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What makes invasive species successful, and how do they affect native populations 

and communities?  I addressed these key questions in the context of the invasion of 

Atlantic coral reefs by Pacific red lionfish (Pterois volitans).  To assess the role of 

parasites in contributing to the success of this invasion, I compared infection rates of 

lionfish with syntopic carnivorous fishes at multiple locations in both the invasive and 

native ranges of lionfish.  Invasive Atlantic lionfish had extremely few parasites when 

compared both to native Pacific lionfish and to ecologically similar native Atlantic 

reef fishes.  Such “enemy release” may help to explain this successful invasion if 

lionfish consequently allocate more energy to growth and reproduction than to costly 

immune defenses.  With few parasites limiting them, lionfish may consume 

ecologically important species, including Elacatinus spp. cleaning gobies: ubiquitous, 

conspicuous fishes that remove ectoparasites from other reef fishes.  Although 

juvenile lionfish ate cleaner goby (E. genie) during laboratory experiments, they 

quickly learned to avoid them, likely due to a previously undescribed skin toxin in 



 

 

these gobies.  Field experiments further revealed no change in the survival and 

growth rates of newly recruited cohorts of the cleaner goby in the presence vs. 

absence of lionfish.  However, lionfish caused declines in the densities of the most 

abundant facultative cleaner, juvenile bluehead wrasse (Thalassoma bifasciatum), and 

of transient fishes that are often cleaned while visiting coral patch reefs.  Therefore, 

lionfish do not have uniformly negative effects on native species; distasteful to 

potential predators, the cleaner goby is among the remarkably few small fish to 

escape predation by lionfish.  The continued presence of Elacatinus spp. cleaning 

gobies, the predominant cleaners on invaded reefs, should limit cascading effects of 

lionfish on other Atlantic coral-reef inhabitants.  Nonetheless, given their broad and 

voracious appetites, invasive lionfish will likely continue to affect native reef 

communities via predation on other cleaners and ecologically important fishes. 
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Interactions among Invasive Pacific Red Lionfish, Fish Parasites,  
and Cleaning Mutualisms Native to Atlantic Coral Reefs 

 
 
 

Chapter 1 – General Introduction 
 
 
 

 Invasive species are a major environmental and economic problem.  Human 

activities continue to accelerate the rate of introductions of non-native species, which 

can disrupt ecosystems and threaten native species (Parker et al. 1999).  There are two 

questions key to understanding and combatting the spread and influence of non-

natives (Gurevitch and Padilla 2004; MacDougall and Turkington 2005):  (1) What 

makes an invasive species successful?  (2) How do invasive species affect native 

populations and communities?  The answers to these questions are inherently 

intertwined, and central to both are interactions between non-native and native 

species.  This is especially true when the invader is a strong interactor, as is the case 

with many non-native predators that have profound effects on native ecosystems, 

including the loss of biodiversity (Clavero and Garcia-Berthou 2005; Sax and Gaines 

2008).  Ultimately, understanding the factors that influence the success of invaders 

will help us to better manage systems to resist and respond to new invaders.  

 Figure 1.1 shows the insertion of a non-native mesopredator (occupying an 

intermediate trophic level) into a simple native community that includes a top 

predator (or parasite) capable of consuming the invader, a native competitor, and two 

common prey.  For an exotic species that eventually becomes successful, its new 

ecosystem might be relatively benign if it escapes its natural enemies (predators, 
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competitors, parasites, and diseases) from its native range that do not also inhabit its 

introduced range (Keane and Crawley 2002; Torchin et al. 2003).  This is known as 

the enemy release hypothesis (Fig. 1.1a, b).  Even native communities with many 

potential enemies can fail to suppress a non-native mesopredator if a lack of 

evolutionary history renders native enemies incapable of effectively controlling the 

invader.  A related concept is the evolution of increased competitive ability (EICA) 

hypothesis (Fig. 1.1b), which states that non-native species released from the effects 

of natural enemies can (1) allocate relatively fewer resources to defenses that would 

otherwise protect them from enemies, and (2) evolve superior competitive ability over 

native species that must continue to defend themselves from their own natural 

enemies (Blossey and Notzold 1995; Callaway and Ridenour 2004). 

 

 

Figure 1.1 Three main hypotheses for how species interactions might influence the 
success of a predator invasion: (a) enemy release hypothesis, (b) both enemy release 
hypothesis and EICA (evolution of increased competitive ability), and (c) prey 
naïveté hypothesis. Arrows point in the direction of the net negative effects (e.g., the 
invasive predator negatively affects native prey). Modified from Sih et al. (2010). 
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 Another explanation for both the success of invasive predators and their 

severe effects on native prey populations is the prey naïveté hypothesis (Fig. 1.1c), 

which states that a lack of co-evolutionary history between species often results in 

native prey responding suboptimally to non-native predators.  This may lead to 

increased consumption rates of prey by predators (Cox and Lima 2006; Freeman and 

Byers 2006).  However, some naïve prey respond appropriately to novel predators, 

e.g., when the prey’s defenses are effective against both native and non-native 

predators (Freeman and Byers 2006).  Even in the absence of direct, consumptive 

effects (CEs) of invasive predators, strong non-consumptive effects (NCEs) can 

emerge (Sih et al. 2010).  NCEs include potential prey experiencing energetically 

costly changes to their behavior, morphology, and life histories, the effects of which 

on the fitness of prey can surpass those of CEs (Preisser et al. 2005).  Furthermore, 

both the CEs and the NCEs of invaders can cascade to indirectly affect other 

members of the native community (Werner and Peacor 2003), with implications for 

ecosystem processes (Fukami et al. 2006).   

 Ultimately, the success of an invader is influenced by the pool of resident 

species, either native or previously introduced, with which the newcomer must 

interact.  Some ecosystems are inherently less invasible than others, especially those 

with high species diversity and redundancy, and abundant natural enemies 

(Stachowicz et al. 1999; Levine et al. 2004).  This is known as biotic resistance, 

which is said to be low when members of a community fail to limit the success of an 

exotic species (Shea and Chesson 2002). 



 

 

4 

 One exotic species that has had recent success and widespread, negative 

effects on native communities is the Pacific red lionfish (Pterois volitans) on Atlantic 

coral reefs (Green et al. 2012; Albins 2015).  Since their initial appearance off Florida 

in the 1980s, lionfish have rapidly spread throughout the western tropical and 

subtropical Atlantic, Caribbean, and Gulf of Mexico, reaching densities of greater 

than 400 fish per hectare (Whitfield et al. 2002; Schofield 2009; Green and Côté 

2009).  Lionfish are highly generalist predators of coral-reef fishes and invertebrates 

in their invaded range (Albins and Hixon 2008; Morris and Akins 2009; Côté and 

Maljković 2010; Green et al. 2011).  A field experiment in the Bahamas by Albins 

and Hixon (2008) documented that a single lionfish can reduce the abundance of 

small fish on a coral patch reef by 79% in just five weeks.  On larger reefs over 

longer time periods, lionfish caused declines in total density (by up to 46%), biomass 

(by 32%), and species richness (by 21%) of prey-sized fishes (Albins 2015).  

 Consistent with the possible demographic effects of enemy release, invasive 

lionfish are larger, reach higher densities, and grow faster (Pusack et al. in press; 

Darling et al. 2011; Kulbicki et al. 2012) than native lionfish on Indo-Pacific reefs.  

Furthermore, lionfish are rarely eaten by predators in either ocean (Bernadsky and 

Goulet 1991; Maljković et al. 2008), perhaps due to their venomous spines, consistent 

with low biotic resistance by native predators.  Lionfish are also likely to be dominant 

competitors over native mesopredators; one study conducted on patch reefs in The 

Bahamas compared lionfish with a native piscivore (Cephalopholis fulva), and found 

that lionfish have stronger ecological effects on common prey and grow six times as 

fast (Albins 2013).  Additionally, laboratory experiments have revealed that prey 
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naïveté may contribute to the success of invasive lionfish (Marsh-Hunkin et al. 2013; 

Black et al. 2014; Anton et al. 2016), which have an appearance and hunting mode 

that are different from those of native Atlantic fishes (Albins and Lyons 2012). 

 There is an urgent need to understand what factor(s) naturally limit lionfish in 

their native Pacific range to inform management of invasive populations.  Given that 

predators rarely attack lionfish in the Pacific, parasites may limit them.  In fact, there 

are many examples of metazoan parasites affecting the fitness and population 

dynamics of their marine fish hosts (Mugridge and Stallybrass 1983; Adlard and 

Lester 1994; Finley and Forrester 2003; Horton and Okamura 2003; Forrester and 

Finley 2006; Grutter et al. 2008; Grutter et al. 2011; Binning et al. 2012).  

Accumulating evidence suggests that parasites directly and indirectly affect 

ecosystem function at multiple scales by regulating or destabilizing host life-history 

traits and population dynamics, directing trophic energy flow, and diversifying host 

communities (Hudson et al. 2006).  Despite the ubiquity and pervasiveness of 

parasites in marine ecosystems, they are under-studied in the context of marine 

invasions (Lafferty and Kuris 1996; Torchin et al. 2002; Vignon and Sasal 2009).   

 If during their transition to the Atlantic, lionfish lost Pacific parasites that 

affected their fitness and failed to gain parasites in the invaded range, then lionfish 

have experienced both enemy release from Pacific parasites and low biotic resistance 

by Atlantic parasites, thus contributing to their success.  By comparing relative 

patterns of infection in the invaded and native ranges, we will be better able to assess 

the potential for parasites to limit invasive populations.  Table A.1 summarizes all 
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previously documented records of parasites infecting lionfishes (P. miles and P. 

volitans). 

 Chapter 2 of this dissertation, “Parasite-mediated enemy release and low 

biotic resistance may facilitate invasion of Atlantic coral reefs by Pacific red 

lionfish,” compares macroparasite infection rates of native Pacific and invasive 

Atlantic populations of lionfish.  It also compares infection rates between lionfish and 

ecologically similar fishes (carnivores inhabiting the same reefs) at two locations in 

the Pacific and two locations in the Atlantic (Fig. 1.2a).  This is the first study to 

combine biogeographical comparisons of parasites and comparisons with native 

competitors in both ranges of a marine invasive species.  We found that invasive 

Atlantic lionfish had extremely few parasites when compared both to native Pacific 

lionfish and to native Atlantic reef fishes. 

 Lionfish have well-documented negative effects on the density, biomass, and 

species richness of native coral-reef fish communities.  Ostensibly, these changes are 

due to the direct effects of lionfish predation.  But lionfish may also have strong 

indirect effects on native communities (Albins and Hixon 2013).  For example, 

infection of lionfish by Atlantic parasites might dilute or amplify the threat of 

infection to native hosts (Thieltges et al. 2008; Paterson et al. 2011), or lionfish might 

introduce new parasites that spillover to native hosts (Hatcher and Dunn 2011; 

Strauss et al. 2012).  All of these potential changes in parasitism can directly and 

indirectly affect the interactions between native and invasive species (Prenter et al. 

