prey naiveté; Cox and Lima 2006).  Therefore, determining which predictions of central-

place and other optimal foraging models apply to invasive predators can broaden our 

understanding of the patterns and ecological effects of predation across multiple habitats.  

Furthermore, because non-native predators often have stronger effects on native prey 

populations than native predators (Salo et al. 2007), it is imperative from a management 

perspective to gain an understanding of whether and how these ecological effects are 

influenced by various modifying factors, including the distance to a shelter site.   

Here, I investigate how the effects of an invasive predator on native prey 

communities vary across time and space, focusing on invasive Pacific red lionfish 

(Pterois volitans) on and around Bahamian coral patch reefs.  Lionfish are structure-

associated mesopredators that have spread rapidly throughout tropical and sub-tropical 

western Atlantic coasts since the early 2000s (reviewed in Côté et al. 2013b).  It is likely 

that invasive lionfish have achieved some degree of enemy release, as they are largely 

free from both predators and parasites (reviewed in Côté et al. 2013b).  This release may 

help explain their large population abundances (~400 individuals/hectare), fast individual 

growth rates (0.8-1.0 mm/day), and large maximum size (~50 cm TL) in their invaded 

compared to their native range (Albins and Hixon 2013, Pusack et al. In press).  Lionfish 

are diet generalists, switching from predominately invertebrate to fish prey as they grow 
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and consuming more than 56 species of reef fishes from 25 families in The Bahamas 

alone (Albins and Hixon 2008, Morris and Akins 2009, Côté et al. 2013a).  Lionfish may 

exhibit behaviors similar to those of other central-place foragers, as they typically exhibit 

high site fidelity in estuarine (Jud and Layman 2012), hardbottom (Bachelor et al 2015), 

and coral patch reef habitats (Layman and Allgeier 2012, Benkwitt 2013, Tamburello and 

Côté 2015), with the majority of lionfish remaining on the same patch reef over the 

course of several months (Benkwitt 2013, Tamburello and Côté 2015).  At shorter time 

scales, lionfish have been documented exhibiting limited movement into sand and 

seagrass habitats surrounding coral patch reefs while foraging at dawn and dusk (Green et 

al. 2011).  Lionfish cause drastic reductions in native fish populations on coral patch reefs 

(Albins and Hixon 2008, Albins 2013, Green et al. 2014, Benkwitt 2015), but their 

ecological effects in neighboring habitats have not yet been quantified.  

 This is the first study to document the effects of lionfish predation in habitats 

surrounding coral patch reefs on which lionfish typically reside.  These adjacent habitats 

consist of stretches of continuous seagrass and sand interspersed with small structures 

(e.g., small colonies of living or dead coral, empty conch shells).  Potential prey fishes 

inhabit these open sand and seagrass areas at low densities, and the small interspersed 

structures at much higher densities.  I first conducted behavioral observations of lionfish 

movement around coral patch reefs to determine whether they exhibit hunting behaviors 

consistent with other central-place foragers.  Specifically, I determined whether lionfish 

forage in habitats surrounding their central site (coral patch reefs) and whether some 

consistently return to the same reef after foraging bouts.  I then tested whether the effects 

of invasive lionfish on native prey fish density occur in a manner predicted by central-
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place and other optimal foraging theories.  If lionfish forage in a similar manner to 

central-place foragers and other consumers that cause halos of prey depletion around 

shelter sites, then their effects are predicted to (1) occur at central sites first and then in 

surrounding habitats, and (2) decrease with increasing distance away from their shelter 

site (Covich 1976, Andersson 1978, Orians and Pearson 1979).  Because high densities of 

prey fishes inhabit small structures in the seagrass surrounding coral patch reefs, I also 

expected spacing between these habitat patches to influence the range of lionfish effects.  

In particular, I predicted that, according to the marginal value theorem (Charnov 1976), 

lionfish effects would (3) extend to greater distances when patches are spaced closer 

together due to stepping-stone effects and lower travel costs associated with moving to 

the next patch.    

5.3 METHODS  

Foraging Movements of Lionfish 

To determine whether lionfish engage in central-place foraging forays from coral 

patch reefs to surrounding habitats, I conducted behavioral observations in Rock Sound, 

Eleuthera, Bahamas (24° 50' 2.65" N, 76° 16' 6.78" W).  Following their initial 

establishment throughout The Bahamas in 2005, lionfish populations increased 

dramatically with little evidence of leveling-off (Benkwitt 2013, Albins and Hixon 2013).  

Rock Sound is a shallow (3 - 4 m deep) sand and seagrass bed with coral patch reefs of 

varying sizes scattered throughout.  In June – August 2012, I conducted observations of 

lionfish on sixteen coral patch reefs ranging in size from 7.88 to 32.99 m2, with lionfish 

abundances of 1 to 16 individuals per reef and densities of 0.04 to 1.01 lionfish/m2.  A 

pair of divers visited each reef at three times of day: dawn (within 2 hours of sunrise, 
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between approximately 0630 and 0800 hr), midday (greater than 3 hours from sunrise or 

sunset, between approximately 1000 and 1630 hr) and dusk (within 2 hours of sunset, 

between approximately 1730 and 1930 hr). 

Upon arriving at a reef, observers recorded the number, size (total length [TL] 

visually estimated to the nearest cm), and behavior of each lionfish.  During an 

approximately 40-minute observation period on each reef during each of the three times 

of day, divers noted the time when any lionfish departed from or arrived at the reef and 

its behavior.  Because the patch reefs were sufficiently small and the surrounding habitats 

had low relief, the pair of divers could observe when lionfish arrived at or departed the 

reef from any direction.  A lionfish was defined as departing from a reef when it traveled 

at least 10 m into the surrounding habitat.  When a lionfish was observed departing from 

the reef, divers recorded how far it travelled (up to the limit of visibility) and whether it 

returned to the reef.  In 3 instances, a lionfish was seen departing from the reef and 

traveled out of sight, and soon after another lionfish of the same size from the same 

direction returned, so it was assumed that this was the same lionfish returning to the reef. 

To determine whether lionfish departed from the reefs and foraged in surrounding 

habitats with no divers present, eight reefs were each filmed twice for durations between 

1.5 and 3.25 hours using automated GoPro video cameras during the summer of 2013 

(see Effects of Lionfish on Prey Fishes in Different Habitats below).  Between 4 and 6 

cameras were positioned around coral patch reefs on which lionfish resided and in 

surrounding habitats just before dusk and retrieved the following morning. 

Effects of Lionfish on Prey Fishes in Different Habitats 

To test whether lionfish movements away from coral patch reefs affect native 
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fishes in the surrounding areas, I conducted a manipulative field experiment during June 

– August 2013.  I selected sixteen patch reefs ranging in size from 12.8 to 43.1 m2, seven 

of which were the same reefs as studied in 2012.  Reefs were paired based on similarity 

in location, size, benthic composition, initial fish community, and surrounding habitat, 

then one reef in each pair was randomly assigned to either low-lionfish or high-lionfish 

treatments.  A pair of divers removed all lionfish from the eight low-lionfish reefs during 

weekly visits (resulting mean lionfish density on low-lionfish reefs was 0.01 to 0.03 

lionfish/m2).  The eight remaining reefs were maintained as high-lionfish treatment reefs, 

with divers adding lionfish to the reefs to keep densities within the naturally occurring 

range observed in Rock Sound (resulting mean lionfish density on high-lionfish reefs was 

0.12 to 0.29 lionfish/m2 and mean (± SEM) lionfish size was 16 cm ± 0.4 TL, with a 

range of 3 to 34 cm TL).  Given that lionfish mature between approximately 10 - 17.5 cm 

TL (Morris 2009), individuals on these reefs represent a mix of juveniles and adults.   

A pair of divers returned to each reef weekly for 7 weeks to census the native fish 

communities on the main reefs and in three different habitat types in the surrounding 

areas (Figure C.1, C.2).  During all surveys, divers counted all fish < 15 cm TL and all 

piscivores of any size.  Surveys were conducted between 0930 and 1700 hr, and divers 

used flashlights to facilitate counting nocturnal fishes hiding in caves and crevices.  

Around each main reef, I haphazardly selected between one and four satellite coral heads 

to survey.  Satellite coral heads were small structures comprised of one to several coral 

colonies, ranging in size from 0.31 to 4.7 m2 and located between 3.8 and 25.1 m from 

the main reefs.  Satellite heads were chosen to sample a range of sizes and distances 

around each main reef, and there was only a weak correlation (0.2) between satellite size 
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and distance to main reef.  In addition to being smaller than the main reefs, satellite heads 

also supported neither resident lionfish nor native piscivores.  To document native fish 

communities in open sand and seagrass areas without any coral heads or other hard 

structures, two 35 m transects were run outward from each main reef in randomly 

selected directions.  Divers surveyed fish at 5-m intervals within 2-m2 plots around the 

transect tapes. 

To obtain a standardized measure of fish communities at set distances from each 

reef that accounted for habitat type, patch size, and initial fish community, I set-up small 

(~ 0.5 m2) identical standardized habitat units (SHUs) consisting of 9 empty queen conch 

(Strombus gigas) shells with their apertures facing upward.  Empty conch shells attract 

similar assemblages of recruiting coral reef fishes as natural rubble habitats (Shulman 

1985), and the presence of conch shells has been manipulated to alter shelter availability 

for small fishes in many previous studies (e.g., Johnson 2007, Samhouri et al. 2009, 

Hixon et al. 2012).  All reefs had one row of 4 SHUs located at 7-m intervals extending 

away from the reef.  To test the hypothesis that the effects of lionfish depend on patch 

spacing, half of the reefs (4 high-lionfish and 4 low-lionfish reefs) also had a second row 

of 2 SHUs located at 15 m and 31 m from the reef and extending outward in the opposite 

direction from the first row (see Figure C.1, C.2 for schematic of sampling design and 

photographs of all habitat types). 

Statistical Analyses 

I restricted my analyses to fish < 5 cm TL, which were small enough to be 

vulnerable to predation by a range of lionfish sizes and thus were clearly potential prey of 

lionfish (Morris and Akins 2009), but unlikely to be consumed by larger predators 
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(Randall 1967, Stallings 2008).  This size class of fishes also encompasses new recruits 

settling to these habitats following their pelagic larval phase rather than older colonists 

immigrating from surrounding habitats some time after settlement, especially given that 

this study was conducted during the peak summer settlement season in The Bahamas.  

Five of the 16 main coral patch reefs (2 high-lionfish reefs and 3 low-lionfish reefs) had 

high abundances of small, juvenile grunts (Haemulon spp.), which formed large schools 

of approximately 100 - 300 individuals above the reefs. On these reefs, grunts were an 

average of 3.2 times more abundant than all other species combined.  In contrast, on the 

remaining 11 reefs grunts were an average of 1.9 times less abundant than all other 

species combined.  I excluded grunts from all analyses following the protocol of Shulman 

(1985) because of the difficulty in gathering precise, accurate counts and to avoid having 

their abundances obscure the responses of all other species, especially given that grunts 

are not a typical prey item of lionfish in this system (Morris and Akins 2009, Côté et al. 

2013a).  After excluding the grunts, the fish in the 0-5 cm size class represented a 

majority of fish surveyed on the reefs (mean ± SEM: 63.7% ± 0.01).  To test for an effect 

of lionfish treatment on native fish density in each habitat, I converted the density of 

native fish to net change in density between the initial census (week 1) and each 

subsequent census (weeks 2 - 8).  All SHUs had no fish inhabitants at the beginning of 

the experiment, so ‘net change’ on these patches was the same as the density observed. 

To account for repeated measures on the same reefs over time and a nested 

sampling design with multiple satellite coral heads, transects, and SHUs around each 

reef, I used a series of linear mixed effects models (LMMs) to test each of the three 

predictions (Bates and Pinheiro 2000, Zuur et al. 2009).  I included reef as a random 
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effect in the main reef LMMs, and satellite coral head, SHU row, or transect direction 

nested within reef as random effects in the LMMs for each corresponding habitat type.  