2004), thereby affecting the success of invasive lionfish. 
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Figure 1.2 Western Atlantic coral-reef interaction subweb, illustrating both previously 
documented and unknown interactions and effects of invasive Pacific lionfish. 
Predation (including parasitism) is a –/+ interaction and mutualism is an indirect +/+ 
interaction mediated through direct interactions (i.e., because the cleaner goby eats 
parasites that attack native fish, and because native fish are host to parasites that feed 
the goby, the indirect interaction between the goby and native fish is a mutualism). 
Effects labeled by letters are the focus of my dissertation: (a) Chapter 2 investigates 
the interactions between lionfish and parasites, (b) Chapter 3 investigates the direct, 
consumptive effects of invasive lionfish and a native grouper on the cleaner goby 
(Elacatinus genie), and (c) Chapter 4 investigates the possible direct and indirect 
effects of invasive lionfish on the cleaner goby, other native cleaners, and clients. 
Fish drawings are courtesy of Dawn Witherington. 
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 Lionfish could further affect the infection rates of native fishes by eating or 

altering the behavior of cleaners, which are small fishes and shrimps that eat 

parasites, mucus, and dead skin from the external surface of cooperative fishes called 

clients (Losey et al. 1999; Côté 2000).  The mutually beneficial interaction between 

cleaners and their clients is a likely driver of coral-reef fish distribution.  Removal of 

one cleaner species from small reefs in the Pacific greatly reduced the abundance and 

diversity of mobile reef fishes, especially large predators and herbivores, which in 

turn structure coral-reef ecosystems (Grutter et al. 2003; Waldie et al. 2011).  Even 

though cleaning mutualisms are ubiquitous on coral reefs, they remain unstudied in 

the context of marine invasions.  Any negative effect of lionfish on these mutualisms 

could exacerbate declines in associated reef-fish health and diversity (Fig. 1.2). 

 The predominant coral-reef cleaners on invaded Atlantic reefs are Elacatinus 

spp. cleaning gobies (Colin 1975), which have not been identified in the gut contents 

of lionfish published thus far (Albins and Hixon 2008; Morris and Akins 2009; 

Muñoz et al. 2011).  However, cleaning gobies are small-bodied fishes that may 

digest quickly in the guts of predators, and there is evidence that juvenile lionfish will 

hunt and consume cleaning gobies in the laboratory (R. Lamb unpublished data).     

 Lionfish may also interact with Atlantic cleaners in ways other than predation.  

While there is little evidence to suggest that lionfish are regularly cleaned in either the 

Atlantic or the Pacific (Cure et al. 2012, A. Grutter personal communication), 

anecdotal evidence suggests that lionfish may disrupt cleaning behavior on invaded 

reefs.  Côté and Maljković (2010) documented thirteen occasions in which lionfish 

visibly changed direction, swimming toward aggregations of reef fish formed around 
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cleaning gobies or juvenile bluehead wrasse (Thalassoma bifasciatum, a facultative 

cleaner that occasionally removes parasites from other fishes).  In one case, they 

observed a lionfish consume a bluehead wrasse, which is a common prey of invasive 

lionfish (Morris and Akins 2009; Albins 2015). 

 Chapter 3, “Invasive lionfish learn not to eat a ‘spicy’ native fish,” reports 

experimental studies in The Bahamas testing whether invasive lionfish have direct, 

consumptive effects on cleaning gobies (Fig. 1.2b).  First, to determine whether 

lionfish affect populations of cleaning gobies in the wild, I compared changes in the 

densities of cleaning gobies (E. evelynae and E. genie) between reefs where lionfish 

had been removed and reefs where lionfish had been added. 

 Second, my co-authors and I determined whether invasive lionfish and two 

native mesopredators (C. cruentata and C. fulva) eat the cleaner goby (E. genie).  The 

behaviors of lionfish and native mesopredators in response to the cleaner goby and a 

non-cleaner goby (Coryphopterus glaucofraenum) were observed in the laboratory.  

We found that both invasive and native mesopredators consumed the cleaner goby at 

similar rates in the lab. 

Third, we tested whether lionfish and a native mesopredator (C. cruentata) 

learn not to eat the cleaner goby (E. genie) in the laboratory.  The impetus for this line 

of inquiry was behaviors observed in the second part of the study, during which both 

native and invasive predators hyperventilated after eating the cleaner goby.  Again, 

we observed the behaviors of lionfish and C. cruentata in response to the cleaner 

goby and a non-cleaner goby (C. glaucofraenum), but we exposed the predators to the 

gobies at least four times over the course of two weeks and noted changes in the 
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behaviors of individual predators.  We found that juvenile lionfish quickly learned to 

avoid eating the cleaner goby, likely due to a previously undescribed skin toxin in this 

goby.  However, the native mesopredator did not learn to avoid eating the cleaner 

goby during our two-week experiment. 

 Chapter 4, “Direct and indirect effects of invasive lionfish on coral-reef 

cleaning mutualists,” reports experimental tests of whether invasive lionfish have 

direct and indirect effects on the cleaner goby (E. genie; Fig. 1.2c), and whether 

lionfish also affect native communities of cleaners and clients.  The experiment 

followed a before-after-control-impact (BACI) design, for which I maintained low 

lionfish densities at twelve coral patch reefs for one month, then periodically added 

lionfish to half the reefs and removed lionfish from the other half of reefs for an 

additional month.  I found that lionfish did not affect the density or growth rates of 

the cleaner goby.  However, lionfish caused declines in the densities of juvenile 

bluehead wrasse (a facultative cleaner) and of transient client fishes that move from 

patch reef to patch reef. 

 The insertion of an effective exotic mesopredator into a complex coral-reef 

interaction web has led to a variety of ecological effects, many of which are not yet 

well understood.  However, the lionfish invasion is widely considered to be the worst 

marine fish invasion in history, and may further degrade already threatened coral 

reefs in the Atlantic (Sutherland et al. 2010; Albins and Hixon 2013).  My doctoral 

dissertation investigates the interactions among invasive lionfish, fish parasites, and 

native Atlantic cleaning mutualisms.  Parasites and cleaners may be drivers of 

broader community-level changes, but their role in marine invasions is not well 



 

 

11 

understood.  Therefore, a thorough investigation of their interactions with lionfish 

will help us to recognize and combat the effects of this invader, and will generate new 

insights into the role of biotic interactions in shaping the outcomes of invasions. 

 

  



 

 

12 

1.1 Literature Cited 

Adlard R, Lester R (1994) Dynamics of the interaction between the parasitic isopod, 
Anilocra pomacentri, and the coral reef fish, Chromis nitida. Parasitology 
109:311–324 

Albins MA (2013) Effects of invasive Pacific red lionfish Pterois volitans versus a 
native predator on Bahamian coral-reef fish communities. Biol Invasions 15:29–
43 

Albins MA (2015) Invasive Pacific lionfish Pterois volitans reduce abundance and 
species richness of native Bahamian coral-reef fishes. Mar Ecol Prog Ser 
522:231–243 

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

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

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

Anton A, Cure K, Layman CA, Puntila R, Simpson MS, Bruno JF (2016) Prey 
naiveté to invasive lionfish Pterois volitans on Caribbean coral reefs. Mar Ecol 
Prog Ser 544:257-269 

Bernadsky G, Goulet D (1991) A natural predator of the lionfish, Pterois miles. 
Copeia 1:230–231 

Binning SA, Roche DG, Layton C (2012) Ectoparasites increase swimming costs in a 
coral reef fish. Biol Lett 9:20120927–20120927 

Black AN, Weimann SR, Imhoff VE, Richter ML, Itzkowitz M (2014) A differential 
prey response to invasive lionfish, Pterois volitans: Prey naiveté and risk-
sensitive courtship. J Exp Mar Bio Ecol 460:1–7 

Blossey B, Notzold R (1995) Evolution of increased competitive ability in invasive 
nonindigenous plants: A Hypothesis. J Ecol 83:887–889 

Callaway RM, Ridenour WM (2004) Novel weapons: invasive success and the 
evolution of increased competitive ability. Front Ecol Environ 2:436–443 

Clavero M, Garcia-Berthou E (2005) Invasive species are a leading cause of animal 
extinctions. Trends Ecol Evol 20:110–110 



 

 

13 

Colin P (1975) The Neon Gobies. T.F.H. Publications, Inc., Neptune City, NJ 

Côté IM (2000) Evolution and ecology of cleaning symbioses in the sea. Oceanogr 
Mar Biol An Annu Rev 38:311–355 

Côté IM, Maljković A (2010) Predation rates of Indo-Pacific lionfish on Bahamian 
coral reefs. Mar Ecol Prog Ser 404:219–225 

Cox JG, Lima SL (2006) Naivete and an aquatic-terrestrial dichotomy in the effects 
of introduced predators. Trends Ecol Evol 21:674–680 

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

Darling ES, Green SJ, O’Leary JK, Côté IM (2011) Indo-Pacific lionfish are larger 
and more abundant on invaded reefs: a comparison of Kenyan and Bahamian 
lionfish populations. Biol Invasions 

Finley RJ, Forrester GE (2003) Impact of ectoparasites on the demography of a small 
reef fish. Mar Ecol Prog Ser 248:305–309 

Forrester GE, Finley RJ (2006) Parasitism and a shortage of refuges jointly mediate 
the strength of density dependence in a reef fish. Ecology 87:1110–5 

Freeman AS, Byers JE (2006) Divergent Induced Responses to an Mussel 
Populations. Science (80- ) 58:831–833 

Fukami T, Wardle DA, Bellingham PJ, Mulder CPH, Towns DR, Yeates GW, Bonner 
KI, Durrett MS, Grant-Hoffman MN, Williamson WM (2006) Above- and 
below-ground impacts of introduced predators in seabird-dominated island 
ecosystems. Ecol Lett 9:1299–1307 

Green SJ, Akins JL, Côté IM (2011) Daily patterns of foraging behaviour and prey 
consumption in the Indo-Pacific lionfish Pterois volitans on Bahamian coral 
reefs. Mar Ecol Prog Ser 433:159–167 

Green SJ, Akins JL, Maljković A, Côté IM (2012) Invasive Lionfish Drive Atlantic 
Coral Reef Fish Declines. PLoS One 7:e32596 

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

Grutter AS, Crean AJ, Curtis LM, Kuris AM, Warner RR, McCormick MI (2011) 
Indirect effects of an ectoparasite reduce successful establishment of a 
damselfish at settlement. Funct Ecol 25:586–594 



 

 

14 

Grutter AS, Murphy JM, Choat JH (2003) Cleaner fish drives local fish diversity on 
coral reefs. Curr Biol 13:64–7 

Grutter AS, Pickering JL, Mccallum H, McCormick MI (2008) Impact of 
micropredatory gnathiid isopods on young coral reef fishes. Coral Reefs 27:655–
661 

Gurevitch J, Padilla DK (2004) Are invasive species a major cause of extinctions? 
Trends Ecol Evol 19:470–474 

Hatcher MJ, Dunn AM (2011) Parasites in Ecological Communities, 1st edn. 
Cambridge University Press, New York, New York 

Horton T, Okamura B (2003) Post-haemorrhagic anaemia in sea bass, Dicentrarchus 
labrax (L.), caused by blood feeding of Ceratothoa oestroides (Isopoda: 
Cymothoidae). J Fish Dis 26:401–6 

Hudson PJ, Dobson AP, Lafferty KD (2006) Is a healthy ecosystem one that is rich in 
parasites? Trends Ecol Evol 21:381–5 

Keane RM, Crawley MJ (2002) Exotic plant invasions and the enemy release 
hypothesis. Trends Ecol Evol 17:164–170 

Kulbicki M, Beets JP, Chabanet P, Cure K, Darling ES, Floeter SR, Galzin R, Green 
A, Harmelin-Vivien M, Hixon MA, Letourneur Y, Loma TL De, McClanahan 
TR, Mcilwain JL, Moutham G, Myers R, Leary JKO, Planes S, Vigliola L, 
Wantiez L (2012) Distributions of Indo-Pacific lionfishes Pterois spp. in their 
native ranges: implications for the Atlantic invasion. Mar Ecol Prog Ser 
446:189–205 

Lafferty KD, Kuris AM (1996) Biological Control of Marine Pests. Ecology 
77:1989–2000 

Levine JM, Adler PB, Yelenik SG (2004) A meta-analysis of biotic resistance to 
exotic plant invasions. Ecol Lett 7:975–989 

Losey GS, Grutter AS, Rosenquist G (1999) Cleaning symbiosis: a review (VC 
Almada, RF Oliveira, and EJ Goncalves, Eds.). Behav Conserv Littoral 
Fishes:379–395 

MacDougall AS, Turkington R (2005) Are invasive species the drivers or passengers 
of change in degraded ecosystems? Ecology 86:42–55 

Maljković A, Leeuwen TE, Cove SN (2008) Predation on the invasive red lionfish, 
Pterois volitans (Pisces: Scorpaenidae), by native groupers in the Bahamas. 
Coral Reefs 27:501 



 

 

15 

Marsh-Hunkin KE, Gochfeld DJ, Slattery M (2013) Antipredator responses to 
invasive lionfish, Pterois volitans: interspecific differences in cue utilization by 
two coral reef gobies. Mar Biol 160:1029–1040 

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

Mugridge RER, Stallybrass HG (1983) A mortality of eels, Anguilla anguilla L., 
attributed to Gnathiidae. J Fish Dis 6:81–82 

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

Parker IM, Simberloff D, Lonsdale WM, Goodell K, Wonham M, Kareiva PM, 
Williamson MH, Holle B Von, Moyle PB, Byers JE, Goldwasser L (1999) 
Impact: toward a framework for understanding the ecological effects of invaders. 
Biol Invasions 1:3–19 

Paterson RA, Townsend CR, Poulin R, Tompkins DM (2011) Introduced brown trout 
alter native acanthocephalan infections in native fish. J Anim Ecol 80:990–8 

Preisser EL, Bolnick DI, Bernard MF (2005) Scared To Death? The Effects Of 
Intimidation And Consumption In Predator-Prey Interactions. Ecology 86:501–
509 

Pusack TJ, Benkwitt CE, Cure K, Kindinger TL Invasive Red Lionfish (Pterois 
volitans) grow faster in the Atlantic Ocean than in their native Pacific range. 
Environ Biol Fishes in press 

Sax DF, Gaines SD (2008) Species invasions and extinction : The future of native 
biodiversity on islands. Proc Natl Acad Sci 105:11490–11497 

Schofield PJ (2009) Geographic extent and chronology of the invasion of non-native 
lionfish (Pterois volitans [Linnaeus 1758] and P. miles [Bennett 1828]) in the 
Western North Atlantic and Caribbean Sea. Aquat Invasions 4:473–479 

Shea K, Chesson P (2002) Community ecology theory as a framework for biological 
invasions. Trends Ecol Evol 17:170–176 

Sih A, Bolnick DI, Luttbeg B, Orrock JL, Peacor SD, Pintor LM, Preisser E, Rehage 
JS, Vonesh JR (2010) Predator-prey naïveté, antipredator behavior, and the 
ecology of predator invasions. Oikos 119:610–621 

Stachowicz JJ, Whitlatch RB, Osman RW (1999) Species Diversity and Invasion 
Resistance in a Marine Ecosystem. Science 286:1577–1579 



 

 

16 

Strauss A, White A, Boots M (2012) Invading with biological weapons: the 
importance of disease-mediated invasions (S Perkins, Ed.). Funct Ecol 26:1249–
1261 

Sutherland WJ, Clout M, Côté IM, Daszak P, Depledge MH, Fellman L, Fleishman E, 
Garthwaite R, Gibbons DW, Lurio J De, Impey AJ, Lickorish F, Lindenmayer D, 
Madgwick J, Margerison C, Maynard T, Peck LS, Pretty J, Prior S, Redford KH, 
Scharlemann JPW, Spalding MD, Watkinson AR (2010) A horizon scan of 
global conservation issues for 2010. Trends Ecol Evol 25:1–7 

Thieltges DW, Reise K, Prinz K, Jensen KT (2008) Invaders interfere with native 
parasite–host interactions. Biol Invasions 11:1421–1429 

Torchin ME, Lafferty KD, Dobson AP, McKenzie VJ, Kuris AM (2003) Introduced 
species and their missing parasites. Nature 421:628–630 

Torchin ME, Lafferty KD, Kuris AM (2002) Parasites and marine invasions. 
Parasitology 124 Suppl:S137–51 

Vignon M, Sasal P (2009) Fish introduction and parasites in marine ecosystems: a 
need for information. Environ Biol Fishes 87:1–8 

Waldie PA, Blomberg SP, Cheney KL, Goldizen AW, Grutter AS (2011) Long-Term 
Effects of the Cleaner Fish Labroides dimidiatus on Coral Reef Fish 
Communities. PLoS One 6:e21201 

Werner E, Peacor SD (2003) A Review of trait-mediated indirect interactions in 
ecological communities. Ecology 84:1083–1100 

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

  



 

 

17 

 
 
 
 
 
 
 
 
 
 

Chapter 2 – Parasite-mediated enemy release and low biotic resistance may 
facilitate invasion of Atlantic coral reefs by Pacific red lionfish 

 
 
 

Lillian J. Tuttle, Paul C. Sikkel, Katherine Cure, and Mark A. Hixon 
 

 

 

 

 

 

 

 

 

 

 

 

Formatted for Biological Invasions 

in revision 

  



 

 

18 

Abstract 

 Successful invasions are largely explained by some combination of enemy 

release, where the invader escapes its natural enemies from its native range, and low 

biotic resistance, where native species in the invaded range fail to control the invader.  

We examined the extent to which parasites may mediate both release and resistance 

in the introduction of Indo-Pacific red lionfish (Pterois volitans) to Atlantic coral 

reefs.  We discovered that lionfish at 2 regions in their native Pacific range (the 

Marianas and the Philippines) are 18.9 times more likely to be infected by a parasite 

than are lionfish at 2 regions in their invaded Atlantic range (The Bahamas and the 

Cayman Islands), and are infected with 2.6 times as many parasites.  This pattern was 

largely driven by relatively high numbers of parasitic copepods on lionfish in the 

Philippines.  When compared to sympatric, native fishes in the Atlantic, invasive 

lionfish had 8.9 times fewer parasites than infected grunts, 5.0 times fewer parasites 

than infected squirrelfishes, and 12.0 times fewer parasites than infected snappers.  

We found no indication that lionfish introduced Pacific parasites into the Atlantic.  

Our between- and within-ocean comparisons are consistent with enemy release and 

low biotic resistance, respectively.  In conjunction with demographic signs of enemy 

release such as increased density, fish size, and growth of invasive lionfish, our 

results suggest that one contributing factor to the success of lionfish may be parasite 

loss, especially if such a loss leads to more energy available for lionfish growth, 

reproduction, and/or immunity. 
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2.1 Introduction 

 Invasive species are rapidly transforming ocean ecosystems.  Recent decades 

have witnessed a vast increase in the movement of nonindigenous marine organisms, 

largely due to the globalization of shipping, aquaculture, and aquarium industries 

(Bax et al. 2003; Rilov and Crooks 2008).  Not all exotic species become established 

and spread broadly across their new environments, but when they do, their effects can 

be substantial.  To prevent and mitigate the ecological effects of marine invasive 

species, understanding the traits and mechanisms that facilitate their success is 

essential (Carlton 1996; Bax et al. 2001). 

 The enemy release hypothesis predicts how interactions with other species 

shape the success of an invader.  This hypothesis has two primary predictions: 1) 

when compared to populations in their native range, invasive populations lack natural 

enemies (predators, competitors, and/or parasites and other pathogens), and 2) natural 

enemies affect native species’ individual fitness and/or populations more than they 

affect those of introduced species, thus benefiting the non-native (Keane and Crawley 

2002; Torchin et al. 2003).  To test the first prediction, biogeographical studies have 

compared native and invasive populations of the same species (Torchin et al. 2002; 

Torchin et al. 2003; Mitchell and Power 2003).  To test the second prediction, studies 

have compared sympatric populations of invasive and native species; at least two 

studies have found that native species experience higher prevalences of infection by 

parasites, thus affecting competition among invasive and native hosts (Hanley et al. 

1995; MacNeil et al. 2003).   
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 The biotic resistance hypothesis is also used to explain the successful 

establishment and spread of an exotic species.  It states that native communities with 

high diversity and/or abundant natural enemies reduce the success of invasions 

(Stachowicz et al. 1999; Levine et al. 2004).  Biotic resistance is said to be low when 

members of a community fail to limit the success of an exotic species (Shea and 

Chesson 2002).   

 Recently identified as a top global conservation threat (Sutherland et al. 

2010), invasive Indo-Pacific red lionfish (Pterois volitans) are experiencing a 

population explosion in the tropical western Atlantic, Caribbean, and Gulf of Mexico 

(Schofield 2010).  A field experiment in the Bahamas documented that a single 

lionfish can reduce the abundance of small fish on a coral patch reef by 79% in just 5 

weeks (Albins and Hixon 2008), and recent evidence suggests that these results scale-

up to stronger effects on larger reefs over longer time periods (Green et al. 2012; 

Albins 2015).  Consistent with the possible demographic effects of enemy release, 

invasive lionfish are larger, more abundant, and grow faster (Pusack et al in press; 

Darling et al 2011; Kulbicki et al 2012) than native lionfish on Indo-Pacific reefs.  

Indicative of low biotic resistance, lionfish are rarely eaten by predators in either 

ocean (Bernadsky and Goulet 1991; Maljković et al. 2008), perhaps due to their 

venomous spines, and there is evidence that lionfish is a dominant competitor over 

native mesopredators (Albins 2013). 

 There is an urgent need to understand what factor(s) naturally limit lionfish 

populations in their native Pacific to inform management of invasive populations.  

Parasitism is one possible mechanism, as there are many examples of metazoan 
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parasites affecting the individual fitness and/or population dynamics of their marine 

fish hosts (Adlard and Lester 1994; Finley and Forrester 2003; Forrester and Finley 

2006; Grutter et al. 2011; Binning et al. 2012).  There are several ways in which 

invaders and parasites may interact: an invader can 1) lose parasites during the 

invasion (enemy release, specifically parasite loss), 2) gain parasites in the new range, 

which may then dilute or amplify the threat of infection in native hosts (Thieltges et 

al. 2008; Paterson et al. 2011), and/or 3) serve as vectors/transport hosts that 

introduce new parasites that spillover to native hosts (Hatcher and Dunn 2011; 

Strauss et al. 2012).  All of these potential changes in parasitism can directly and 

indirectly affect the interactions between native and invasive species, and therefore 

determine the success of an invasion. 

 Parasites of invasive marine invertebrates have been relatively well studied in 

recent years, within the context of the enemy release hypothesis (Torchin et al. 2002; 

Blakeslee et al. 2013).  For example, the Asian hornsnail (Batillaria attramentaria) 

and European green crab (Carcinus maenus) both seem to have experienced release 

from parasites, which has putatively resulted in superior competitive ability over 

sympatric native species in their invaded range (Byers 2000; Torchin et al. 2001; 

Torchin et al. 2005).  Within the context of the enemy release hypothesis, we know 

relatively little about parasites of invasive marine vertebrates, in particular fishes 

(Vignon and Sasal 2009), which are among the most commonly transported marine 

taxa (Molnar et al. 2008) and one of the most common hosts of metazoan parasites 

(Poulin and Morand 2000).  Studies with biogeographical comparisons of the round 

goby (Apollonia melanostoma) (Pronin et al. 1997; Kvach and Skóra 2007), peacock 
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grouper (Cephalopholis argus) (Vignon et al. 2009a), and two snappers (Lutjanus 

fulvus and L. kasmira) (Vignon et al. 2009b) have found lower parasite diversity in 

the fishes’ invaded range.   