To test whether the effects of lionfish on native fishes occur at shelter sites first and then 

in surrounding habitats, I ran a LMM for each habitat type (main patch reefs, open areas, 

satellite coral heads, and SHUs) with lionfish treatment*week as fixed effects.  I treated 

week as a factor because I had no a priori reason to expect a linear pattern.  To test 

whether the effect of lionfish on satellite coral heads depends on distance from main reef 

while accounting for satellite size, I ran a LMM with treatment*distance*size*week as 

fixed effects.  To determine whether the effects of lionfish in open areas and on SHUs 

depend on distance from main reef, I ran LMMs with treatment*distance*week as fixed 

effects.  Finally, to test whether lionfish effects extend to greater distances when patches 

are spaced closer together, I ran a LMM with native fish density on the farthest SHU (31 

m from the main reefs) as the response and treatment*spacing*week as fixed effects.  For 

this analysis, I only included reefs with two rows of SHUs, one spaced at 7-m intervals 

and one spaced at 15-m intervals. 

Visual examination of residual plots from models for main reefs, satellite coral 

heads, and SHUs fit using restricted maximum likelihood estimation (REML) suggested 

violation of the assumption of homogeneity among lionfish treatments.  Adding weighted 

terms to each model that allowed treatments to have different variances improved 

residual plots and significantly improved model fits (Zuur et al. 2009; all likelihood ratios  

> 12.879, all p < 0.0001).  Visual examination of residual plots from models for open 

areas suggested violations of the assumption of homogeneity among reefs.  Adding 

weighted terms that allowed reefs to have different variances improved residual plots and 
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significantly improved model fits (likelihood ratio = 111.116, p < 0.001).   

I then re-fit all models using maximum likelihood (ML) and used likelihood ratio 

tests (LRTs) to test for significance of fixed effects following the procedures in Zuur et al 

(2009).  When an interaction was not significant, I eliminated it from the model and 

tested for the significance of lower-order fixed effects.  Once I determined the optimal 

model in terms of fixed effects, I re-fit models using REML to obtain parameter estimates 

and standard errors.  When an interaction term involving a categorical fixed effect with 

more than two levels was significant, I calculated adjusted p-values for each level of 

interest using post-hoc tests that correct for multiple comparisons (Hothorn et al. 2008).  

All statistical analyses were conducted in R version 3.0.2 (R Core Team 2013) with 

associated packages nlme (Pinheiro et al. 2013) and multcomp (Hothorn et al. 2008).   

5.4 RESULTS 

Foraging Movements of Lionfish 

Lionfish exhibited characteristics of central-place foragers, typically sheltering in 

patch reefs during the day and foraging in surrounding habitats at dawn and dusk.  At 

crepuscular times, approximately 40% of observed lionfish moved between coral patch 

reefs and surrounding areas (Figure 5.1a).  At dusk, the majority of lionfish flux was due 

to lionfish departing from the reefs, either alone or in small groups of up to five 

individuals.  At dawn the majority of flux was due to lionfish arriving at the reefs, which 

they did alone in all but two instances.  Of the 47 lionfish observed departing from the 

reef, almost half (n = 20) returned to the reef during the observation period (within 3 – 40 

minutes).  The majority of lionfish stayed within 15 m of the reef (Figure 5.1b), although 

some were observed hunting as far as 50 m from the reef in various microhabitats, 
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including small coral heads, gorgonians, sponges, rubble, and in open sandy areas and 

seagrass beds. 

Video analysis from automated cameras surrounding coral patch reefs confirmed 

that lionfish moved to and from the surrounding areas at dusk, even when no divers were 

present.  On 5 of the 8 high-lionfish reefs, lionfish were observed away from the main 

reefs on and around satellite coral heads and standardized habitat units (SHUs).  

Although abundant on main reefs (density 0.02 - 0.16 fish/m2), native mesopredators 

(graysby grouper, Cephalopholis cruentata) were never observed near any satellite coral 

head or SHU.  Large Nassau grouper (Epinephelus striatus) and black grouper 

(Mycteroperca bonaci), which are top teleost predators in this system, were observed 

around satellite coral heads and SHUs near 7 of the 8 high-lionfish reefs.  Other top 

predators -- great barracuda (Sphyraena barracuda) and nurse sharks (Ginglymostoma 

cirratum) -- were occasionally seen (2 and 5 times, respectively) passing through 

surrounding habitats.   

Effects of Lionfish on Prey Fishes in Different Habitats 

There were no significant differences in native fish density in any habitat between 

low- and high-lionfish treatments at the initial census (week 1), nor was there a 

significant difference in native predator density on the main reefs between the treatments 

at any time throughout the experiment (Table C.1). 

Over the course of the experiment, the effects of invasive lionfish on native fish 

density occurred at different times among different habitat types.  Lionfish first depleted 

native prey fishes on the main reefs where they sheltered, as there were significant 

differences in native fish density between high- and low-lionfish treatments beginning in 
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week 3 that persisted for the remainder of the 7-week experiment (treatment*week LRT p 

< 0.001; Figure 5.2a; Table C.2).  Although lionfish never significantly affected native 

fish density in open sand and seagrass areas (treatment*week LRT p = 0.69; treatment 

LRT p = 0.71; Figure 25.b; Table C.2) they did affect structure-associated prey fishes in 

surrounding habitats.  On satellite coral heads 3.8 to 25.1 m from the main reefs, lionfish 

significantly reduced native fish populations relative to control sites during the final 3 

weeks of the study (treatment*week LRT p < 0.001; Figure 5.2c; Table C.2).  Similarly, 

there were significant differences in native fish density on SHUs located between 7 and 

31 m from main reefs between lionfish treatments in weeks 4, 7 and 8 (treatment*week 

LRT p = 0.03; Figure 5.2d; Table C.2).   

Regarding overall effects of lionfish, by week 8 on low-lionfish compared to 

high-lionfish reefs, there were approximately 2.16 (95% CI: 1.39 to 2.94) more native 

fish/m2 on main reefs, 9.01 (95% CI 6.32 to 11.70) more fish/m2 on each satellite head, 

and 6.65 (95% CI 1.95 to 11.36) more fish/m2 on each SHU.  The top three species 

affected by lionfish on main reefs were the parrotfish Scarus iserti, followed by the 

parrotfish Sparisoma viride and the goby Coryphopterus glaucofraenum. Similarly, S. 

iserti and C. glaucofraenum were also among the top three species affected on both 

satellite coral heads and SHUs, along with the wrasse Halichoeres bivittatus (Table C.4). 

There was no significant interaction between distance from main reef and lionfish 

treatment at any time on satellite coral heads or in open areas (treatment*distance*week 

LRT p = 0.56 and 0.92 respectively, treatment*distance LRT p = 0.13 and 0.76 

respectively; Figure 5.3a,b; Table C.3).    In contrast, the effect of lionfish on native fish 

density on SHUs depended on distance to main reef (treatment*distance LRT p = 0.01; 
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Figure 5.3c; Table C.3).  Regardless of lionfish treatment, there were low abundances of 

native fishes on the SHU 7 m from main reefs.  With increasing distance from the reef, 

there was an increase in native fish abundance on SHUs around low-lionfish reefs, 

whereas native fish abundance stayed consistently low around high-lionfish reefs.  

Spacing between SHUs also influenced the extent of lionfish effects, as lionfish had 

greater effects 31 m from the reefs when SHUs were spaced farther apart compared to 

when SHUs were spaced closer together (treatment*spacing LRT p = 0.02; Figure 5.4a; 

Table C.3). 

Although satellite distance did not alter the magnitude of lionfish effects on those 

coral heads, satellite size did: during all weeks in which there was a significant effect of 

lionfish treatment, lionfish had greater effects on smaller satellite heads than larger ones 

(treatment*size*week LRT p <0.001; Figure 5.4b; Figure C.3; Table C.3).  Change in 

native fish density decreased around low-lionfish reefs by an estimated 1.56 - 2.36 

fish/m2 for each 1-m2 increase in satellite size.  In contrast, change in native fish density 

increased by an estimated 0.88 – 1.03 fish/m2 for each 1-m2 increase in satellite coral 

head size around high-lionfish density reefs, such that on the largest satellites there was 

no difference in native fish density between lionfish treatments.  

5.5 DISCUSSION 

By foraging across multiple habitats, predators can influence prey populations 

beyond their typical central-place resting areas.  Here, I tested whether an invasive 

predator exhibits hunting behaviors consistent with other central-place foragers and 

whether its effects on prey populations are consistent with qualitative predictions from 

classic foraging models regarding the influence of time, distance from central place, and 
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spacing of prey patches.  Invasive lionfish, similar to many native central-place foragers, 

exhibited short-term foraging movements around a resting site and reduced prey 

populations at their shelter site before reducing prey in surrounding habitats.  This is the 

first evidence that lionfish affect prey communities away from where they are living and 

across multiple habitats.  However, the way in which distance from central place and 

patch spacing mediated the effects of invasive lionfish were contrary to the predictions.  

The effects of lionfish on prey abundance did not diminish with increasing distance from 

the central place and extended to greater distances when habitat patches were spaced 

farther apart.  These results suggest that the foraging patterns of this invasive predator 

differ from native predators in several key ways, with subsequent implications for native 

prey populations.  These findings also demonstrate that invasive lionfish have ecological 

effects over a broader spatial scale and in more habitats than previously documented. 

Differences in constraints faced by invasive predators compared to native 

predators may explain why lionfish did not behave as predicted regarding how distance 

from the main reef and patch spacing would influence their effects on native prey fish.  

Typically, movement away from the central place and between prey patches involves a 

trade-off among access to more resources, predation risk, and travel costs (Andersson 

1978, Kacelnik 1984, Lima 1988, Lima and Dill 1990, Kotler et al. 1993, van Gils and 

Tijsen 2007).  However, many invasive species have escaped natural sources of 

population control, including predation (‘enemy release hypothesis’; Keane and Crawley 

2002, Colautti et al. 2004, Liu and Stiling 2006, Heger and Jeschke 2014), and consumers 

often show increased foraging activity and movement in the absence of their predators 

(Blumstein and Daniel 2005).  For example, in areas where top predators are absent, 
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invasive mink swim greater distances between islands and thus access more food 

resources (Salo et al. 2008) and invasive red fox exhibit greater activity levels and have 

stronger effects on their prey (Letnic et al. 2009).  In this system, native mesopredators 

(coney and graysby groupers) typically exhibit lower activity levels and spend more time 

sheltering in the presence of a top predator (Nassau grouper) (Stallings 2008).  However, 

lionfish may forage with impunity over broader distances than native mesopredators 

because they have few natural predators (Côté et al. 2013b), and by departing from reefs 

in small groups they may be further protected from predation (Hamilton 1971).  The co-

occurrence of native top predators and invasive lionfish, but not native mesopredators, in 

habitats surrounding central-place patch reefs further corroborates the hypothesis that 

native mesopredators remained closer to the main patch reefs than lionfish due to 

increased predation risk.   

Even in the absence of enemies, invasive predators may face different energy 

constraints than native predators in part because they can be more efficient hunters (e.g., 

due to prey naiveté; Cox and Lima 2006), as has been shown for several other invasive 

fishes (Rehage et al. 2005, Meyer and Dierking 2011).  Because of this increased 

foraging efficiency, although the travel costs to distant and more isolated prey patches are 

likely similar for invasive and native predators, once at those patches invasive predators 

may expend less energy on prey capture and can more easily compensate for travel costs.  

Furthermore, because invasive predators are such effective hunters, they can rapidly 

cause reductions in prey populations (Salo et al. 2007), which could drive them to expand 

their foraging range more rapidly than native predators.  For example, invasive rats shift 

their diet and habitat use from seabirds in the interior areas of islands to sea turtles on the 
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seashore when seabirds are scarce (Caut et al. 2008).  Invasive lionfish have high 

consumption rates (Albins and Hixon 2008, Côté and Maljković 2010, Green et al. 2011), 

perhaps in part because they are unrecognizable to naïve Atlantic prey fishes (Cure et al. 

2012).  Lionfish are unlike any other predatory coral-reef fish in the Atlantic, owing to 

their cryptic form and unique hunting strategies that involve slowly herding prey fishes 

with their pectoral fins and blowing jets of water at prey fishes before striking (Albins 

and Lyons 2012).  In this study, lionfish reduced prey densities on main patch reefs 

within just two weeks and then presumably rapidly increased their foraging range to 

greater distances from their central site than expected for native predators.   

Even though distance did not mediate the effects of lionfish on satellite coral 

heads at the scale examined here, satellite size was important.  Lionfish caused greater 

reductions in prey density on small compared to large satellite coral heads.  Because 

predator efficiency often decreases as structural complexity increases (Smith 1972, 

Menge and Lubchenco 1981, Crowder and Cooper 1982, Hixon and Beets 1993) and 

small coral heads have less shelter availability than larger ones, the hunting efficiency 

and subsequent effects of lionfish on prey inhabiting small habitat structures may be 

greater than on larger structures. 

In addition to having less shelter availability, small satellite coral heads also had 

higher prey densities.  In fact, lionfish always had greater effects in surrounding habitats 

with higher prey densities than in habitats with lower prey densities: small satellite coral 

heads compared to larger ones, standardized habitat units (SHUs) at greater distances 

from the main reefs compared to the closest ones, SHUs spaced farther apart compared to 

SHUs spaced closer together, and SHUs and satellite coral heads compared to open areas.  
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These results suggest that lionfish may be more attracted to high-prey density patches, 

perhaps due to search patterns that cue into prey aggregations such as area-restricted 

searches.  Alternatively, arrival at patches may have been a random process but once in a 

patch with high prey density, lionfish removed proportionally more prey compared to less 

profitable patches with lower prey densities as predicted by marginal value theorem 

(Charnov 1976, Micheli 1997, Cresswell and Osborne 2004).  Combined with the 

evidence that distance did not affect lionfish foraging behavior and ecological effects, 

prey density may be the most important determinant of foraging behavior and prey patch 

choice for this invasive predator. 

In addition to direct predation by lionfish, one could hypothesize that the 

reduction in prey populations in habitats adjacent to high-lionfish reefs was caused by 

lower settlement or colonization rates of native fishes.  If prey fishes arrived in the 

surrounding habitats, particularly SHUs, via movement of individuals from the main 

patch reefs, then by consuming fishes on main reefs lionfish may have depleted the 

source populations.  However, the size class of fishes examined in this study was 

restricted to individuals < 5 cm TL, which are primarily juveniles that arrive at reefs and 

habitat patches via larval settlement.  There is no evidence that settling reef fishes avoid 

areas with lionfish present, even for a species (mahogany snapper, Lutjanus mahogoni) 

that avoids settling near native predators (Benkwitt unpublished manuscript).  After 

arriving at a reef or habitat patch, new recruits typically exhibit quite limited movement, 

especially when surrounded by sand and seagrass (Ault and Johnson 1998, Turgeon et al. 

2010).  For example, individuals from several of the families that most differed between 

high and low lionfish treatments (cardinalfishes, damselfishes, and gobies) are site-
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attached immediately after settlement and have home ranges of between approximately 

25 cm2 and 5 m2 (Luckhurst and Luckhurst 1978, Wellington 1992, Forrester et al. 2006).  

Juveniles of two other families that most differed between treatments (parrotfishes and 

wrasses) have home ranges of < 20 m2, although the majority of their activity occurs 

within a few square meters (Overholtzer and Motta 2000, Jones 2005).  Therefore, it 

seems most likely that differences in prey fish density between treatments across all 

habitat types was caused by direct predation by lionfish. 

Differences in foraging behavior around shelter sites between native and invasive 

predators have important implications for prey populations across multiple habitats.  

Even if the effects of lionfish decline at distances beyond those examined in this study, 

the fact that their effects extend to at least 30 m from shelter sites is still important in this 

system.  By comparison, the effects of native predators on prey populations decline 

rapidly (within 2 – 20 m) with increasing distance from patch reefs (Shulman 1985, 

Sweatman and Robertson 1994, Valentine et al. 2008).  This reduced risk of mortality is 

likely the main reason why these surrounding habitats are crucial nursery areas for many 

species of coral-reef fishes (reviewed in Nagelkerken 2009b, Ogden et al. 2014).  

However, invasive lionfish have eliminated this spatial refuge, and affected native prey 

included juveniles of ecologically important species, such a parrotfishes that help keep 

algae from replacing corals (Mumby et al. 2006, Hixon 2015a).  Similarly, several other 

invasive predators, including invasive cichlids in South American lakes and introduced 

mammals in Australia, eliminate spatial refuges not exploited by native predators and 

thus have particularly strong effects on prey populations (Pelicice and Agostinho 2009, 

Pavey et al. 2014).  
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 Overall, integrating studies of predator foraging behavior with their ecological 

effects helps develop a more complete picture of predator-prey dynamics across multiple 

habitats.  By testing whether qualitative predictions from classic foraging models can 

accurately describe invasive predators, we gain insights into the application of these 

theories while better understanding the foraging behavior and ecological effects of 

invasive predators.  Future work that disentangles mechanisms, such as enemy release 

and prey naiveté, that cause the behavior and effects of non-native predators to differ 

from theoretical predictions will be important to both basic foraging ecology and the 

conservation of prey species in the face of predator invasions. 
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Figure 5.1 (a) Proportional change in lionfish density on main patch reefs at dawn, 
midday, and dusk.  A positive change indicates new lionfish arrived at the reef during the 
observation period, whereas a negative change indicates lionfish departed from the reef. 
Sample sizes: 117, 126, and 95 lionfish at dawn, midday, and dusk, respectively.  (b) Of 
the lionfish that departed from main patch reefs, the distances from the reef that they 
traveled. 
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Figure 5.2. Change in native fish density (mean ± SEM) over time as a function of 
lionfish treatment (low-lionfish main reefs = open circles, high-lionfish main reefs = grey 
circles) on (a) main patch reefs, (b) open areas, (c) satellite coral heads, and (d) 
standardized habitat units (SHUs).  Asterisks represent weeks in which treatments were 
significantly different (p < 0.05) from each other.  Note the differences in y-axis scales. 
There were 8 main patch reefs per lionfish treatment, around which there were a total of 
80 plots in open areas per treatment, 20 satellite coral heads around high-lionfish reefs 
and 24 satellite coral heads around low-lionfish reefs, and 40 SHUs per treatment. 
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Figure 5.3. Change in native fish density averaged over the entire 7-week experiment 
(mean ± SEM) as a function of distance from main coral patch reef on (a) satellite coral 
heads, (b) open areas, and (c) standardized habitat units (SHUs) surrounding main reefs 
with low-lionfish densities (open circles, n = 8 main reefs) and high-lionfish densities 
(grey circles, n = 8 main reefs).  There was a significant interaction between lionfish 
treatment and distance only on SHUs (p = 0.01).  There were 20 satellite coral heads 
around high-lionfish reefs and 24 satellite coral heads around low-lionfish reefs, 16 plots 
in open areas at each distance per lionfish treatment, 8 SHUs per lionfish treatment at 7 
and 23 m, and 12 SHUs per treatment at 15 and 31 m. 
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Figure 5.3
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Figure 5.4. Other factors besides distance mediated the effects of invasive lionfish on 
native fish density on standardized habitat units (SHUs) and satellite coral heads in 
habitats surrounding main patch reefs. (a) Change in native fish density on the SHUs 
farthest from the main reefs averaged over the entire 7-week experiment (mean ± SEM) 
as a function of SHU spacing and lionfish treatment (low-lionfish main reefs = open bars, 
high-lionfish main reefs = grey bars).  There was a significant interaction between 
lionfish treatment and SHU spacing (p = 0.02).  Sample size = 24 SHUs per treatment. 
(b) Change in native fish density as a function of lionfish treatment (low-lionfish main 
reefs = open circles, high-lionfish main reefs = grey circles) and satellite coral head size 
during the final week of the experiment.  There was a significant interaction between 
lionfish treatment, satellite size, and week (p < 0.0001) with a significant interaction 
between lionfish treatment and satellite size during the final 3 weeks of the experiment 
(all p < 0.01).  Sample size = 20 satellite coral heads around high-lionfish reefs and 24 
satellite coral heads around low-lionfish reefs.  See Appendix F for the effect of satellite 
coral head size during other weeks.  
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CHAPTER 6 
 

Predator identity and conspecific density interactively affect settlement of a coral-
reef fish 

 
Cassandra E. Benkwitt 
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6.1 ABSTRACT 

During major life-history transitions juvenile animals often experience high 

mortality rates due to predation, making predator avoidance particularly advantageous 

during these times.  There is mixed evidence from a limited number of studies, however, 

regarding how predator presence influences settlement of coral-reef fishes and it is 

unknown how other factors, including predator origin (native versus non-native) or 

interactions among conspecific recruits, mediate the non-consumptive effects of predators 

on settlement.  During two field experiments conducted in the Caribbean, of the most 

abundant species that recruited to small reefs, mahogany snapper (Lutjanus mahogoni) 

but not bicolor damselfish (Stegastes partitus) exhibited differences in recruitment based 

on predator presence.  Approximately 52% fewer mahogany snapper (Lutjanus 

mahagoni) recruited to reefs with a native predator (graysby grouper, Cephalopholis 

cruentata) than to predator-free control reefs and reefs with an invasive predator (red 

lionfish, Pterois volitans) regardless of predator diet, suggesting that snapper recruits do 

not recognize this non-native predator as a threat.  However, the effect of predator 

presence depended on the density of conspecific recruits, with evidence that competition 

may limit the response of snapper to native predators at the highest recruit densities.  The 

context-dependent response of coral-reef fishes to predators during settlement may 

influence individual survival and in turn shape subsequent population and community 

dynamics.   

6.2 INTRODUCTION 

Predators can have large effects on prey survival through direct consumption, so it 

is typically beneficial for prey to recognize and respond defensively to predator cues, 
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which in turn leads to non-consumptive effects of predators on prey behavior and 

morphology (Lima and Dill 1990, Preisser et al. 2005, Peckarsky et al. 2008).  For 

animals with complex life cycles (e.g., amphibians, insects, fishes, marine invertebrates), 

effective anti-predator strategies are particularly advantageous during major life-history 

transitions, during which predators often cause extremely high juvenile mortality rates 

(Wilbur 1980, Gosselin and Qian 1997, Almany and Webster 2006).  One anti-predator 

strategy used by a range of taxa is avoiding areas with high predator densities during 

these transitions (Peckarsky and Dodson 1980, Johnson and Strathmann 1989, Welch et 

al. 1997, Vail and McCormick 2011).  However, avoidance depends on predator 

recognition and response, which may not occur when the predator is novel or when 

intraspecific interactions (e.g., competition, facilitation) are strong.  Given that patterns 

established during critical life history transitions shape subsequent population dynamics, 

spatial distributions, and community structure (Wilbur 1980, Jones 1991), it is essential 

to understand what factors mediate the non-consumptive effects of predators during these 

times. 

Although prey sometimes have innate recognition or rapid learning of cues from 

non-native predators (Chivers and Smith 1995), often they either do not respond or 

respond ineffectively (Polo-Cavia et al. 2010).  Whether or not prey respond to a non-

native predator may depend on whether their anti-predator behavior relies on general cues 

(e.g., presence of injured conspecifics in the area or in the diet of predators) or specific 

cues (e.g., species-specific predator odor or a combinations of cues) and how similar the 

novel predator is to native predators (‘cue similarity hypothesis’, Sih et al. 2010).  If prey 

use specific cues and/or the non-native predator is very different than native predators, 
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then mortality but not habitat choice will likely be affected during critical-life history 

transitions. 

Intraspecific interactions, including facilitation and competition, can also affect 

whether and how prey respond to predators (Bolnick and Preisser 2005).  At higher 

conspecific densities, interactions with or cues from conspecifics may outweigh any non-

consumptive effects of predators.  For example, high conspecific densities can weaken 

effects of predators on spatial distributions through dilution of predator cues by the 

attractant cues of conspecifics (Ellrich et al. 2015) or via aggressive interactions that 

force individuals to occupy riskier areas (Holbrook and Schmitt 1997).   Because there is 

often high synchrony during critical life-history transitions (Newbold et al. 1994, 

Sponaugle 2015), intraspecific interactions may be especially important in mediating 

prey responses during these times.   

Coral-reef fishes undergo a major transition from dispersive pelagic larvae to 

relatively sedentary juveniles (‘settlement’, measured as ‘recruitment’ by observers some 

time later), during which small-scale patchiness in predation risk means that even minor 

changes in settlement location may drastically alter the likelihood of survival (Jones 

1991, Connell and Kingsford 1998, Almany and Webster 2006, Hixon 2015).  It is well 

established that reef fish larvae can play an active role in determining their settlement 

location (Leis 2006), and some Pacific damselfishes avoid species-specific predator odors 

(Vail and McCormick 2011) or predator diet cues (Dixson et al. 2012) during settlement 

and therefore preferentially settle to areas without predators.  However, the only study 

thus far to examine the non-consumptive effects of predators on settlement in the Atlantic 

found no evidence of predator avoidance (Almany 2003), so the settlement behaviors of 
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Pacific damselfishes may not be generalizable across oceans or among species.  