 Regarding parasites of lionfish, there are several published records that note 

generalist parasites infecting lionfish in low numbers in the invaded range (Ruiz-

Carus et al. 2006; Bullard et al. 2011; Loerch et al. 2015; Ramos-Ascherl et al. 2015; 

Sellers et al. 2015).  Only one study compared invasive lionfish to native hosts, and 

found higher parasite richness and abundance in a native grouper (Cephalopholis 

cruentata) than in lionfish at one region in the invaded range (Sellers et al. 2015).  

Additionally, only one study has compared lionfish parasites in both their native and 

invaded ranges.  That study focused on one group of generalist external parasites, 

gnathiid isopods, and found that lionfish are weakly susceptible to gnathiids in both 

oceans (Sikkel et al. 2014).  No prior study has combined between- and within-ocean 

comparisons of lionfish parasite communities, to examine whether and how 

interactions with parasites might contribute to lionfish’s success.  In fact, no previous 

study has combined these kinds of comparisons in both the native and introduced 

range of any marine invasive species. 

 To assess the degree to which parasites mediate both enemy release by and 

biotic resistance to Indo-Pacific lionfish on Atlantic coral reefs, we asked two 

questions: 1) How do infection rates differ between native Pacific and invasive 

Atlantic populations of lionfish?  2) How do infection rates differ between lionfish 

and ecologically similar fishes (carnivores inhabiting the same reefs) in both oceans?  

We replicated these comparisons at multiple regions within each ocean.  Consistent 
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with patterns of enemy release and low biotic resistance, we found that invasive 

lionfish had much lower rates of infection by parasites than both native Pacific 

lionfish and most native Atlantic fishes. 

 

2.2 Materials and Methods 

Fish and macroparasite collection 

 Within the invasive Atlantic range of lionfish, our study regions were 

nearshore reefs off Lee Stocking Island in the Bahamas (23°46’00’’N, 76°06’00’’W) 

during the summer of 2009, and Little Cayman in the Cayman Islands (19°41’56’’N, 

80°3’38’’W) during the summers of 2010 and 2011.  Lionfish have been established 

in the Bahamas since 2005, and in the Cayman Islands since 2009 (Schofield 2009).  

We used SCUBA and handnets to collect lionfish (The Bahamas n=47, and the 

Cayman Islands n=91) and native host fishes from 4 families: Haemulidae (grunts; 

The Bahamas n=29, the Cayman Islands n=15), Holocentridae (squirrelfishes; The 

Bahamas n=15, the Cayman Islands n=17), Lutjanidae (snappers; The Bahamas 

n=15), and Serranidae (groupers; The Bahamas n=16, the Cayman Islands n=17) (see 

Table B.1 for sample sizes by host species and study region).  These native fishes 

were chosen because they are similarly sized, abundant carnivores that inhabited the 

same reefs as lionfish at each respective field location, and which occupy similar 

regions of isotopic niche space as invasive lionfish (O’Farrell et al. 2014). 

 Within the native Pacific range of lionfish, our study regions were nearshore 

reefs off Guam in the Northern Mariana Islands (13°15'51’’N, 144°39'59’’E) during 

the summer of 2010, and the island of Negros in the Philippines (9°19’46’’N, 
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123°18’43’’E) during the summer of 2011.  In the same manner as in the Atlantic, we 

collected Pacific lionfish (the Marianas n=14, and the Philippines n=29) and 

sympatric host fishes from 5 families: Haemulidae (grunts; the Philippines n=11), 

Lethrinidae (emperors; the Marianas n=15, and the Philippines n=14), Lutjanidae 

(snappers; the Marianas n=5, and the Philippines n=19), Serranidae (groupers; the 

Marianas n=15, and the Philippines n=8), and Scorpaenidae in the genus Pterois 

(scorpionfishes; P. antennata in the Marianas n=15, and P. russelii in the Philippines 

n=3) (see Table B.1 for sample sizes by host species and study region).    

 We measured the total length of each fish to the nearest millimeter, then 

anaesthetized and pithed it.  We removed the first two branchial gill arches from both 

sides of the fish and used a gut wash technique to locate any gill parasites.  This 

technique consisted of placing the gill arches in a jar with 3:1 filtered freshwater to 

seawater, shaking vigorously for 30 seconds, and allowing material to settle for 5 

minutes.  After decanting the supernatant and pouring the sediment into a clean Petri 

dish, we scanned the dish under a dissecting microscope.  To quantify skin parasites, 

we bathed each fish in freshwater for 10 minutes (Sikkel et al. 2004).  We also 

scraped a 3-cm2 area of skin with a scalpel blade to screen for encysting parasites, and 

used a small paintbrush and squirt bottle to brush off any parasites on the fish’s fins.  

The freshwater and scalpel scrapings were filtered through 53-µm plankton mesh, and 

parasites were sorted under a dissecting microscope.  We dissected each fish, and 

conducted the gut wash technique for the gastrointestinal tract and its contents.  Upon 

dissection, we visually inspected the internal muscle tissue and lining of the body 

cavity for encysting parasites, after scraping approximately 5-cm2 with a scalpel 
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blade.  Parasites recovered from the samples were identified to the level of Phylum 

and/or Class, and then preserved in either 70% ethanol or 10% buffered formalin 

solution for later identification to lower taxonomic levels. 

 We obtained permits to conduct this field study from the Bahamian 

Department of Marine Resources, the Cayman Islands Marine Conservation Board, 

and the Philippines Department of Agriculture, Bureau of Fisheries and Aquatic 

Resources.  No protected species were studied.  All methods were consistent and 

compliant with approved guidelines for the treatment of fishes in a research capacity 

by the Oregon State University Institutional Animal Care and Use Committee, which 

approved this study (ACUP number 3886). 

 

Data structure and analyses 

 Each macroparasite was identified to one of 7 categories based on taxonomic 

designations (Phylum or Class) and location, i.e., where in/on the body of the host the 

parasite was found (internal = gastrointestinal tract or body cavity, and external = 

gills or skin).  For Atlantic lionfish only, each macroparasite was further identified to 

at least Genus, the results of which have been published in a collaborative study 

(Ramos-Ascherl et al. 2015).  For Pacific lionfish only, the most abundant 

macroparasites were identified to at least Family.  The 7 parasite categories were 

external copepod, external isopod, external monogenean, internal acanthocephalan, 

internal cestode, internal digenean, and internal nematode.  One parasite type, 

external isopod, is a group of organisms that temporarily infests fish hosts in 

abundances that may vary by an order of magnitude over the course of a day (Sikkel 
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et al. 2006).  Because we did not account for the time of day when each fish was 

captured and sampled, we chose to constrain our analyses to the 6 other relatively 

permanent parasite types.  While functional differences exist among parasites within 

the broad taxonomic categories we defined and use here, analyzing macroparasite 

infection rates at this scale still allows for meaningful ecological comparisons 

among/between hosts, infection locations on the body, study regions, and oceans.  

This is because most parasite species vary greatly in their distributions and relative 

local abundances, and because many marine macroparasites have yet to be described.  

Host species also vary in their distributions and relative abundances, which is why we 

chose to compare patterns of parasite infection by host family instead of host species. 

 We described infection rates of fish hosts by macroparasites in terms of 1) 

prevalence (proportion of hosts examined that are infected with at least 1 parasite 

individual), and 2) mean intensity (mean number of parasite individuals per infected 

host).  We compared prevalence with logistic regressions (1=infected with at least 1 

parasite, 0=uninfected) using a generalized linear mixed model (GLMM), and mean 

intensity with negative binomial regressions, also using GLMM.  For between-ocean 

comparisons of lionfish, ocean and fish size (in cm TL) were modeled as fixed 

effects, and study region was a random effect.  For within-ocean comparisons of 

lionfish and other host fishes, host family and fish size were modeled as fixed effects, 

and study region was a random effect.  To compare hosts’ infection rates between and 

within oceans, logistic regression GLMMs (GLMM LR) and negative binomial 

regression GLMMs (GLMM NBR) were conducted separately for datasets of all 

external parasites, all internal parasites, each parasite type separately, and all parasites 
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combined.  To simultaneously test the null hypotheses of no difference in infection 

rates between lionfish and each of the other host families within an ocean, we 

corrected p-values and confidence intervals for multiple comparisons with multcomp 

(Hothorn et al. 2008), a package in the statistical software R v3.1.2 (R Core Team 

2014) that is designed for use with GLMM.  Our GLMM LR and GLMM NBR were 

also constructed in R, with the packages lme4 (Bates et al. 2015) and glmmADMB 

(Fournier et al. 2012; Skaug et al. 2014), respectively. 

 

Logistical constraints 

 Lionfish collection was constrained at both Pacific regions by time (we 

collected as many as possible within a 2-week period) and government permits (n=30 

lionfish limit in the Philippines).  Therefore, we were unable to capture as many 

lionfish in the Pacific (n=43) as we were in the Atlantic (n=138), where lionfish were 

relatively abundant and unprotected by local management authorities.  In addition, 

parasite abundance is known to vary with a variety of environmental conditions 

which we were unable to control (Poulin and Morand 2000).  Thus was the need for 

and value of comparing infection rates of lionfish with those of sympatric native 

fishes, which revealed variation in local parasite abundance both among and within 

our four study regions. 

 We were able to visit only two regions per ocean to make our between-ocean 

comparisons of lionfish infection rates, yet we address this constraint in two ways.  

First, as indicated above, study region was included as a random effect when 

comparing the main effect of ocean (Pacific vs. Atlantic) in our GLMM analyses.  
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Second, we compared mean intensities of infection of native fish families for which 

we have data from each ocean: Haemulidae, Lutjanidae, and Serranidae.  When mean 

intensity is ranked among these families by study region, both Atlantic regions have 

higher mean intensities (±SEM) than both Pacific regions (the Cayman Islands 

27.5±5.8, The Bahamas 20.3±2.9, the Philippines 13.8±1.8, the Marianas 8.6±2.5).  

All else being equal, one would predict that lionfish infection intensities would follow 

the same trend, with Atlantic lionfish having heavier infection loads than Pacific 

lionfish.  However, we found the opposite trend (see Results below), suggesting that 

our inter-ocean differences between lionfish are adequately representative. 

 

2.3 Results 

 Between-ocean comparisons of lionfish infection revealed that a native Pacific 

lionfish was 18.9 times more likely to be infected with at least one parasite than was 

an invasive Atlantic lionfish, after accounting for fish size and study region (GLMM 

LR: 95% CI 6.3-57.0, z=5.227, p<0.001; Fig. 2.1a).  Furthermore, an infected Pacific 

lionfish harbored 2.6 times as many parasites as did an infected Atlantic lionfish, on 

average and after accounting for fish size and study region (GLMM NBR: 95% CI 

1.7-3.9, z=4.380, p<0.001; Fig. 2.1b).   