Furthermore, it is unknown whether any non-native predators influence reef fish 

settlement or whether conspecific recruit density mediates the effects of predators on 

settlement habitat (review by Shulman 2015).   

I conducted two field experiments to investigate factors that mediate the non-

consumptive effects of predators on reef-fish settlement.  In the first expeirment, I 

manipulated the presence and identity of prior resident fishes and measured daily 

recruitment to small patch reefs to test the hypothesis that coral-reef fishes recognize cues 

from a native but not invasive predator (Effects of predator origin).  I predicted that there 

will be lower recruitment to reefs with caged native predators compared to reefs with 

caged invasive predators and control reefs with no predators.  In the second experiment, I 

manipulated the diet of resident predators to test the hypothesis that reef fishes respond to 

general diet cues rather than to the identity of the predator (Effects of predator diet). 

Specifically, I predicted that recruitment will be lower to reefs with predators fed 

conspecifics than to reefs with predators fed heterospecifics and control reefs with no 

predators, regardless of whether the predators are native or non-native.  For both 

experiments, I expected that if intraspecific interactions among settling reef fishes 

modifies habitat preferences, then there will be the lowest proportional recruitment to 

reefs with predators at low recruit densities, but more even distribution among reefs with 

predators and control reefs at higher recruit densities. 

6.3 MATERIALS AND METHODS 

Study Site and Species 

This study was conducted off the leeward coast of Bonaire, Dutch Caribbean (12° 
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9'13.01"N, 68°16'42.79"W), an oceanic island that is surrounded by a continuous fringing 

reef.  Red lionfish (Pterois volitans), first sighted in Bonaire in 2009 (Schofield 2010), 

were used as the invasive piscivore for all experiments.  Lionfish consume a wide range 

of native fishes, with recruit-sized fishes being particularly vulnerable to lionfish 

predation (Albins and Hixon 2008).  Graysby grouper (Cephalopholis cruentata) and 

French grunt (Haemulon flavolineatum) were used as native species for comparison with 

invasive lionfish.  Graysby grouper are piscivores ecologically similar to lionfish and also 

consume a high proportion of small recruit fishes (Randall 1967, Stallings 2008) and 

French grunt consume primarily small crustaceans (Randall 1967).   

In order to measure recruitment to reefs that differ only in the presence of 

predators, I constructed fifteen standardized reefs halfway between the shore and the 

coral-reef crest on an approximately 55 m wide and 5 m deep sand flat.  Each reef 

measured 80 cm x 60 cm x 15 cm, and consisted of dead coral rubble placed inside of 

stainless steel wire baskets.  The reefs were placed in three groups (statistical blocks) 

separated by approximately 18 m, with each block containing five reefs spaced 

approximately 3 m apart (Figure D.1; Vail and McCormick 2011).  

Effects of predator origin on reef fish recruitment 

 Each reef within each block was randomly assigned one of the following 

treatments: invasive piscivore (red lionfish; mean total length [TL] ± SEM: 155 ± 10 

mm), native piscivore (graysby grouper; TL: 131 ± 10 mm), native invertivore (French 

grunt; TL: 148 ± 19 mm), empty cage (no predator), and empty control (no cage and no 

predator).  Each predator was housed in individual hardware-cloth cages (150 mm 

diameter x 300 mm length, 10 mm mesh) such that recruiting coral-reef fish were 
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exposed to chemical and some visual cues from the predator, but the predator could not 

consume recruits.  Each treatment or empty-cage reef had two cages placed on opposite 

sides of the reef and dye tests confirmed that water from cages reached the adjacent reef.  

Predators were collected between one and three days prior to the experiment from nearby 

reefs by SCUBA divers using handnets.  All piscivores were fed bicolor damselfish 

(Stegastes partitus) daily and native invertivores were fed freeze-dried bloodworms and 

mysid shrimp daily.  The invertivores often refused food and therefore were replaced 

halfway through the experiment with new individuals.  The same native and invasive 

piscivore individuals were used throughout the entire experiment.   

 The first experiment ran from 17 July through 1 August 2014, encompassing 15 

nights around the new moon.  Every morning beginning within an hour of sunrise, a pair 

of divers counted and removed all recruits from each reef.  Divers returned approximately 

two hours before sunset and again counted and removed all fish from each reef.  

Differences in counts between morning and afternoon censuses were negligible, 

indicating that there was almost no net recruitment and immigration during the day and 

that the morning counts and removals were accurate and effective.  Divers randomized 

treatments within blocks daily by moving treatment cages to avoid any confounding 

influence of differences among reefs.  Because all prior residents were removed and 

treatments were rotated daily, each block within each day can be considered an 

independent replicate. 

Effects of predator diet on reef fish recruitment 

 To determine whether the diet of native or invasive predators affects recruitment, 

I repeated the experiment described above using different treatments.  Each reef within 
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each block was randomly assigned one of the following treatments: native piscivore 

(graysby grouper; mean TL ± SEM: 149 ± 5.2 mm) fed bicolor damselfish (S. partitus) 

recruits, native piscivore (graysby grouper; TL: 149 ± 6.8 mm) fed mahogany snapper 

(Lutjanus mahogoni) recruits, invasive piscivore (red lionfish; TL: 144 ± 4.0 mm) fed 

bicolor damselfish recruits, invasive piscivore (red lionfish; TL: 157 ± 3.6 mm) fed 

mahogany snapper recruits, and empty cage control.  Recruits of these two native reef 

fishes were chosen as feed for the predators because they were the most abundant recruits 

to the reefs during experiment one (see Results).  All predators were starved for at least 

24 hours and then fed their assigned diet treatment beginning at least 24 hours before the 

start of the experiment.  All predators were fed every morning and the same individuals 

were used for the entire experiment.  This experiment ran from 19 August through 28 

August 2014, encompassing 10 nights around the new moon.  

Statistical analysis 

Because of the wide variation in abundances of different species that recruited to 

the reefs, I restricted my analyses to the two most abundant species during both 

experiments, bicolor damselfish and mahogany snapper (see Results).  For analysis, I 

excluded sampling days at the beginning and end of each experiment with extremely low 

recruitment, during which the total number of recruits was less than the number of reefs 

(< 15 individuals per species; Figure D.2).  In addition, there were two days during 

experiment two that had extremely high mahogany snapper recruitment relative to any 

other day in either experiment (Figure D.2).  To facilitate comparisons between the first 

and second experiments and because of the large influence of these extreme outliers on 

some results, I report analyses excluding the outliers in the main text and analyses 



 

 

148 

including the outliers in the supplement.  

I converted daily counts of recruits to the proportion of individuals on each reef 

out of the total number of recruits for that species to any reef within each block.  To 

account for the nested sampling design (reefs within blocks), I used generalized linear 

mixed effects models (GLMMs) with reef nested within block as random effects 

conducted using the lme4 package (Bates et al. 2014) in R version 3.0.2 (R Core Team 

2013).  Because the response variable was a proportion, I used a binomial family and 

logit link function, which weights each proportion based on sample size.  To determine 

the effect of predator treatment on recruitment across all recruit densities for each 

experiment, I compared a full model including predator treatment as an explanatory 

variable to a reduced model without that variable using likelihood ratio tests (LRTs) 

(Zuur et al. 2009).  When treatment was statistically significant, I conducted post-hoc 

pairwise comparison tests to determine which groups were significantly different from 

each other while accounting for multiple comparisons by controlling family-wise error 

rate using the package multcomp (Hothorn et al. 2008).  To determine whether the effects 

of predator treatment varied with recruit density, for each experiment I compared a full 

model with treatment*conspecific recruit density (total per night) as fixed effects to a 

model with treatment + conspecific recruit density, and conducted post-hoc analyses as 

above. 

6.4 RESULTS 

 During the experiment in July testing for an effect of predator origin, there were a 

total of 2,402 recruits to the 15 reefs, representing at least 28 different species (Table 

D.1).  The two most abundant species -- bicolor damselfish (Stegastes partitus) and 
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mahogany snapper (Lutjanus mahogoni) -- comprised 49% and 17% of the total recruits, 

respectively.  During the experiment in August testing for an effect of predator diet, there 

were a total of 1,071 recruits, representing at least 21 different species (Table D.2).  The 

two most abundant species were again mahogany snapper (hereafter “snapper”) and 

bicolor damselfish (hereafter “damselfish”), comprising 57% and 29% of the total 

recruits, respectively.  No other species individually accounted for > 12 % of the total 

recruits in July and > 5% of the total in August, so only data for damselfish and snapper 

are presented. 

Effects of predator origin on reef fish recruitment 

Recruitment of snapper to three treatments -- invasive piscivore, empty cage, and 

empty control -- was higher than recruitment to reefs with native piscivores and native 

invertivores (GLMM LRT, χ2 = 45.22, p < 0.001; Post-hoc: all Z ≥ 2.76, all p ≤ 0.045; 

Figure 6.1; Table D.3).  Overall, there were 52.6% more snapper recruits on reefs with 

the native piscivore compared to reefs with the invasive piscivore, with the odds of a 

snapper recruiting to a reef with the invasive piscivore an estimated 3.18 times the odds 

of a snapper recruiting to a reef with the native piscivore (95% CI 2.05 – 4.94).   

The density of snapper recruits modified the effect of predator treatment on 

recruitment (GLMM LRT, χ2 = 25.566, p < 0.001).  At low densities, the highest 

proportional recruitment of snapper was to empty control and empty cage reefs.  As 

snapper density increased, proportional recruitment to both the invasive piscivore and 

native invertivore treatments increased (Z ≥ 2.33, p ≤ 0.02; Figure 6.2a; Table D.4, D.5).  

For every increase in snapper density by 1 fish/m2, there was a 23.1% and 17.9% increase 

in the odds of a snapper recruiting to reefs with the invasive piscivore and the native 
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invertivore, respectively (95% CI 9.3 – 38.7% and 2.7 – 35.5%, respectively).  As a 

result, at the highest densities recruitment of snapper was similarly high to all reefs 

except for reefs with the native piscivore, which remained consistently low across all 

recruit densities.   

Neither predator treatment nor the interaction between predator treatment and 

conspecific density had an effect on damselfish recruitment (GLMM LRT, χ2 = 2.94, p = 

0.57; Figure 6.1b; GLMM LRT, χ2 = 1.86, p = 0.76, respectively). 

Effects of predator diet on reef fish recruitment 

Regardless of piscivore diet, snapper recruitment to invasive piscivore and empty 

cage control reefs was higher than recruitment to native piscivore reefs (GLMM LRT, χ2 

= 56.81, p < 0.001, Post-hoc analysis, all Z ≥ 4.48, all p < 0.001; Figure 6.1c; Table D.6).  

Almost identical to the first experiment, the odds of a snapper recruiting to the invasive 

piscivore reefs compared to native piscivore reefs were an estimated 3.45 times higher 

(95% CI 2.38 – 4.98) and there were 52.4% fewer total snapper recruits to native 

piscivore reefs compared to invasive piscivore reefs. 

The interactive effects of treatment and conspecific density on snapper 

recruitment in experiment two were consistent with the results of experiment one 

(GLMM LRT, χ2 = 8.18, p = 0.02; Figure 6.2b; Table D.7, D.8).  Proportional 

recruitment to empty cage reefs remained consistently high across all recruit densities and 

proportional recruitment to native piscivore reefs remained consistently low across all 

recruit densities (GLMM, z < 1.495, p < 0.1348).  In contrast, as snapper density 

increased proportional recruitment to invasive piscivore reefs also increased (GLMM, z = 

2.473, p = 0.0134), with an estimated 12.9% increase in the odds of recruitment to 
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invasive piscivore reefs for every increase in snapper density by 1 fish/m2 (95% CI 2.0 – 

25.1%).  However, during two nights with extremely high densities of snapper recruits 

(15.69 and 28.61 individuals/m2 compared to a maximum of 10.0 individuals/m2 during 

all other nights), recruitment of snapper to all reefs was approximately equal regardless of 

treatment (Figure D.3, Table D.6-D.8).   

Neither predator treatment or diet, nor their interaction, affected recruitment of 

damselfish (GLMM LRT, χ2 = 1.34, p = 0.85; Figure 6.1d; GLMM LRT, χ2 = 0.19, p = 

0.91, respectively). 

6.5 DISCUSSION 

Predation is a key process that influences coral-reef fish communities 

immediately following settlement (Jones 1991, Almany and Webster 2006, Hixon 2015), 

yet there are large gaps in our understanding of the factors that mediate the non-

consumptive effects of predators on this transitional life stage.  Here, I demonstrate that 

mahogany snapper have lower recruitment to reefs with caged native predators than to 

reefs with caged invasive predators, and these effects do not depend on the prior diet of 

the predators.  These results suggest that snapper recruits use specific predator cues or 

combinations of cues rather than only predator dietary cues to recognize and avoid 

predators, and therefore may be particularly vulnerable to predation by non-native 

predators.  In addition, the density of conspecific recruits modified the effects of predator 

presence on recruitment, in a manner suggesting that intraspecific competition among 

recruits also influences the distribution of settlers on reefs.  In contrast, recruitment of 

bicolor damselfish was unaffected by predator presence or recruit density, highlighting 

the importance of interspecific variability in the processes that influence settlement.  
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There is a clear selective advantage for settling coral-reef fishes to avoid areas 

with predators due to the high predation rates on new reef fish recruits (Almany and 

Webster 2006, Hixon 2015), which likely explains why snapper recruitment was lower to 

reefs with a native predator compared to control reefs with no predators.  However, 

snapper recruitment was also 52% lower to reefs with a native predator compared to reefs 

with an invasive predator.  It seems likely that lionfish do not elicit an anti-predator 

response because they are visually, chemically, and behaviorally different from other 

predators, especially in their invasive Atlantic range (Anton et al. 2016), but perhaps also 

in their native Pacific range (Lönnstedt and McCormick 2013).  Consequently, prey 

species including snapper may be experiencing a ‘double whammy,’ whereby they are 

more likely to recruit to reefs with invasive lionfish compared to reefs with native 

predators, and once there, they are more susceptible to predation because lionfish have 

higher consumption rates than native predators (Albins 2013).  Future studies should 

examine whether recruits evolve a response to lionfish over time (Strauss et al. 2006) and 

whether these results extend to other non-native predators.   

Although overall there was lower recruitment of snapper to reefs with native 

predators than to reefs with non-native predators, these results varied with conspecific 

recruit density.  In both experiments, when snapper recruited in low densities there was 

the highest proportional recruitment to reefs without any resident predators (invasive 

piscivores, native piscivores, or native invertivores).  However, as conspecific density 

increased, there was a significant increase in proportional recruitment to reefs with a 

caged native invertivore or a caged invasive piscivore, both of which may have been 

perceived as non-threatening by recruits.  Finally, at only the highest recruit densities was 
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there no apparent effect of predator treatment on recruitment.  The most parsimonious 

explanation for these patterns is that recruits showed the strongest settlement preferences 

at low densities, but as density increased there was increased competition for space or 

other resources in the preferred habitats, resulting in a more even distribution of recruits.  

Indeed, there is often strong intraspecific competition for shelter space and food among 

early post-settlement reef fishes (Jones 1991, Forrester 2015), so it stands to reason that 

these processes also occur during settlement and should be incorporated into 

investigations of larval behavior and settlement patterns. 

The non-consumptive effects of predators on recruitment were also species-

specific, such that unlike mahogany snapper, bicolor damselfish were not affected by 

predator presence at any density.  This pattern is likely due to interspecific differences in 

behavior and larval sensory abilities.  Bicolor damselfish are more social and aggressive 

than mahogany snapper (Robertson et al. 1988), so perhaps intraspecific interactions 

across all recruit densities are more important than predator cues for recruitment of 

bicolor damselfish.  In addition, bicolor damselfish settle at a smaller size than mahogany 

snapper (Robertson et al. 1988, C. Benkwitt personal observation).  Because size is often 

correlated with development of sensory systems (Victor 1991), bicolor damselfish may 

be less equipped to recognize cues from predators at settlement.  Instead, recruits of 

bicolor damselfish may cope with predator presence in other ways, including spending 

more time hiding in the reef than mahogany snapper (C. Benkwitt personal observation).  

Regardless of the mechanism, species-specific differences in anti-predator responses are 

important because they can alter community interactions.  In this case, mahogany snapper 

consume recruits of other species of the same cohort within the first few days following 
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settlement (Shulman et al. 1983), and can therefore have a large influence on the 

distribution and survival of other coral-reef fish recruits.  Recognizing interspecific 

differences in the response of recruits to predators is also important because thus far 

almost all studies have been conducted using Pacific damselfishes (but see Almany 

2003), yet these results are likely not generalizable across families or across oceans. 

Despite the extremely high mortality rates due to predation during critical life-

history transitions, the factors that mediate the non-consumptive effects of predators 

during these times are still relatively understudied compared to other life stages.  

Understanding the context-dependent differences in the response of various prey species 

to predators can provide insights into the factors that influence individual survival, which 

in turn determines which individuals enter the adult population and shapes subsequent 

population and community structure.  This knowledge is even more important given the 

rapid pace of global change across all ecosystems.  Local populations of many species are 

in decline, which may alter the intensity of intraspecific interactions and how these 

mediate anti-predator responses.  At the same time, human-caused predator introductions 

are increasing worldwide, so determining whether prey species respond to non-native 

predators and whether their responses rely on general or specific cues can help predict 

their susceptibility to novel predators.   
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Figure 6.1. Proportional recruitment (# recruits per reef/total # of recruits per block) of 
mahogany snapper and bicolor damselfish to reefs with different predator treatments (a, 
b) in July 2014 testing for the effects of predator origin and (c,d) in August 2014 testing 
for the effects of predator diet.  (a,b) All piscivores were fed damselfish and invertivores 
were fed mysiid shrimp and bloodworms and (c,d) piscivores were fed either damselfish 
or snapper.  Bars represent means and standard errors estimated from generalized linear 
mixed effects models.  (a,c) Snapper recruitment was different among treatments in both 
experiments (p < 0.01).  (b,d) Damselfish recruitment did not differ among treatments in 
either experiment (p > 0.48).  Letters above bars indicate groups that differ based on post-
hoc tests.  Sample sizes: (a) 27 (3 reefs/treatment for 9 nights), (b) 42 (3 reefs/treatment 
for 14 nights), (c) 18 (3 reefs/treatment for 6 nights), and (d) 24 (3 reefs per treatment for 
8 nights).   
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Figure 6.2. Proportional recruitment (# recruits per reef/total # of recruits per block) of 
mahogany snapper to reefs with different predator treatments as a function of conspecific 
recruit density (total # of recruits per night) during (a) July 2014 and (b) August 2014.  
(a) All piscivores were fed damselfish and invertivores were fed mysiid shrimp and 
bloodworms and (b) piscivores were fed either damselfish or snapper, but diet treatments 
were combined because it had no effect on the recruitment of snapper (Figure 6.1).  
Curves show fitted regression lines from generalized linear mixed effects model and 
shaded areas represent standard errors.  Recruitment varied with both recruit density and 
predator treatment in both experiments (density x treatment interaction, p < 0.01).  Letters 
next to treatments in legend indicate differences in slopes based on post-hoc tests.     
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CHAPTER 7 
 

General Conclusion 
 

This dissertation examined how local lionfish density influences lionfish 

demographic rates and behavior, and then how lionfish, in turn, affect native fish 

communities on coral reefs, in surrounding habitats, and via non-consumptive effects.  

Using a combination of experimental and observational field studies, I clarified the extent 

and mechanisms underlying the ecological effects of lionfish.   

Chapters 2 and 3 addressed the question of how local lionfish density influences 

lionfish demographic rates and behavior.  The experiment described in Chapter 2 

demonstrated that with increasing lionfish density, individual growth rates in length 

declined linearly while growth in mass declined exponentially.  The observed density-

dependent growth rates may have implications for which native species are susceptible to 

lionfish predation, as the size and type of prey that lionfish consume are directly related 

to their body size.  However, there was no evidence for density-dependent recruitment, 

immigration, or loss rates in juvenile lionfish, even at elevated local population densities.  

Although slower juvenile growth may eventually limit population size because fecundity 

and often survival are directly correlated with body size in fishes, the lack of density-

dependent loss rates suggests that for the foreseeable future manual removals may be the 

only effective local control of this invasion.  To extend the research presented in Chapter 

2, future studies should replicate lionfish density treatments on multiple reefs in order to 

better estimate the variance associated with the effect of density on each demographic 

parameter.  In addition, testing for an effect of density on other demographic rates, 
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including body condition and fecundity, will further clarify the implications of the 

observed density-dependent growth rates.   

Behavioral observations of lionfish described in Chapter 3 showed that at higher 

densities lionfish also exhibited greater activity levels, more 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 behavior occurring only at dusk and differences in movement occurring at both dawn 

and dusk, but not midday.  Combined with the results from Chapter 2, these temporal and 

spatial changes in lionfish foraging behaviors are consistent with the predicted effects of 

intraspecific competition.  Given that at higher densities lionfish had 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.  Observations of 

lionfish behavior and movement at night would fill in the gaps in our knowledge of their 

daily activity patterns, specifically by helping to differentiate whether lionfish make two 

daily movements away from the reefs (one at dawn and one at dusk) or remain in the 

surrounding habitats for the entire night. 

Chapter 4 documented that on small patch reefs, native fish abundance, biomass, 

species richness, and community structure were also affected by lionfish density.  In 

particular, abundance and biomass declined following 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.  Lionfish density also affected prey species richness and 

community structure, but these effects could not be clearly classified as either linear or 

non-linear.  Evenness and composite diversity were not affected by lionfish density.  
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Given that the largest drops in abundance and biomass occurred with just one or two 

lionfish present and then leveled-off at higher densities, removal efforts in this 

experimental system of very small patch reefs should be thorough and aim to remove all 

lionfish to have the biggest conservation effect on native fish populations.  As with 

Chapter 2, repeating this study with more density treatment replication and larger reefs 

will expand the scope of inference from this study.   

Chapter 5 extended these results regarding the effects of lionfish on native fish 

populations to seagrass habitats that surround coral patch reefs.  Supplemental 

observations of lionfish movements first described in Chapter 3 revealed that 

approximately 40% of lionfish exhibited short-term crepuscular foraging movements into 

surrounding habitats from the coral patch reefs where they shelter during daylight hours.  

Over the course of 7 weeks, lionfish first depleted native fish populations on the coral 

patch reefs where they reside, and subsequently caused approximately 60% reductions in 

native fish populations on small structures in the surrounding habitat.  However, in 

contrast to the effects of native predators, the effects of lionfish did not decrease with 

increasing distance from the central shelter site.  Instead, lionfish always had the greatest 

effects in areas with the highest prey densities.  By foraging at greater distances from 

patch reefs than native predators, lionfish eliminated an important spatial refuge from 

predation used by juveniles of many commercially and ecologically important reef fishes.  

Future surveys should be conducted at even greater distances from patch reefs to quantify 

the full spatial extent of the effects of lionfish on prey populations.  Still, in terms of 

management these results suggest that lionfish removals may have more benefits than 

previously documented.  By keeping lionfish densities low, managers may reduce the 
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local foraging movements of lionfish and thus help maintain native fish communities in 

multiple habitats.   

The negative effects of lionfish predation both on and around coral reefs are likely 

compounded by the fact that some prey fishes are naïve to the threat posed by lionfish.  In 

Chapter 6, I showed that individuals of at least one species of Caribbean reef fish likely 

avoid cues from native predators but not invasive lionfish.  Regardless of predator diet, 

55% fewer mahogany snapper (Lutjanus mahogoni) recruited to reefs with a native 

predator versus control reefs and reefs with invasive lionfish, suggesting that snapper 

recruits are unable to recognize non-native predators as a potential threat.  The density of 

conspecific recruits also modified the effects of predator presence on recruitment, with 

evidence that intraspecific competition may limit their response to native predators at the 

highest recruit densities.  Prey species such as mahogany snapper may be experiencing a 

‘double whammy,’ whereby they are more likely to recruit to reefs with invasive lionfish 

compared to reefs with native predators, and once there, they are more susceptible to 

predation because lionfish have higher consumption rates than native predators.  Future 

studies investigating the role of innate versus learned predator recognition, the types of 

cues used by settling reef fishes in predator recognition, and whether prey fishes evolve a 

response to lionfish through time will help clarify the link between predator presence and 

differences in recruitment. 