 When infected, A Pacific lionfish harbored 6.3 times as many external 

parasites as did an Atlantic lionfish, after accounting for fish size and study region 

(GLMM NBR: 95% CI 2.8-14.0, z=4.490, p<0.001; Fig. 2.1b).  While the prevalence 

of external parasites was higher in Pacific than Atlantic lionfish (Fig. 2.1a), this 

difference was non-significant when accounting for study region (GLMM LR:   
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Figure 2.1 Macroparasite infection rates, by location on the host fish body. Non-
lionfish species are from the families Haemulidae, Holocentridae (Atlantic only), 
Lethrinidae (Pacific only), Lutjanidae, and Serranidae. Significant differences in 
infection rates between and within oceans (as determined by GLMM regressions, 
p<0.05, P=Pacific, A=Atlantic), are indicated by black triangles between groups 
(empty triangles between groups indicate p>0.05). (A) Mean prevalence, defined as 
the proportion of hosts infected with one or more macroparasite individual, calculated 
by region (Bahamas, Caymans, Marianas, Philippines) and then averaged within 
ocean (Atlantic vs. Pacific). (B) Mean intensity, defined as the number of parasite 
individuals in a single host, averaged across all infected individuals of a host species, 
calculated by region and then averaged within ocean. In the case of Atlantic and 
Pacific comparison species, mean intensity is the number of parasite individuals 
averaged across all infected individuals of a host family in a particular region, then 
averaged across families within ocean.  N infected internally, externally, and 
combined, respectively: Pacific non-lionfish (n=47, 45, 71 of 87), Atlantic non-
lionfish (n=100, 65, 107 of 124), Pacific lionfish (P. volitans; n=22, 29, 38 of 43), 
and Atlantic lionfish (P. volitans; n=40, 6, 44 of 138) 
 

z=1.058, p=0.290; Table B.2).  The difference between Pacific and Atlantic lionfish 

in external parasitism was largely driven by a parasitic copepod (Phylum Arthropoda, 

Class Maxillopoda) in the Philippines (Fig. 2.2).  Taeniacanthus pteroisi Shen, 1957 

was found on the gills of nearly all (27 of 29, 93%) lionfish in the Philippines with a 
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mean intensity ± SEM of 7.3±0.9 (Fig. 2.2 and Table B.4 for additional infection 

rates by parasite taxa of lionfish).  In the Marianas, no lionfish (P. volitans) was 

infected by a copepod (Fig. 2.2), but 20% (3 of 15) of spotfin lionfish (P. antennata) 

had an unidentified bomolochid copepod (Table B.2).  By comparison, only 3% (4 of 

138) of lionfish in the Bahamas and Caymans were infected with 1.0±0.0 copepods 

(Fig. 2.2).  Among other external parasites, there was no difference in the prevalence 

(GLMM LR: z=0.845, p=0.398) or intensity (GLMM NBR: z=1.520, p=0.130) of 

infection by monogeneans between Pacific and Atlantic lionfish, after accounting for 

study region (Fig. 2.2 and Table B.5). 

 A Pacific lionfish was 2.9 times more likely to be infected with at least one 

internal parasite than was an Atlantic lionfish, after accounting for fish size and study 

region (GLMM LR: 95% CI 1.6-14.8, z=2.765, p=0.006; Fig. 2.1a and Table B.2).  

However, there was no difference between Pacific and Atlantic lionfish in the mean 

intensity of internal parasites (GLMM NBR: z=0.970, p=0.334; Fig. 2.1b and Table 

B.3).  Pacific lionfish were 4.3 times more likely to be infected with a larval cestode 

than was an Atlantic lionfish (GLMM LR: 95% CI 1.4-13.5, z=2.475, p=0.013; Fig. 

2.2a), but Atlantic lionfish had a higher mean intensity of larval cestodes than had 

Pacific lionfish (GLMM NBR: z=-2.260, p=0.024; Fig. 2.2b and Table B.5).  The 

latter pattern was driven by a lionfish in the Caymans that was infected with 38 larval 

cestodes (whereas n=5 other infected Atlantic lionfish had an average 2.2±0.6 larval 

cestodes).  Lionfish in the Philippines had Serrasentis sp. worms (Phylum 

Acanthocephala), but no acanthocephalans were found in lionfish from other study 

regions.  Among other internal helminths, there was no difference in the prevalence 
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Figure 2.2 (A) Prevalence of infection of lionfish (P. volitans) by parasite taxa and 
region. (B) Mean (± SEM) intensity of infection of lionfish (P. volitans) by parasite 
taxa and region. See Online Resource 2 for more detailed taxonomic identifications 
and infection rates of Pacific lionfish. Marianas lionfish N infected with particular 
parasite taxa, out of n=14: Acanthocephalan (n=0), Cestode (n=2), Copepod (n=1), 
Monogenean (n=1), Nematode (n=1), Trematode (n=9). Philippines lionfish N 
infected with particular parasite taxa, out of n=29: Acanthocephalan (n=9), Cestode 
(n=5), Copepod (n=27), Monogenean (n=1), Nematode (n=1), Trematode (n=3). 
Bahamas lionfish N infected with particular parasite taxa, out of n=47: 
Acanthocephalan (n=0), Cestode (n=3), Copepod (n=3), Monogenean (n=1), 
Nematode (n=4), Trematode (n=15). Caymans lionfish N infected with particular 
parasite taxa, out of n=91: Acanthocephalan (n=0), Cestode (n=3), Copepod (n=1), 
Monogenean (n=2), Nematode (n=3), Trematode (n=20) 
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(GLMM LR: all p>0.1) or intensity (GLMM NBR: all p>0.1) of infection by 

nematodes and trematodes between Pacific and Atlantic lionfish, after accounting for 

study region and despite fish from the Marianas having relatively high prevalence of 

immature didymozoan tissue flukes (Phylum Platyhelminthes, Class Trematoda) (Fig. 

2.2 and Table B.5). 

 Within-Atlantic comparisons of infection rates revealed that invasive lionfish 

had significantly lower infection prevalence than did each of the 4 sympatric fish 

families (GLMM LR: all p<0.05; Table B.2), after accounting for fish size and study 

region (Fig. 2.3).  An infected native grunt harbored 8.9 times as many parasites (95% 

family-wise CI 5.3, 14.9), an infected native squirrelfish harbored 5.0 times as many 

parasites (95% family-wise CI 2.9, 8.6), and an infected native snapper harbored 12.0 

times as many parasites (95% family-wise CI 5.8, 24.7) as did an infected invasive 

lionfish (GLMM NBR: all p<0.001; Fig. 2.3 and Table B.3).  However, there was 

never any significant difference in the mean intensity of infection between invasive 

lionfish and native groupers (Fig. 2.3), regardless of infection location on the body 

(GLMM NBR: all p>0.1; Table B.3).  Among native Atlantic fishes, 25.8% (32 of 

124) were infected with a mean intensity ± SEM of 3.2±0.6 copepods, which was 

significantly more prevalent (GLMM LR: z=4.525, p<0.001; Table B.2) but not more 

intense (GLMM NBR: z=1.300, p=0.190; Table B.3) than invasive lionfish, after 

accounting for fish size and study region.   

 Within-Pacific comparisons of infection rates revealed that there was no 

difference in either the prevalence (GLMM LR: all p>0.1; Table B.2) or the mean 

intensity (GLMM NBR: all p>0.1; Table B.3) of infection between Pacific lionfish 
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Figure 2.3 Macroparasite infection rates of fish families, by ocean. Gray bars 
represent mean prevalence, defined as the proportion of hosts infected with one or 
more macroparasite individual, calculated by region (Bahamas, Caymans, Marianas, 
Philippines) and then averaged within ocean. Black circles represent mean intensity, 
defined as the number of parasite individuals in a single host, averaged across all 
infected individuals of a host family, calculated by region and then averaged within 
ocean. Significant differences in infection rates between a particular host family and 
lionfish (as determined by GLMM regressions, p<0.05), are shown with different 
letters either above the bars (for mean prevalence) or below the circles (for mean 
intensity), and non-italicized for within-Pacific comparisons, and italicized for 
within-Atlantic comparisons. Pacific N infected of total: Haemulidae (n=10 of 11), 
Lethrinidae (n=28 of 29), Lutjanidae (n=18 of 24), Serranidae (n=16 of 23), and 
Scorpaenidae Pterois antennata (n=13 of 15), P. russelii (n=3 of 3), and native P. 
volitans (n=38 of 43). Atlantic N infected of total: Haemulidae (n=42 of 44), 
Holocentridae (n=31 of 32), Lutjanidae (n=14 of 15), Serranidae (n=20 of 33), and 
invasive P. volitans (n=44 of 138) 
 
 
and each of its 5 sympatric fish families (Fig. 2.3), regardless of infection location on 

the body and after accounting for region.  The only exception was that Pacific grunts 

had lower prevalence of external parasites than had Pacific lionfish (GLMM LR: z=-

2.875, p=0.019; Table B.2).  Among native Pacific fishes (non-Pterois), 14.9% (13 of 

87) were infected with a mean intensity ± SEM of 4.8±2.5 copepods, which was 
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significantly less prevalent (GLMM LR: z=-5.228, p<0.001; Table B.2) and less 

intense (GLMM NBR: z=-3.570, p<0.001; Table B.3) than the copepod infections of 

native Pacific lionfish (P. volitans), after accounting for study region. 

 

2.4 Discussion 

 Overall, we found that lionfish are less parasitized at two regions in their 

introduced range than at two regions in their native range, and that lionfish are less 

parasitized than ecologically similar native fishes in their introduced range.  The 

inter-ocean difference between lionfish was largely driven by higher infection rates of 

lionfish in the Philippines by the gill copepod Taeniacanthus pteroisi, which we did 

not find at any other study region or on any non-Pterois fish in either ocean.  While 

we did not find T. pteroisi in the Marianas, it has been documented on soldier lionfish 

(Pterois russelii) in China and on lionfish (P. volitans) in the Red Sea (Dojiri and 

Cressey 1987).  Taeniacanthus sp. also infected soldier lionfish in India, suggesting 

that these copepods have a broad geographic distribution (Uma Devi and 

Shyamasunari 1980).  T. pteroisi has been reported only in the gill cavities of Pterois 

fishes, and members of the Taenicanthidae family exhibit a high degree of host 

specificity at both the genus and species level (Dojiri and Cressey 1987).  Therefore, 

T. pteroisi is likely to be host specific to Pterois fish, although more work should be 

done to determine both the relative abundance of T. pteroisi and its effects on host 

fitness across the native range of lionfish.  

 Gill copepods are relatively large-bodied parasites that can affect the fitness of 

their coral-reef fish hosts (Finley and Forrester 2003; Forrester and Finley 2006).  The 



 

 

35 

difference in mean infection intensity between lionfish from the Philippines vs. the 

Bahamas and Cayman Islands was 6 copepods.  This difference may be ecologically 

important; one experimental study of another coral-reef fish, albeit a small-bodied 

goby, found that a mean intensity of 7 gill copepods was associated with reduced 

growth and gonad mass, and increased mortality rates (Finley and Forrester 2003).  

Atlantic fishes were much more likely to host a copepod than were sympatric 

invasive lionfish, indicating that the difference between Pacific and Atlantic lionfish 

in copepod infection is due not to lower exposure, but to lower susceptibility of 

lionfish in their invaded range.  In fact, two experimental studies in the Atlantic have 

demonstrated low susceptibility of lionfish to generalist external parasites, even after 

accounting for exposure (Sikkel et al. 2014; Loerch et al. 2015). 

 The relative infection rates we observed are consistent with enemy release 

from and low biotic resistance by parasites.  Invasive lionfish exist in denser 

populations that are larger and grow faster than native lionfish (Pusack et al. in press; 

Green and Côté 2009; Kulbicki et al. 2012), which is also consistent with enemy 

release.  However, there are alternative explanations for the increased demographic 

rates of invasive lionfish.  One notable example is that prey in the Atlantic may be 

naïve to lionfish as predators (Marsh-Hunkin et al. 2013), which have an appearance 

and hunting mode that are different from those of native Atlantic predators.  

Therefore, Atlantic prey may not respond appropriately to the threat of predation by 

lionfish, and experience higher predation rates than Pacific prey.  However, one 

comparative study found similar consumption rates across multiple regions in the 

native and invaded ranges of lionfish, although lionfish ate larger prey in the Atlantic 
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(Cure et al. 2012).  In addition, at least one Pacific prey species (Chromis viridis) fails 

to recognize visual and chemical cues of lionfish, despite the coexistence of these 

fishes over evolutionary timescales (Lönnstedt and McCormick 2013). 