Overall, the manipulative field experiments presented in this dissertation provide 

the basis for a mechanistic understanding of the processes that drive the demographic 

rates, behavior, and ecological effects of invasive lionfish.  Extending the results from 

these short-term, small-scale experiments to larger spatial and temporal scales will further 
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inform management efforts, which are typically executed over broader scales than those 

used in these studies.  In particular, future work should test whether the results from each 

chapter are generalizable to other habitats (e.g., larger patch reefs, continuous reefs) and 

over longer time periods (e.g., the winter season when there are not large pulses of small 

recruit fishes). 

This research also sheds light on ecological processes that may partially explain 

why lionfish have such strong negative effects on native coral-reef fishes.  Invasive 

lionfish are different than native coral-reef mesopredators in many ways:  they do not 

experience density-dependent population gain and loss rates at current high densities, 

they forage over broad distances encompassing multiple habitats, and they are 

unrecognizable as predators to at least some native prey fishes.  Furthermore, typical anti-

predator strategies of small native fishes, including inhabiting seagrass beds instead of 

coral patch reefs and avoiding reefs with predators at settlement, are ineffective against 

lionfish.  More broadly, by examining how the ecological effects of invasive predators 

are mediated by local population density, habitat, and the relative contribution of 

consumptive and non-consumptive effects, we gain a more complete understanding of 

how predators influence prey populations and communities.  This information is 

important from an applied perspective given the continued rise in the number and 

severity of predator introductions and from the perspective of basic science because it 

broadens our understanding of the patterns and mechanisms underlying the effects of 

both native and non-native predators in a variety of contexts.
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Figure A.1. Proportion of lionfish that were hunting upon arrival at the reef (a) and 
proporiton of time individual focal lionfish spent hunting (b) as a function of lionfish 
density at dawn (blue squares), midday (green circles), and dusk (orange triangles).  
Lines are predicted probabilities based on generalized linear mixed effects models.  
Dashed lines represent slopes that are not 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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Figure A.2. Proportion of lionfish that were hunting (a) and active (b) upon arrival at the 
reef as a function of lionfish density at dawn (blue squares), midday (green circles), and 
dusk (orange triangles).  Lines are predicted probabilities based on generalized linear 
mixed effects models.  Dashed lines represent slopes that are not significantly different 
than zero (p > 0.05).  Points represent reefs and were randomly jittered to reduce overlap. 

 



 

 

194 

 

 

 

 

 

 

 

 

 

 

 

 
Figure A.3. Proportion of lionfish that were sheltering upon arrivial at the reef (a), 
proportion of new lionfish that arrived at each reef (b), and proportion of lionfish that 
departed from each reef (c), as a function of prey fish density at dawn (blue squares), 
midday (green circles), and dusk (orange triangles).  Lines are predicted probabilities 
based on generalized linear mixed effects models.  Dashed lines represent slopes that are 
not significantly different than zero (p > 0.05).  Points represent reefs and were randomly 
jittered to reduce overlap.  
 



 

 

195 

 

Figure A.3.
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Table A.1. Results of generalized linear mixed effects models testing for an effect of 
lionfish density, prey density, and time of day on lionfish behavior and movements.  
Significance of fixed effects was tested using likelihood ratio tests (LRT) following a χ2 
distribution.  When an interaction between lionfish density*time or prey density*time 
was not significant, it was dropped from the model and the significance of lower-order 
fixed effects were tested.  When an interaction was significant, Wald Z-tests were used to 
determine at which times of day lionfish or prey density significantly affected the 
response variable.   

Response Fixed Effect LRT χ2 LRT p-value Time z-value p-value 
Lionfish*Time 4.044 0.132       
Prey*Time 2.305 0.316    
Lionfish 0.060 0.806    
Prey 0.898 0.343    

Proportion of 
lionfish hunting 
on each reef 

Time 107.108 < 0.001       
Lionfish*Time 9.294 0.010 Dawn -0.013 0.989 
   Midday 1.099 0.272 
   Dusk 0.242 0.809 
Prey*Time 16.910 < 0.001 Dawn 3.089 0.002 
   Midday 0.390 0.696 

Proportion of time 
spent hunting by 
individual lionfish 

   Dusk 3.384 < 0.001 
Lionfish*Time 9.609 0.008 Dawn 1.284 0.199 
   Midday 0.221 0.825 
   Dusk 2.900 0.004 
Prey*Time 0.671 0.715    

Proportion of 
lionfish active on 
each reef 

Prey 2.236 0.135    
Lionfish*Time 34.468 < 0.001 Dawn 0.091 0.928 
   Midday 0.190 0.849 
   Dusk 2.144 0.032 
Prey*Time 10.924 0.004 Dawn -0.666 0.505 
   Midday -2.216 0.027 

Proportion of time 
spent active by 
individual lionfish 

   Dusk -2.853 0.004 
Lionfish*Time 14.588 < 0.001 Dawn -1.416 0.157 
   Midday 0.784 0.433 
   Dusk -2.606 0.009 
Prey*Time 0.881 0.644    

Proportion of 
lionfish sheltering 
on each reef 

Prey 0.272 0.602    
Lionfish*Time 12.604 0.002 Dawn 2.059 0.040 
   Midday -1.664 0.096 
   Dusk 1.048 0.295 
Prey*Time 2.178 0.337    

Proportion of 
lionfish arriving at 
each reef 

Prey 0.115 0.734    
Lionfish*Time 8.130 0.017 Dawn 1.759 0.079 
   Midday -0.582 0.560 
   Dusk 2.959 0.003 
Prey*Time 4.152 0.125    

Proportion of 
lionfish departing 
from each reef 

Prey 1.878 0.171       
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APPENDIX B CHAPTER 4 SUPPLEMENTAL MATERIAL 
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Figure B.1.  Photograph of an artificial reef near Lee Stocking Island, Bahamas used in 
this experiment.  Photo credit Mark Hixon. 



 

 

199 

Table B.1.  Lionfish density treatments (#/m2) and mean initial lionfish total length (cm) 
(± SEM). 
 

Lionfish 
Treatment 

Mean Initial Lionfish 
Length (cm) 

0 n/a 
1 5.6 (n/a) 
2 5.7 (0.60) 
4 5.4 (0.23) 
7 5.2 (0.25) 
10 5.8 (0.25) 
12 5.8 (0.28) 
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Table B.2. Net change in abundance (± SEM where applicable) by species of prey-sized 
native fish over the course of a 7-week experiment on small patch reefs with manipulated 
lionfish densities (0 – 12 lionfish/m2).  Data are organized in order of decreasing change 
in abundance on 0-lionfish control reefs. 

  Change in abundance by lionfish density 
Family Species 0 1 2 4 7 10 12 

Gobiidae Corythopterus 
glaucofraenum 

21 (2.36) -11 -3 -3 -2 -20 -14 

Gobiidae Gnatholepis 
thompsoni 

6 (1.47) 3 3 2 3 6 -2 

Pomacanthidae Stegastes 
leucostictus 

5.75 (1.53) 4 0 1 1 -1 0 

Labrisomidae Malacoctenus 
macropus 

3.5 (0.92) 1 -1 -3 0 -1 -1 

Scaridae Sparisoma viride 2.5 (0.78) -2 1 0 0 0 0 
Apogonidae Apogon 

maculatus 
2 (0.65) 0 1 0 1 0 -2 

Haemulidae Haemulon sp. 
(juvenile) 

1.25 (0.52) 0 0 -1 3 0 0 

Lutjanidae Ocyurus 
chrysurus 

1.25 (0.38) 0 0 0 0 0 0 

Scaridae Sparisoma 
aurofrenatum 

1.25 (0.24) -2 0 3 0 -1 -1 

Pomacanthidae Holacanthus 
ciliaris 

0.75 (0.38) 0 1 -1 1 0 0 

Pomacanthidae Stegastes 
partitus 

0.75 (0.38) -1 0 0 0 0 0 

Apogonidae Apogon 
townsendi 

0.5 (0.25) 0 0 0 0 0 0 

Labridae Halichoeres 
poeyi 

0.5 (0.14) 0 0 0 0 0 0 

Acanthuridae Acanthurus 
coeruleus 

0.25 (0.13) 0 0 1 0 0 0 

Serranidae Hypoplectrus sp. 0.25 (0.13) 0 0 0 0 0 0 
Pomacanthidae Pomacanthus 

arcatus 
0.25 (0.13) 0 0 0 0 0 0 

Apogonidae Apogon 
binotatus 

0 (0.20) -2 1 -1 0 0 -3 

Gobiidae Corythopterus 
dicrus 

0 (0.35) 0 1 -1 -1 -1 0 

Labridae Halichoeres 
pictus 

0 (0) 23 0 -3 -2 -1 0 

Pomacanthidae Holocanthus 
tricolor 

0 (0) 0 0 -1 0 0 0 
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Table B.2 (Continued). 
 

  Change in abundance by lionfish density 
Family Species 0 1 2 4 7 10 12 

  Scaridae Scarus 
taeniopterus 

0 (0) 0 -2 -2 -2 -1 -2 

Gobiidae Elacatinus genie -0.25 (0.13) 0 0 0 1 2 0 
Labridae Halichoeres 

maculipinna 
-0.25 (0.59) -1 -2 -2 -3 -1 -1 

Labridae Halichoeres 
radiatus 

-0.25 (0.13) -1 0 -1 -1 0 -2 

Scaridae Sparisoma 
atomarium 

-0.25 (0.13) 0 0 0 0 0 0 

Labridae Thalassoma 
bifasciatum 

-0.25 (0.55) -4 -3 -6 -4 -5 -1 

Apogonidae Apogon 
aurolineatus 

-0.5 (0.14) 0 0 0 0 0 0 

Callionymidae Paradiplogramm
us bairdi 

-0.5 (0.14) 1 0 0 0 0 0 

Labridae Halichoeres 
garnoti 

-0.75 (0.60) -1 -2 -3 -2 -4 -1 
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Table B.3. Correlations with NMDS ordination axes (Figure 4.4) for each native fish 
species present at the end of a 7-week experiment.  Lionfish density was strongly 
positively correlated with axis 1 (r = 0.92).   
 

   Correlation 
Family Species Axis 1 Axis 2 

Pomacanthidae Stegastes leucostictus -0.791 -0.167 
Gobiidae Corythopterus glaucofraenum -0.768 0.042 

Labrisomidae Malacoctenus macropus -0.759 -0.035 
Labridae Thalassoma bifasciatum -0.568 -0.239 
Labridae Halichoeres maculipinna -0.552 -0.236 

Apogonidae Apogon maculatus -0.535 0.307 
Labridae Halichoeres garnoti -0.518 0.126 

Pomacanthidae Stegastes partitus -0.504 0.117 
Gobiidae Corythopterus dicrus -0.468 0.562 
Scaridae Sparisoma aurofrenatum -0.456 -0.398 

Lutjanidae Ocyurus chrysurus -0.451 0.290 
Haemulidae Haemulon sp. (juvenile) -0.392 0.579 

Labridae Halichoeres poeyi -0.388 -0.076 
Labridae Halichoeres radiatus -0.367 0.122 

Serranidae Hypoplectrus sp. -0.367 0.122 
Callionymidae Paradiplogrammus bairdi -0.303 -0.437 

Gobiidae Gnatholepis thompsoni -0.270 0.005 
Scaridae Sparisoma viride -0.261 0.514 
Labridae Halichoeres pictus -0.241 -0.612 

Acanthuridae Acanthurus coeruleus -0.238 -0.268 
Apogonidae Apogon townsendi -0.222 0.287 

Pomacanthidae Pomacanthus arcatus -0.222 0.287 
Scaridae Scarus taeniopterus -0.221 0.253 

Apogonidae Apogon binotatus -0.135 0.575 
Pomacanthidae Holacanthus ciliaris -0.118 0.613 

Gobiidae Elacatinus genie 0.109 0.523 
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Figure C.1. Habitat types in which weekly native prey fish surveys were conducted.  
Lionfish were removed from eight main patch reefs (low-lionfish treatment reefs) and 
lionfish densities were maintained on eight main patch reefs (high-lionfish treatment 
reefs).  Around each main reef, between one and four satellite coral heads were 
haphazardly selected to survey.  Two 35-m transects were laid out in open areas without 
nearby structures, and fish were surveyed in 2-m2 plots every 5 meters.  Standardized 
habitat units (SHUs), 0.5-m2 patches of empty queen conch (Strombus gigas) shells, were 
set-up at the start of the experiment.  All reefs had one row of SHUs at 7-m intervals 
(‘close spacing’), and half of the reefs also had a second row at 15-m intervals (‘far 
spacing’).   

!"#$%&"'()%
*++, -.%/

.%/

.%/

0%/

1'"$2"32#4+2%5"6#'"'%
7$#'8%91578:

&;<'8

1"'+;;#'+%=<3";%5+"28



 

 

205 

 

 

Figure C.2. Photographs of habitat types in which weekly native prey fish surveys were 
conducted: (a,b) main coral patch reefs, (c,d) satellite coral heads, (e) open areas, and (f) 
standardized habitat units (SHUs).  Note differences in scales.  
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Figure C.3. Change in native fish density as a function of lionfish treatment (low-lionfish 
main reefs = open circles, high-lionfish main reefs = grey circles) and satellite coral head 
size during (a) week 6 and (b) week 7 of the experiment.  There was a significant 
interaction between lionfish treatment and satellite size during weeks 6, 7, and 8 (p < 
0.01).  Sample size = 20 satellite coral heads around high-lionfish reefs and 24 satellite 
coral heads around low-lionfish reefs.  See Figure 4B for the effect of satellite coral head 
size during week 8.  
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Table C.1.  Results of linear mixed effects models testing for differences in native prey 
fish density at the beginning of the experiment and native predator density throughout the 
entire experiment between high and low-lionfish treatments.  All standardized habitat 
units (SHUs) had no fish inhabitants at the start of the experiment.  Because there were 
no resident native predators in any of the surrounding habitat types, I only tested for 
differences in predator density between lionfish treatments on main coral patch reefs.  All 
models were run with treatment*week as fixed effects using the same random effects and 
weights as described in the main text.  Mixed effects models were fit using the package 
nlme (Pinheiro et al. 2013); p-values, coefficient estimates, and 95% confidence intervals 
were calculated using the multcomp package (Hothorn et al. 2008) in R version 3.0.2 (R 
Development Core Team 2013).  
 

Response Habitat Week 

Mean 
density 
on low-
lionfish 

reefs 
(±SEM)  

Mean 
density 
on high-
lionfish 

reefs 
(±SEM)  

p-
value Estimate 95% CI 

Main Reefs 1 1.51 
(0.22) 

1.45 
(0.21) 1.00 0.06 -1.09 to 

1.20 
Satellite 

Coral 
Heads 

1 
4.51 

(0.69) 
5.31 

(0.89) 0.98 -0.81 -4.33 to 
2.71 

Native 
Prey Fish 
Density 

Open 
Areas 1 0.43 

(0.06) 
0.41 

(0.06) 0.98 0.08 -0.22 to 
0.38 

1 0.13 
(0.03) 

0.09 
(0.02) 0.54 0.03 -0.02 to 

0.07 

2 0.16 
(0.04) 

0.09 
(0.02) 0.54 0.03 -0.02 to 

0.07 

3 0.13 
(0.04) 

0.09 
(0.01) 0.62 0.02 -0.02 to 

0.07 

4 0.13 
(0.02) 

0.08 
(0.01) 0.62 0.02 -0.02 to 

0.07 

5 0.12 
(0.04) 

0.09 
(0.02) 0.80 0.02 -0.03 to 

0.07 

6 0.13 
(0.02) 

0.12 
(0.02) 1.00 0.00 -0.05 to 

0.04 

7 0.15 
(0.03) 

0.12 
(0.01) 0.99 0.01 -0.04 to 

0.05 

Native 
Predator 
Density 

Main Reefs 

8 0.13 
(0.04) 

0.12 
(0.02) 1.00 0.01 -0.04 to 

0.05 
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Table C.2. Results of linear mixed effects models (LMMs) testing for an effect of lionfish 
treatment over time on native fish density in four habitat types.  Significance of fixed 
effects was tested using likelihood ratio tests (LR p).  When an interaction term was not 
significant, it was dropped from the model and significance of lower-order effects was 
tested.  When an interaction term was significant, adjusted p-values (adj. p), coefficient 
estimates, and 95% confidence intervals were calculated using post-hoc tests that account 
for multiple comparisons.  Bold values indicates significance at p < 0.05 level.   
 

Habitat Fixed effect LR p Week adj. p Estimate 95% CI 
2 0.23 0.60 -0.18 to 1.38 
3 <0.01 0.94 0.16 to 1.72 
4 <0.01 0.95 0.17 to 1.73 
5 <0.01 1.35 0.57 to 2.13 
6 <0.01 1.88 1.1 to 2.66 
7 <0.01 1.51 0.73 to 2.29 

Main Reefs treatment*week <0.001 

8 <0.01 2.16 1.39 to 2.94 
treatment*week 0.69  

treatment 0.71  
Open Areas 

week 0.33  
2 1.00 0.00 -2.69 to 2.69 
3 0.27 1.96 -0.73 to 4.66 
4 0.32 1.88 -0.81 to 4.57 
5 0.16 2.21 -0.49 to 4.9 
6 <0.01 6.21 3.52 to 8.91 
7 <0.01 6.01 3.32 to 8.71 

Satellite Coral 
Heads 

treatment*week <0.001 

8 <0.01 9.01 6.32 to 11.7 
2 0.85 1.76 -3.31 to 6.82 
3 0.15 3.80 -0.9 to 8.51 
4 0.04 4.80 0.1 to 9.51 
5 0.38 2.90 -1.8 to 7.61 
6 0.10 4.20 -0.5 to 8.91 

7 <0.01 6.05 1.35 to 
10.76 

Standardized 
Habitat Units 

treatment*week 0.03 

8 <0.01 6.65 1.95 to 
11.36 
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Table C.3. Results of linear mixed effects models (LMMs) testing for an effect of lionfish 
treatment, distance from main reef, size of satellite coral head, and spacing of 
standardized habitat units on native fish density over time.  Significance of fixed effects 
was tested using likelihood ratio tests (LR p).  When an interaction term was not 
significant, it was dropped from the model and significance of lower-order effects was 
tested.  When an interaction term was significant, LMMs were re-fit using restricted 
maximum likelihood estimation to obtain coefficient estimates and 95% confidence 
intervals.  When an interaction term containing a categorical fixed effect with more than 
two levels was significant, adjusted p-values (adj. p), coefficient estimates, and 95% 
confidence intervals were calculated using post-hoc tests that account for multiple 
comparisons.  Bold values indicates significance at p < 0.05 level.   
 

Habitat Fixed effect LR p Week adj. p Estimate 95% CI 
treatment*distance*size*

week 0.96   

2 1.00 0.00 -2.08 to 
2.08 

3 1.00 -0.31 -2.39 to 
1.77 

4 1.00 0.09 -1.99 to 
2.17 

5 1.00 0.36 -1.72 to 
2.44 

6 0.01 -2.50 -4.58 to 
-0.42 

7 <0.01 -2.71 -4.79 to 
-0.63 

treatment*size*week <0.001 

8 <0.01 -3.24 -5.32 to 
-1.16 

treatment*distance*size 0.52   
treatment*distance*week 0.56   

Satellite 
Coral Heads 

treatment*distance 0.13   
treatment*distance*week 0.92   Open Areas 

treatment*distance 0.76   
treatment*distance*week 0.91   Standardized 

Habitat Units treatment*distance 0.01   0.13 0.04 to 
0.22 

treatment*spacing*week 0.14   Standardized 
Habitat Units  

(31-m 
distance) 

treatment*spacing 
0.02   4.54 0.80 to 

8.27 
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Table C.4. Top species affected by invasive lionfish in each habitat.  Net low is the net 
change in density (#/m2) of each species on and around low-lionfish treatment reefs 
between the final and the first week of the experiment, net high is on and around high-
lionfish treatment reefs, and diff is the difference between net change in density on and 
around low versus high lionfish-treatment reefs.  During the final week of the 
experiment, standardized habitat units (SHUs) were surveyed both visually and by 
shaking out individual conch shells to remove hidden individuals (see Appendix A).  
Because of the differences in species affected between these two survey methods, they 
are reported separately.   
 

Rank Habitat Species Family Net 
Low 

Net 
High Diff 

1 Scarus iserti Scaridae (Parrotfishes) 2.00 0.78 1.22 
2 Sparisoma viride Scaridae (Parrotfishes) 0.09 -0.04 0.13 

3 Coryphopterus 
glaucofraenum Gobiidae (Gobies) 0.06 -0.03 0.09 

4 Scarus 
taeniopterus Scaridae (Parrotfishes) 0.06 -0.01 0.07 

5 Halichoeres 
garnoti Labridae (Wrasses) -0.19 -0.26 0.07 

6 Halichoeres 
bivittatus Labridae (Wrasses) 0.07 0.01 0.06 

7 Halichoeres 
radiatus Labridae (Wrasses) -0.02 -0.08 0.06 

8 Gnatholepis 
thompsoni Gobiidae (Gobies) 0.07 0.01 0.06 

9 Apogon binotatus Apogonidae 
(Cardinalfishes) 0.05 -0.01 0.06 

10 

Main 
Reefs 

Stegastes 
leucostictus 

Pomacentridae 
(Damselfishes) 0.03 -0.02 0.05 

1 Scarus iserti Scaridae (Parrotfishes) 4.39 1.08 3.31 

2 Coryphopterus 
glaucofraenum Gobiidae (Gobies) 2.66 0.17 2.49 

3 Halichoeres 
bivittatus Labridae (Wrasses) -0.26 -1.28 1.02 

4 Gnatholepis 
thompsoni Gobiidae (Gobies) 0.50 -0.15 0.65 

5 Stegastes 
leucostictus 

Pomacentridae 
(Damselfishes) 0.72 0.25 0.47 

6 Sparisoma viride Scaridae (Parrotfishes) 0.16 -0.06 0.22 

7 Sparisoma 
aurofrenatum Scaridae (Parrotfishes) -0.02 -0.19 0.17 

8 Malacoctenus 
macropus 

Labrisomidae 
(Blennies) 0.18 0.03 0.15 

9 Scarus 
taeniopterus Scaridae (Parrotfishes) 0.01 -0.06 0.07 

10 

Satellite 
Coral 
Heads 

Stegastes partitus Pomacentridae 
(Damselfishes) 0.16 0.09 0.07 
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Table C.4. (Continued) 

Rank Habitat Species Family Net 
Low 

Net 
High 

Diff 

1 Scarus iserti Scaridae (Parrotfishes) 2.10 0.30 1.80 
2 Halichoeres 

bivittatus Labridae (Wrasses) 4.65 2.95 1.70 

3 Coryphopterus 
glaucofraenum Gobiidae (Gobies) 2.40 1.25 1.15 

4 Stegastes 
leucostictus 

Pomacentridae 
(Damselfishes) 1.75 1.20 0.55 

5 Gnatholepis 
thompsoni Gobiidae (Gobies) 1.65 1.15 0.50 

6 Ocyurus chrysurus Lutjanidae (Snappers) 0.35 0.00 0.35 
7 Cryptotomus 

roseus Scaridae (Parrotfishes) 0.10 0.00 0.10 

7 Sparisoma viride Scaridae (Parrotfishes) 0.10 0.00 0.10 
9 Sparisoma 

aurofrenatum Scaridae (Parrotfishes) 0.15 0.10 0.05 

9 Canthigaster 
rostrata 

Tetraodontidae 
(Pufferfishes) 0.05 0.00 0.05 

9 

SHUs 
(Visual 
Only) 