 Our within-Atlantic comparisons revealed that grunts, squirrelfishes, and 

snappers are more likely to be infected, and with more parasites than are invasive 

lionfish.  However, we did not test whether or not Atlantic parasites induce 

differential effects on the fitness of their hosts. Therefore, we cannot know if the 

native hosts’ parasite burdens necessarily disadvantage them, or make them 

competitively inferior to relatively less infected lionfish.  We noted similarly low 

infection intensities of internal parasites between invasive lionfish and native 

groupers.  Of the comparison host families, groupers are the most closely related to 

lionfish, phylogenetically and ecologically (i.e., they have the most diet overlap, and 

have been shown to compete with lionfish; Randall 1967; Albins 2013).  One study 

found that Epinephelinae groupers have maintained relatively low internal trematode 

diversity over evolutionary time (Cribb et al. 2002).  Given the evolutionary and 

ecological relatedness of serranid groupers and scorpaenid lionfish, lionfish might 

also be less susceptible to trematodes, although this remains to be tested.  Consistent 

with this hypothesis is our finding that native populations of lionfish were host to 

relatively low intensities of internal trematodes. 

 Our finding that invasive lionfish experience low infection rates is consistent 

with findings from other studies across the invaded range, which observed generalist 

macroparasites infecting lionfish in low numbers (Ruiz-Carus et al. 2006; Bullard et 

al. 2011; Loerch et al. 2015; Sellers et al. 2015).  What are the mechanisms by which 
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Atlantic lionfish largely evade parasitism?  Lionfish are generalist predators of reef 

invertebrates and fishes, which might make them differentially susceptible to 

trophically-transmitted parasites (e.g., most internal acanthocephalans, cestodes, 

nematodes, and trematodes).  However, the life cycles of most coral-reef parasites are 

not well-known, meaning that diet-based inferences about differential host 

susceptibility may be overly speculative.  Other possible mechanisms include the 

inability of Atlantic parasites to recognize and/or attach to Pacific lionfish, and/or 

lionfish being well defended mechanically, immunologically, or otherwise against 

Atlantic parasites.  It is also possible that lionfish are so well fed and have such high 

fat stores (Morris and Whitfield 2009) in their invaded range that they can 

energetically afford to invest heavily in their immune system, thus warding off 

parasites.  To assess the mechanism(s) by which lionfish evade parasites, future 

studies should investigate and compare the immune profiles of lionfish in their native 

Pacific and invasive Atlantic ranges.  

 The parasites we found on lionfish in the Bahamas and the Cayman Islands 

were identified to genus or species as part of a collaborative project, the results of 

which have been published (Ramos-Ascherl et al. 2015).  While that study was 

valuable as the first descriptive account of parasite communities infecting lionfish at 

multiple regions within the invaded range, it did not make ecological comparisons 

with lionfish in the Pacific, or with non-lionfish in either ocean.  There is neither 

evidence from our study, nor from other descriptive studies of lionfish parasites to 

suggest that lionfish brought parasites with them from the Pacific (Ruiz-Carus et al. 

2006; Bullard et al. 2011; Ramos-Ascherl et al. 2015; Sellers et al. 2015).  
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Furthermore, lionfish were introduced via the aquarium trade, which most likely 

subjected captive fish to chemical products to remove external parasites.  Even in the 

absence of rigid quarantine protocols, more resistant host genotypes may have been 

selected for (Colautti et al. 2004). 

 Parasites are ubiquitous and abundant members of biological communities 

that often affect their host’s behavior, growth, fecundity, and mortality (Adlard and 

Lester 1994; Finley and Forrester 2003; Forrester and Finley 2006; Grutter et al. 

2011; Binning et al. 2012).  Can release from parasites and their deleterious effects 

therefore explain the recent success of invasive lionfish?  Our results from 2 locations 

in the native range and 2 locations in the introduced range are consistent with patterns 

of enemy release seen in other introduced species (Torchin et al. 2003).  Future 

studies should sample parasite communities of lionfish across a broader geographic 

range, especially in the native range where relatively little is known about their 

interactions with other species, including other possible “enemies,” i.e., predators and 

competitors.  Furthermore, future studies should explicitly test the effect of common 

lionfish parasites on their fitness in the Pacific, and how the loss of these parasites in 

the Atlantic may lead to changes in how energy is allocated to invasive fish growth, 

movement, reproduction, and immunity.  Surprisingly few studies have quantified the 

effect of parasite loss on host fitness and invasion success (Colautti et al. 2004; 

Blakeslee et al. 2013), despite the importance of these mechanisms to the 

phenomenon of enemy release. 
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Abstract 

 Mutualisms are ecologically important interactions that invasive species may 

disrupt.  Cleaning mutualisms on Atlantic coral reefs are dominated by cleaning 

gobies (Elacatinus spp.), fishes that pick parasites off other fishes.  Small cleaners 

may be threatened by the Pacific lionfish (Pterois volitans), generalist predators that 

have invaded Atlantic coral reefs.  On experimental reefs in the Bahamas, lionfish did 

not affect the density of cleaning gobies, most likely because lionfish learn to avoid 

them.  In the laboratory, juvenile invasive lionfish and native groupers initially ate the 

cleaner goby (E. genie), hyperventilating for several minutes post-consumption due to 

a putative noxious defense in the goby’s skin.  During subsequent encounters, the 

lionfish often approached the goby closely, then turned away without striking.  

Juveniles of a native grouper (Cephalopholis cruentata), on the other hand, continued 

to attack the cleaner goby in the laboratory, despite adults of this species commonly 

participating in cleaning behaviour on reefs.  While cooperation between cleaners and 

other fishes has been thought to be instinctual, we posit that learned aversion of 

predatory fishes to eating cleaners is a necessary prerequisite for cleaning goby 

mutualisms.  Furthermore, distasteful cleaning gobies are among the few fishes on 

invaded reefs to escape the jaws of lionfish. 

 

3.1 Introduction 

 Mutualisms are interactions between species that are reciprocally beneficial, 

and are known to play an important role in shaping biological communities 

(Stachowicz 2001; Hay et al. 2004).  Coral-reef cleaning symbioses are among the 
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most studied of animal mutualisms. Several species of small fishes and shrimps eat 

parasites, mucus, and dead skin from the external surface of cooperative fishes 

(clients), often at specific locations (cleaning stations) on the reef (Losey et al. 1999; 

Côté 2000).  On the Great Barrier Reef, a single cleaner fish can clean up to 2300 

individual clients (Grutter 1996) from 132 different species (Grutter and Poulin 1998) 

in one day, and individual clients can visit a cleaner up to 144 times a day (Grutter 

1995).  The client benefits by having its parasite load reduced, and the cleaner 

benefits by having food delivered to its territory.  Experimental removal of a single 

cleaner species from small reefs greatly reduces the abundance and diversity of 

mobile reef fishes, especially large predators and herbivores, which in turn structure 

coral-reef communities (Grutter et al. 2003; Waldie et al. 2011).  The combined direct 

and indirect effects of cleaners on fish health and distribution illustrate the importance 

of these diminutive reef inhabitants. 

 Despite the potential for cascading effects on food and interaction webs 

following the disappearance of cleaners, surprisingly little research has investigated 

the effects of human-generated disturbance on the persistence and integrity of 

cleaning mutualisms.  Coral reefs are experiencing a variety of stressors that could 

affect cleaning mutualisms, both locally (e.g., overfishing, sedimentation, pollution, 

habitat destruction, and introduced species) and globally (e.g., rising temperatures, 

acidity, and storm frequency/intensity) (Carpenter et al. 2008).  Invasive predators 

have particularly strong effects on indigenous communities at local and regional 

scales (Simberloff et al. 2013), and could affect native mutualisms directly by preying 

upon mutualists (Knight et al. 2006) or participating in mutualisms.  Invasive 
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predators could also affect native mutualisms indirectly by altering densities and 

behaviours of mutualists (Travesat and Richardson 2006).   

 While it is difficult to predict the effects of invaders a priori, introductions are 

natural experiments that allow exploration of how a species will react to novel 

encounters with another species with which it shares no history of coexistence or 

coevolution.  Novel encounters may be especially interesting when the interacting 

species engage in tightly coupled ecological relationships (e.g., symbioses) that can 

take one of multiple forms (e.g., mutualism vs. predator/prey).  Studying these natural 

experiments will become increasingly important as local and global stressors continue 

to alter the distribution of organisms, creating unique species assemblages (“no-

analogue communities”: Williams and Jackson 2007) that have never existed 

previously. 

 One invasive predator that has had recent, widespread, and negative effects on 

indigenous communities is the Indo-Pacific red lionfish (Pterois volitans) on Atlantic 

coral reefs (Green et al. 2012; Albins 2015; Benkwitt 2015).  Since their initial 

appearance off Florida in the 1980s, lionfish have spread rapidly throughout the 

western tropical and subtropical Atlantic, Caribbean, and Gulf of Mexico, reaching 

densities of greater than 400 individuals per hectare (Schofield 2009; Green and Côté 

2009).  Lionfish are voracious, generalist predators of Atlantic coral-reef fishes 

(Albins and Hixon 2008; Morris and Akins 2009; Côté and Maljković 2010).  Recent 

long-term experimental work revealed that lionfish caused declines in total density 

(by up to 46%), biomass (by 32%), and species richness (by 21%) of prey-sized fishes 

on invaded reefs in The Bahamas (Albins 2015).  It is currently unknown how these 
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changes in fish density, biomass, and richness have affected or will affect native 

Atlantic cleaning mutualisms. 

 The predominant, obligate cleaners on Atlantic coral reefs are several goby 

species of the genus Elacatinus (Côté and Soares 2011), hereafter referred to as 

cleaning gobies. These small fishes are ubiquitous and conspicuous, and they have a 

diverse clientele of at least 138 species of reef-associated fishes (Lettieri and 

Streelman 2010).  Extensive observations in The Bahamas and the Cayman Islands 

did not reveal lionfish being cleaned, despite lionfish and cleaning gobies inhabiting 

the same reefs (Cure et al. 2012).  In addition, cleaning gobies have not been 

documented in the gut contents of lionfish published thus far (Albins and Hixon 

2008; Morris and Akins 2009; Muñoz et al. 2011).  However, one study noted 

lionfish approaching cleaning stations, and in one case, consuming a juvenile 

bluehead wrasse (Thalassoma bifasciatum) (Côté and Maljković 2010), a species that 

occasionally cleans other fishes and that superficially resembles cleaning gobies in 

size, colour, and pattern (long lateral stripe). 

 Observational data of lionfish-cleaning goby interactions have been 

inconclusive.  Therefore, we experimentally tested the effects of invasive lionfish on 

native cleaning gobies in the field and in the laboratory.  Specifically, we asked: (1) 

Do invasive lionfish alter the density of cleaning gobies on patch reefs? (2) Do 

captive invasive and native predators eat the cleaner goby (Elacatinus genie)? and (3) 

Do interactions between the cleaner goby and invasive and native predators change 

over relatively short timeframes (i.e., days to weeks of co-occurrence)? 
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3.2 Materials and Methods 

(a) Do invasive lionfish alter the density of cleaning gobies on patch reefs? 