Sparisoma radians Scaridae (Parrotfishes) 0.05 0.00 0.05 
1 Scarus iserti Scaridae (Parrotfishes) 2.25 0.30 1.95 
2 Halichoeres 

bivittatus Labridae (Wrasses) 4.65 2.95 1.70 

3 Coryphopterus 
glaucofraenum Gobiidae (Gobies) 2.40 1.30 1.10 

4 Ocyurus chrysurus Lutjanidae (Snappers) 0.35 0.00 0.35 
5 Gnatholepis 

thompsoni Gobiidae (Gobies) 1.70 1.40 0.30 

6 Apogon binotatus Apogonidae 
(Cardinalfishes) 0.75 0.50 0.25 

6 Phaeoptyx 
pigmentaria 

Apogonidae 
(Cardinalfishes) 0.75 0.50 0.25 

8 Stegastes 
leucostictus 

Pomacentridae 
(Damselfishes) 1.80 1.60 0.20 

9 Astrapogon 
stellatus 

Apogonidae 
(Cardinalfishes) 1.25 1.10 0.15 

10 Cryptotomus 
roseus Scaridae (Parrotfishes) 0.10 0.00 0.10 

10 

SHUs 
(Visual 

+ 
Shakes) 

Sparisoma viride Scaridae (Parrotfishes) 0.10 0.00 0.10 
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APPENDIX D CHAPTER 6 SUPPLEMENTAL MATERIAL 
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Figure D.1. Schematic of experimental set-up to test for an effect of predators on 
settlement preferences of coral-reef fish.  80 x 60 x 15 cm standardized reefs consisting 
of coral rubble were arranged in groups of five (replicate statistical blocks) on a sandy 
flat approximately 5 m deep.  Treatment fish were housed in small mesh cages placed 
next to each reef.   
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Figure D.2. Number of bicolor damselfish and mahogany snapper recruits to 
experimental reefs per night during (a) July 2014 and (b) August 2014 as a function of 
days to the new moon. 
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Figure D.3. Proportional recruitment of mahogany snapper as a function of (a) treatment 
and (b) recruit abundance and treatment in August 2014, including two outlier nights with 
extremely high abundances of snapper recruits.  (a) Bars represent means and standard 
errors estimated from generalized linear mixed effects model.  Recruitment differed 
among treatments (p < 0.01) and letters above bars indicate differences based on post-hoc 
tests. (b) Diet treatments for each piscivore were combined.  Curves show fitted 
regression lines from generalized linear mixed effects model and shaded areas represent 
standard error. Recruitment varied with both recruit density and predator treatment in 
both experiments (density x treatment interaction, p < 0.01) and letters next to treatments 
in legend indicate differences in slopes based on post-hoc tests.   
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Table D.1. Species of coral-reef fishes that recruited to small patch reefs in July 2014 
testing for the effects of predator origin.  Values represent abundance of recruits to each 
treatment, total abundance of each species, and percent of total recruits represented by 
each species. 

 
 

Species 
Empty 
Control 

Empty 
Cage 

Invasive 
Piscivore 

Native 
Piscivore 

Native 
Invertivore Total  %  

Stegastes partitus 240 217 234 251 237 1179 49.08 
Lutjanus mahogoni 106 111 97 46 57 417 17.36 
Canthigaster 
rostrata 39 60 56 59 54 268 11.16 
Acanthurus spp. 25 30 44 35 27 161 6.70 
Thalassoma 
bifasciatum 17 14 9 19 20 79 3.29 
Chromis 
multilineata 4 9 16 6 13 48 2.00 
Xyrichtys spp. 14 8 4 8 8 42 1.75 
Scorpaenodes 
caribbaeus 5 8 10 8 6 37 1.54 
Sparisoma viride 15 3 2 4 12 36 1.50 
Rypticus spp. 2 4 2 4 5 17 0.71 
Serranus tigrinus 5 1 6 2 3 17 0.71 
Ocyurus chrysurus 3 3 4 1 4 15 0.62 
Scorpaenodes spp. 4 3 2 4 1 14 0.58 
Halichoeres 
bivittatus 2 2 3 3 2 12 0.50 
Scarus taeniopterus 0 4 2 3 3 12 0.50 
Scarus iserti 5 3 0 2 1 11 0.46 
Apogon maculatus 0 3 2 2 0 7 0.29 
Chaetodon ocellatus 0 2 3 2 0 7 0.29 
Balistes vetula 1 0 2 0 3 6 0.25 
Cephalopholis 
cruentata 0 3 0 1 0 4 0.17 
Apogon 
aurolineatus 1 0 1 0 0 2 0.08 
Epinephelus 
adscensionis 2 0 0 0 0 2 0.08 
Pomacanthus 
arcuatus 0 0 1 0 1 2 0.08 
Serranus baldwini 0 0 0 0 2 2 0.08 
Unidentified 1 0 1 0 0 2 0.08 
Chaetodon striatus 0 0 0 0 1 1 0.04 
Halichoeres 
radiatus 0 1 0 0 0 1 0.04 
Holocanthus 
tricolor 0 0 0 0 1 1 0.04 
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Table D.2. Species of coral-reef fishes that recruited to small patch reefs in August 2014 
testing for the effects of predator diet.  Values represent abundance of recruits to each 
treatment, total abundance of each species, and percent of total recruits represented by 
each species.  Values in parentheses are excluding two nights with extremely high 
abundances of snapper.  

 

Species 
Empty 
Cage 

Invasive 
Piscivore/ 

Damselfish  

Invasive 
Piscivore/ 
Snapper  

Native 
Piscivore/ 

Damselfish  

Native 
Piscivore/ 
Snapper  Total  % 

Lutjanus 
mahogoni 

116 
(77) 148 (68) 129 (77) 123 (32) 94 (37) 610 

(291) 56.96 
Stegastes 
partitus 60 67 65 53 63 308 28.76 
Canthigaster 
rostrata 7 10 8 14 7 46 4.30 
Halichoeres 
bivittatus 8 4 10 7 5 34 3.17 
Acanthurus 
spp. 2 2 3 2 5 14 1.31 
Chromis 
multilineata 4 1 3 0 0 8 0.75 
Thalassoma 
bifasciatum 1 2 3 1 1 8 0.75 
Scorpaenodes 
spp. 1 2 1 1 1 6 0.56 
Apogon 
maculatus 0 0 2 1 2 5 0.47 
Unidentified 4 0 1 1 0 6 0.56 
Ocyurus 
chrysurus 3 0 1 0 1 5 0.47 
Cephalopholis 
cruentata 0 1 0 0 3 4 0.37 
Rypticus spp. 1 1 1 1 0 4 0.37 
Xyrichtys spp. 0 0 0 2 2 4 0.37 
Scarus 
taeniopterus 1 0 0 0 1 2 0.19 
Serranus 
baldwini 0 0 0 2 0 2 0.19 
Apogon 
binotatus 1 0 0 0 0 1 0.09 
Apogon sp. 0 0 1 0 0 1 0.09 
Halichoeres 
radiatus 1 0 0 0 0 1 0.09 
Sparisoma 
viride 0 0 0 1 0 1 0.09 
Stegastes 
leucostictus 0 0 0 0 1 1 0.09 
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Table D.3. Estimates, standard errors, and significance tests for pairwise differences in 
proportional recruitment of snapper between treatments in July 2014.  Results are from 
post-hoc tests on generalized linear mixed effects models correcting for multiple 
comparisons by controlling for family-wise error rate.  

Pairwise Comparison Diff Est SE p-value 
Empty Cage -0.09 0.19 0.989 
Invasive Piscivore -0.10 0.20 0.985 
Native Invertivore 0.59 0.21 0.045 

Empty Control 

Native Piscivore 1.05 0.23 < 0.001 
Invasive Piscivore -0.01 0.18 1.000 
Native Invertivore 0.68 0.20 0.008 

Empty Cage 

Native Piscivore 1.14 0.23 < 0.001 
Native Invertivore 0.69 0.21 0.010 Invasive Piscivore 
Native Piscivore 1.16 0.23 < 0.001 

Native Invertivore Native Piscivore 0.46 0.25 0.322 
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Table D.4. Slope estimates, standard errors, and significance tests from generalized linear 
mixed effects models for the effect of conspecific density on proportional recruitment of 
snapper to each treatment in July 2014.   
 

Treatment Slope 
Estimate SE p-value 

Empty Control -0.12 0.06 0.049 
Empty Cage -0.05 0.06 0.396 
Invasive Piscivore 0.21 0.06 0.001 
Native Invertivore 0.17 0.07 0.020 
Native Piscivore -0.15 0.08 0.077 
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Table D.5. Estimates, standard errors, and significance tests for pairwise differences in 
the effect of conspecific density on proportional recruitment of snapper in July 2014.  
Results are from post-hoc tests on generalized linear mixed effects models correcting for 
multiple comparisons by controlling for family-wise error rate.  

Pairwise Comparison Diff Est SE p-value 
Empty Cage -0.07 0.08 0.927 
Invasive Piscivore -0.33 0.08 <0.001 
Native Invertivore -0.28 0.09 0.020 

Empty Control 

Native Piscivore 0.03 0.10 0.999 
Invasive Piscivore -0.26 0.09 0.022 
Native Invertivore -0.21 0.09 0.118 

Empty Cage 

Native Piscivore 0.10 0.11 0.886 
Native Invertivore 0.04 0.09 0.990 Invasive Piscivore 
Native Piscivore 0.36 0.10 0.006 

Native Invertivore Native Piscivore 0.31 0.11 0.036 
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Table D.6. Estimates, standard errors, and significance tests for pairwise differences in 
proportional recruitment of snapper between treatments in August 2014, both excluding 
and including the two outlier nights with extremely high abundances of snapper.  Results 
are from post-hoc tests on generalized linear mixed effects models correcting for multiple 
comparisons by controlling for family-wise error rate. 

 

 Excluding outliers Including outliers 

Pairwise Comparison Diff 
Est SE p-

value 
Diff 
Est SE p-

value 
Invasive Piscivore 
/Damselfish 0.10 0.21 0.989 -0.47 0.16 0.023 
Invasive Piscivore 
/Snapper -0.09 0.21 0.992 -0.25 0.16 0.494 
Native Piscivore 
/Damselfish 1.26 0.26 <0.001 -0.03 0.15 1.000 

Empty Cage 

Native Piscivore 
/Snapper 1.23 0.25 <0.001 0.19 0.17 0.785 
Invasive Piscivore 
/Snapper -0.20 0.21 0.888 0.22 0.15 0.598 
Native Piscivore 
/Damselfish 1.16 0.26 <0.001 0.44 0.15 0.030 

Invasive 
Piscivore 
/Damselfish 

Native Piscivore 
/Snapper 1.12 0.25 <0.001 0.66 0.16 <0.001 
Native Piscivore 
/Damselfish 1.35 0.26 <0.001 0.22 0.15 0.602 

Invasive 
Piscivore 
/Snapper Native Piscivore 

/Snapper 1.32 0.25 <0.001 0.44 0.16 0.052 
Native Piscivore 
/Damselfish 

Native Piscivore 
/Snapper -0.04 0.29 1.000 0.22 0.16 0.646 
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Table D.7. Slope estimates from generalized linear mixed effects models for the effect of 
conspecific density on proportional recruitment of snapper to each treatment in August 
2014, both excluding and including the two outlier nights with extremely high 
abundances of snapper.  Diet treatments for each piscivore species were combined.       

 Excluding outliers Including outliers 

Treatment Slope 
Estimate SE p-value Slope 

Estimate SE p-value 

Native Piscivore -0.08 0.06 0.172 -0.05 0.01 < 0.001 
Empty Cage -0.10 0.07 0.145 -0.03 0.01 < 0.001 
Invasive Piscivore 0.12 0.05 0.019 0.06 0.01 < 0.001 
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Table D.8. Estimates, standard errors, and significance tests for pairwise differences in 
the effect of conspecific density on proportional recruitment of snapper in August 2014, 
both excluding and including the two outlier nights with extremely high abundances of 
snapper.  Results are from post-hoc tests on generalized linear mixed effects models 
correcting for multiple comparisons by controlling for family-wise error rate.  Diet 
treatments for each piscivore species were combined.       
 

 Excluding outliers Including outliers 

Pairwise Comparison Diff 
Est SE p-value Diff  

Est SE p-value 

Invasive Piscivore -0.21 0.09 0.047 -0.03 0.02 0.221 Empty 
Cage Native Piscivore -0.01 0.09 0.980 -0.11 0.02 <0.001 
Invasive 
Piscivore Native Piscivore 0.20 0.08 0.034 -0.08 0.01 <0.001 

 



 

 

 

 