 To determine whether invasive lionfish affect populations of cleaning gobies 

in the wild, we conducted a manipulative experiment on 8 coral patch reefs in the 

northern Exuma Sound in The Bahamas (24°47'10"N, 76°19'33"W) during the 

summer of 2013.  Reefs were surrounded by sand and seagrass and the nearest hard 

substrate was at least 80 m away.  We paired reefs by similarity in size (surface areas 

200-1300 m2), depth (6-20 m), vertical relief, and benthic community (coral percent 

cover) to create 4 experimental reef pairs.  We randomly assigned one reef in each 

pair to have periodic lionfish removals (“low-lionfish”; approaching 0 lionfish/m2), 

and the other reef to have periodic lionfish additions (“high-lionfish”; about 0.04 

lionfish/m2, similar to unmanipulated densities in The Bahamas, mean±SD: 

0.039±0.014 lionfish/m2: Green and Côté 2009). 

 Before manipulating lionfish densities, we conducted full reef censuses of the 

two obligate cleaning goby species present at these reefs: the cleaner goby E. genie 

(dominant Elacatinus sp. on shallower reefs <12m, but exists 0-30m: Colin 1975), 

and the sharknose goby E. evelynae (dominant Elacatinus sp. on deeper reefs >12m, 

but exists 0-50m: Colin 1975).  After baseline goby censuses were complete, we 

manipulated lionfish densities (low vs. high) for the next 10 weeks.  We also 

censused two grouper species, graysby (Cephalopholis cruentata) and coney (C. 

fulva), which are both the most frequent clients and most likely native predators of 

cleaning gobies on our reefs (Tuttle unpublished data).  We conducted full-reef 
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censuses of cleaning gobies, lionfish, graysby, and coney 5-6 times over 10 weeks, at 

approximately 2-week intervals. 

 We used a linear mixed effects model (LME) to assess the effect of lionfish on 

changes in cleaner goby density, with lionfish treatment (low- vs. high-lionfish 

densities) as a categorical fixed effect, time in days (day 0 was the time of baseline 

census) as a continuous fixed effect, the interaction between treatment and time as a 

fixed effect (treatment*time), and reef (8 reefs) as a random effect (with weighted 

terms to allow for variance among reefs) (Zuur et al. 2009; Bolker et al. 2009).  We 

first fitted models with and without (1) random effects, (2) weighted terms to allow 

variance to differ among reefs, and (3) AR1 structures to allow for temporal 

autocorrelation within reefs, using restricted maximum likelihood estimation 

(REML).  We chose the best-performing model according to Akaike’s Information 

Criterion (AIC) and p-values from likelihood ratio tests (LRTs) (Table C.1).  

Residuals from the final model (full fixed effects + random effect of reef + weighted 

variance among reefs) indicated that all assumptions (normality, equal variance, and 

independence) were met.  We conducted our analyses using the statistical software R, 

v3.2.1 (R Core Team 2016) with the associated packages nlme v3.1-118 (Pinheiro et 

al. 2016) and MASS v7.3-35 (Venables and Ripley 2002). 

 

(b) Do captive invasive and native predators eat the cleaner goby? 

 We conducted a laboratory experiment to determine whether or not invasive 

lionfish and two native groupers, graysby and coney, eat the cleaner goby (E. genie).  

This study was conducted in the summer of 2011 at facilities at Lee Stocking Island, 
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The Bahamas (23°46'00"N, 76°06'00"W) and Little Cayman, Cayman Islands 

(19°41'56"N, 80°3'38"W).  Both graysby and coney are common native 

mesopredators in the Bahamas and Cayman Islands, and are similar to lionfish in size 

and diet (Randall 1967; Morris and Akins 2009).  Divers used SCUBA and hand nets 

to capture juvenile lionfish, graysby, and coney <15 cm total length TL (hereafter 

“predators”) on nearby reefs at 3-15m depth.  Predators were held in indoor aquaria at 

least 72 hours prior to their experimental trial, and fed live mosquitofish (Gambusia 

sp.) once daily except for the 24 hours preceding each trial. 

 Divers used SCUBA and handnets to capture two goby species for the trials: 

the cleaner goby (E. genie) and the bridled goby (Coryphopterus glaucofraenum).  

The bridled goby is a known common prey of both lionfish (Albins and Hixon 2008) 

and native groupers (Randall 1967), and was therefore an indicator of predator hunger 

during our trials.  Gobies were kept separate from the predators when not being used 

in experiments.  Predators and gobies often originated from the same reefs. 

 To account for order of exposure to prey, we randomly assigned predators to 

one of two groups defined as the order of goby species offered – (1) bridled goby then 

cleaner goby, or (2) cleaner goby then bridled goby – such that each predator was 

offered exactly two gobies less than one-third their total length (lionfish consume 

prey up to one-half their own length in the wild: Morris and Akins 2009a).  On the 

day of the trial, individual predators were placed in a transparent, 208-L indoor 

aquarium and allowed to acclimate for at least 10 minutes.  After measuring the goby 

to the nearest 0.1 cm TL, we released it into the aquarium with the predator, thus 

beginning the trial.  We observed all subsequent behaviour of the predator for 20 
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minutes, deemed during preliminary trials as sufficient time for a predator to detect, 

pursue, and strike at a goby of either species.  We made observations from a distance 

of 2 meters for lionfish trials, and from behind a viewing blind for grouper trials 

(observer could see the grouper, but the grouper could not see the observer) because 

grouper seldom hunted when people were visible.  If the first goby was eaten, then we 

waited 10 minutes for digestion before placing the second goby into the aquarium 

with the same predator.  If the first goby was uneaten at the end of 20 minutes, then 

we removed it from the aquarium, and replaced it with the second goby.  The trial 

then followed the same protocol as described above.   

 For analyses, we excluded all trials in which the predator did not strike at 

either goby (n=11 of 42 lionfish, 9 of 32 graysby, and 18 of 30 coney).  We then 

calculated the proportion of trials in which a predator ate a cleaner goby, and 

compared this proportion among predator species using Fisher’s exact tests.  We also 

used binary logistic regression to determine whether predation on the cleaner goby 

was affected by eating the control bridled goby (or not), the order of exposure to the 

prey species, the total lengths of the predator and the cleaner goby, and the region 

(The Bahamas or the Cayman Islands) where the trial was conducted (Table C.2).  A 

unique regression model was created for each of the three predator species, in R 

v3.2.1 (R Core Team 2015). 

 

(c) Do interactions between the cleaner goby and invasive and native predators 

change over time? 



 

 

55 

 Given the apparent distastefulness of the cleaner goby that we observed in the 

above laboratory experiment (see Results), we tested whether lionfish and native 

grouper learn not to eat them.  Following approximately the same protocol 

(differences described below), we repeatedly exposed individual lionfish and graysby 

to a cleaner goby over a two-week period at laboratory facilities in southern Eleuthera 

in The Bahamas (24°49'53"N, 76°19'43"W) during the summers of 2013, 2014, and 

2015, and monitored predator behaviour for any changes in response to cleaner versus 

bridled gobies.  

 On the day of the trial, we allowed each predator to acclimate to the 

observation aquarium for at least 10 minutes, then determined their baseline gill 

ventilation rate by counting the number of times their gill opercula beat during a 10-

second interval.  We then introduced the first goby to the tank, and proceeded with 

the trial as described for the previous experiment.  Immediately after a predator ate a 

goby, we again determined the predator’s gill ventilation rate, and continued doing so 

every minute thereafter for no less than 3 minutes, and until the predator’s ventilation 

rate returned to its baseline level.  After completing a trial, we returned each predator 

to its holding aquarium where it was fasted until its next trial, approximately 48 hours 

later.  To allow for learning, we exposed individual predators to the cleaner goby no 

fewer than four times.  

 We conducted a separate experiment at Lee Stocking Island in 2007, during 

which we repeatedly exposed juvenile lionfish (n=9) to the cleaner.  We used a 

similar method as previously described except that lionfish were offered a cleaner 
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goby a total of 8 times at an interval of once every 2-6 days.  Trials lasted 1 minute 

and results were analyzed separately from those conducted at Eleuthera. 

 To assess predator learning, we first excluded from analyses all trials in which 

the predator did not strike at either goby, and all individuals that ate during no more 

than one trial (n=0 of 29 lionfish and 3 of 15 graysby).  We then divided the predators 

into two mutually exclusive groups: those that struck at a cleaner goby at least once, 

and those that did not.  Of those predators that did strike at a cleaner goby at least 

once, we calculated the proportion of individuals that developed an aversion to the 

cleaner goby (i.e., learned not to eat the goby).  A predator was considered to have 

developed an aversion if after striking at or eating a cleaner goby in an initial trial (1) 

it did not strike at a cleaner goby for 3 trials in a row, or (2) it approached a cleaner 

goby in hunting posture then turned away without striking, even if the lionfish was 

hungry (as demonstrated by eating a bridled goby during the same trial).  To test for 

learning, we used McNemar’s exact tests to compare the proportions of each predator 

species that struck at a cleaner goby in the first trial (the first trial in which a predator 

struck at a cleaner goby) versus each subsequent trial. 

 Gill ventilation rates were quantified and compared in two ways: (1) the 

number of gill opercular beats per minute immediately following consumption of a 

goby, and (2) the number of minutes after consuming a goby that it took for the 

predator’s gill ventilation rate to return to “normal,” defined as within 6 gill opercular 

beats/min of the baseline level.  We used rank-sum tests to compare gill ventilation 

rates among predators. 
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3.3 Results 

(a) Do invasive lionfish alter the density of cleaning gobies on patch reefs? 

 The density of cleaning gobies on experimental reefs declined significantly 

over time (LME: t = -12.636, df = 22, p < 0.001; Fig. 3.1) at a rate of -0.00075 fish 

per m2 per day (95% CI -0.00062, -0.00087), but lionfish had no effect on the change 

in density (LME: p = 0.696; Fig. 3.1).  For an average reef with a surface area of 386 

m2, this decline equates to a loss of 1 goby every 3.45 days.  Baseline (week 0) 

densities of cleaning gobies on the reefs ranged from 0.013 to 0.168 fish/m2, and 

week 10 densities of cleaning gobies ranged from 0.013 to 0.078 fish/m2.  Over 10 

weeks, we maintained lionfish densities on high-lionfish reefs at 4.9 times those on 

low-lionfish reefs (high-lionfish: mean±SEM 0.014 ± 0.003 lionfish/m2, low-lionfish: 

0.003±0.001 lionfish/m2).  There were no differences between the average densities 

of Cephalopholis spp. (graysby and coney groupers) on low-lionfish (mean±SEM: 

0.017±0.005 fish/m2) and high-lionfish reefs (mean±SEM: 0.016±0.001 fish/m2), 

regardless of whether their densities were separated into juveniles (≤15 cm TL; rank-

sum test: W = 5, p = 0.387) and adults (>15 cm TL; rank-sum test: W = 10, p = 

0.564), or not (rank-sum test: W = 8, p > 0.1). 

 

(b) Do captive invasive and native predators eat the cleaner goby? 

 Nearly half of lionfish (n=14 of 31, 45.2%) and graysby (11 of 23, 47.8%), 

and a third of coney (4 of 12, 33.3%) ate the cleaner goby in captivity.  There was no 

difference among predator species in the proportion that ate a cleaner goby (Fisher's 

exact test: p = 0.760).  A lionfish was 8.3 times more likely to eat a cleaner goby for 
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Figure 3.1 Total change in density (fish per m2) of Elacatinus cleaning gobies (E. 
genie and E. evelynae), over time and by lionfish density treatment (low-lionfish reefs 
n=4, high-lionfish reefs n=4). Results from a linear mixed effects model revealed that 
time and the interaction between treatment and time significantly affected the 
response, but that treatment did not. 
 
 
every 1 unit increase in the ratio of lionfish to cleaner goby total lengths (binary 

logistic regression: z = 2.289, p = 0.022; 95% CI 1.4, 50.4; Table C.2).  However, the 

likelihoods of a graysby or coney eating a cleaner goby were not affected by the ratio 

of their length to that of the cleaner goby (binary logistic regression: both p > 0.1; 

Table C.2).  Furthermore, there was no effect of the order of exposure to goby species 

or the region where the trial was conducted on the likelihood of eating a cleaner goby 

by any of the predator species (binary logistic regression: all p > 0.1, Table C.2).  

Every predator, invasive and native, hyperventilated after consuming a cleaner goby. 
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(c) Do interactions between the cleaner goby and invasive and native predators 

change over time? 

 Most lionfish (n=27 of 29) and graysby (9 of 12) either successfully ate the 

cleaner goby, or grasped it and spit it out immediately, hyperventilating in either 

case.  The proportion of trials in which a lionfish struck at a cleaner goby declined 

significantly immediately after the first encounter (McNemar’s chi-squared = 13, df = 

1, p < 0.001), and continued to decline during subsequent exposures (Fig. 3.2).  Our 

2007 data also show a significant decline in the proportion of trials in which a lionfish 

struck at a cleaner goby after one trial (McNemar’s chi-squared = 6, df = 1, p = 

0.014), with a continuing decline through 7 subsequent trials regardless of time 

elapsed between encounters (2, 4, or 6 days; Fig. 3.2).  Of the 27 lionfish that struck 

at a cleaner goby, 20 developed an aversion (defined in Methods) within 1 to 5 trials 

(2-10 days) after their initial strike at a cleaner goby (Fig. C.1).  The remaining 7 

lionfish continued to strike at the cleaner goby during their subsequent trials.  There 

was no difference between those lionfish that developed an aversion and those that 

did not in either their gill ventilation rates after eating a cleaner goby (rank-sum test: 

p = 0.63), or the time it took for their gill ventilation rates to return to normal (rank 

sum test: p = 0.85).  After eating a cleaner goby, lionfish experienced elevated gill 

ventilation rates over twice as vigorous (mean±SEM = 140.7±7.2 vs. 64.2±1.1 

opercular beats/minute; rank-sum test: W = 0, p < 0.001; Fig. 3.3) and for 5 times as 

long (mean±SEM = 6.4±1.1 vs. 1.2±0.1 minutes; rank-sum test: W = 0, p < 0.001; 

Fig. 3.4) as those experienced after eating a bridled goby. 
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Figure 3.2 The percent of trials in which the predator struck at a cleaner goby (E. 
genie). Trial 1 is defined as the first trial for a predator individual in which it struck at 
a cleaner goby. We removed all trials in which the predator was not hungry (i.e., it 
did not strike at the cleaner goby or the non-cleaner goby). Trials for native graysby 
(triangles) and invasive lionfish (squares) were conducted in 2013-2015. Trials for 
invasive lionfish (circles) were conducted in 2007 using an adjusted methodology. 
Sample sizes are listed respective to the trial number. Empty symbols represent non-
significant differences (McNemar’s chi-squared p > 0.05) between the first trial and 
corresponding subsequent trial. Filled symbols represent significant differences (p < 
0.05). 
 
 
 The proportion of trials in which a graysby struck at a cleaner goby declined 

over time (Fig. 3.2), but less precipitously than with lionfish, and the decline was 

non-significant (McNemar's chi-squared = 1, df = 1, p = 0.317).  Eight of the 9 

graysby that initially ate a cleaner goby continued to strike at the goby during 

subsequent trials (Fig. C.1).  Only one graysby developed an aversion to the cleaner 

goby, and experienced a lower than average gill ventilation rate (48 opercular 

beats/minute) and short return time to normal ventilation rate (1 minute).  Similar to 
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lionfish that avoided the cleaner goby, this graysby approached the cleaner goby in its 

second trial, and then turned away without striking.  In subsequent trials the graysby 

ignored the cleaner goby despite passing within 10 cm of it, and despite 

demonstrating hunger by eating the bridled goby within the same trials.  After 

consuming a cleaner goby, graysby gill ventilation rates were mildly elevated 

(mean±SEM = 71.9±4.9 vs. 50.5±2.1 opercular beats/minute; rank-sum test: W = 

11.5, p = 0.001; Fig. 3.3) for 3 times as long (mean±SEM = 3.7±0.7 vs. 1.2±0.2 

minutes; rank-sum test: W = 18, p = 0.004; Fig. 3.4) as those experienced after eating 

a bridled goby.   

 

 

Figure 3.3 Predator gill opercular beats per minute (mean ± SEM) for invasive 
lionfish (P. volitans) and native graysby grouper (C. cruentata), after consuming a 
cleaner goby (E. genie) or a non-cleaner goby (bridled goby, C. glaucofraenum). If an 
individual predator consumed a cleaner or a non-cleaner more than once during our 
trials, their individual response was averaged across predation events before being 
included in the calculation of means for a given predator-prey combination. BL = 
baseline gill opercular beats per minute. 
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Figure 3.4 Time in minutes (mean ± SEM) until predator gill ventilation rates 
returned to normal (within 6 gill opercular beats per minute), after consuming a non-
cleaner goby (bridled goby, C. glaucofraenum) or a cleaner goby (E. genie). Sample 
sizes are listed respective to the goby (non-cleaner, cleaner). Different letters above 
the bars indicate significant differences (rank-sum tests p < 0.05). 
 
 
 When compared to graysby, lionfish had significantly higher gill ventilation 

rates after eating a cleaner goby (rank-sum test: W = 0, p < 0.001; Fig. 3.3) and after 

eating a bridled goby (rank-sum test: W = 16.5, p = 0.019; Fig. 3.3).  It also took 

significantly longer for lionfish gill ventilation rates to return to normal after eating a 

cleaner goby than it did for graysby (rank-sum test: W = 0, p < 0.001; Fig. 3.4).  

However, there was no difference between graysby and lionfish in the time it took for 

their gill ventilation rates to return to normal after eating a bridled goby (rank-sum 

test: W = 258.5, p = 0.887; Fig. 3.4). 
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3.4 Discussion 

 We found that lionfish do not affect densities of native cleaning gobies on 

invaded reefs, consistent with previous experimental (Albins 2015; Benkwitt 2015) 

and observational (Green et al. 2012) studies.  We found that learning is a plausible 

behavioural mechanism by which these species interact weakly; lionfish show distress 

and hyperventilate after ingesting a cleaner goby, and thereafter do not eat gobies 

upon subsequent encounters.  Due to their putative chemical defense, which has yet to 

be identified, cleaning gobies appear to be among the few small fishes on Atlantic 

coral reefs that largely escape predation by invasive lionfish. 

 Our results also offer new insight into interactions between cleaning gobies 

and their native predatory clients.  In contrast to lionfish, most native graysby grouper 

did not readily learn to avoid eating the cleaner goby, and experienced only mild 

hyperventilation after eating one.  Graysby are the most commonly cleaned species 

by gobies on reefs from which we captured our experimental fishes (Tuttle 

unpublished data), so it is likely that given adequate time, environmental context (at 

cleaning stations on reefs), and behavioural context (e.g., swimming movements that 

cue cleaning), graysby would learn not to eat the goby.  Cooperation between obligate 

cleaners and potential clients has been thought to be instinctual due to an evolved set 

of visually conspicuous traits common among Pacific cleaner wrasses (Stummer et al. 

2004; Cheney et al. 2009) and Atlantic cleaning gobies (Lettieri and Streelman 2010): 

small cylindrical body and a long, lateral body stripe that is blue or yellow.  However, 

we show that both introduced and native predators, which are putatively naïve to the 

cleaner goby, may initially attack the goby.  Cleaning gobies are ignored as potential 
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prey by adult lionfish and graysby in captivity (>20cm TL) (Lamb & Tuttle 

unpublished data).  Therefore, we posit that learned aversion of predatory clients to 

unpalatable cleaners is a necessary prerequisite for cooperative behaviour in Atlantic 

cleaning goby symbioses. 

 In our field experiment we witnessed a decline in cleaning goby density over 

10 weeks, regardless of lionfish presence.  This loss – whether due to mortality, 

emigration, or both – is consistent with high attrition rates of cleaning gobies found 

on Caribbean reefs (White et al. 2007).  Emigration is an unlikely explanation given 

that our experimental reefs were well isolated from other suitable habitat, and 

cleaning gobies are not strong swimmers, spending most of their time resting either 

on the benthos or on the surface of client fishes.  Mortality through predation is a 

much more likely explanation, especially given that our laboratory experiments 

revealed that juvenile groupers will readily consume cleaners, and there were juvenile 

groupers and other native mesopredators on all of our experimental reefs. 

 Predation on cleaners actively engaged in cleaning behaviour has never been 

witnessed.  However, the risk of predation is real for cleaners.  In the wild, three 

predation events have been observed on three different species of cleaner wrasses that 

were not actively cleaning (Lobel 1976; Francini-Filho et al. 2000; Messias and 

Soares 2015), and various facultative cleaners, species that occasionally clean, have 

been observed in the gut contents of potential clients (Côté 2000).  In fact, cleaning 

gobies experience increased cortisol levels in the presence of predatory versus non-

predatory fishes, and approach predatory clients faster and interact with them longer 

than with non-predatory clients (Soares et al. 2012), consistent with the hypothesis 
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that cleaning gobies perceive a risk of being eaten.  In the laboratory, captive 

predators have eaten cleaning gobies (Darcy et al. 1974; Lettieri and Streelman 2010) 

and other cleaner fish (Grutter 2004).  There are probable artifacts of laboratory 

experiments that might enhance the rate of predatory interactions between clients and 

cleaners beyond those naturally occurring in the wild (e.g., lack of reef refuge for the 

goby, and lack of an alternate prey source and/or intense hunger for the predator, 

etc.).  Even so, the high densities on natural reefs of invasive lionfish, native 

groupers, and cleaning gobies indicate that most individuals of these species interact 

with each other at some point in their lives. 

 The learned aversion of lionfish to the cleaner goby is most likely due to the 

goby’s unpalatability, suggested by the sudden and intense increase in gill ventilation 

experienced by lionfish after eating one.  Other generalist predatory fishes, frogs, and 

small mammals have rapidly learned to avoid novel (i.e., introduced) toxic prey 

(Crossland 2001; Webb et al. 2008; Nelson et al. 2011).  Being small, scaleless, and 

lacking visible defensive features such as spines, the source of the cleaner goby’s 

unpalatability is a putative chemical on or in its external surface, as has been found in 

the skin secretions of other coral-dwelling gobies (Hashimoto et al. 1974; Schubert et 

al. 2003).  It has been suggested previously that Elacatinus gobies may be chemically 

protected (Colin 1975; Lettieri and Streelman 2010), and that their boldly coloured 

lateral stripe may have evolved as both an aposematic cue of toxicity to potential 

predators, as well as a cue for cooperative cleaning service to potential clients 

(Lettieri and Streelman 2010).  The chemical nature of Elacatinus’s defense is 
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currently unknown, as is how common the defense is among the 27 recognized 

species in the genus, of which 7 are cleaners (Taylor and Hellberg 2005).  

 Cleaning symbioses are not unequivocally cooperative: potential clients may 

“cheat” by consuming cleaners, and cleaners may cheat by consuming client skin and 

mucus instead of ectoparasites (Gorlick 1980).  How does cooperation thus persist?  

On Pacific coral reefs, there is no evidence that the dominant cleaner wrasses are 

distasteful, but cleaners are kept honest by clients punishing cheaters (by chasing the 

cleaner, or switching partners) (Bshary and Grutter 2005).  On Atlantic coral reefs, 

however, these partner control mechanisms do not exist (Soares et al. 2008).  

Therefore, our results suggest that cleaning gobies may be kept honest by the threat of 

being eaten by juvenile predators, which have not yet learned to cooperate.  In turn, 

predators may be kept honest by cleaning gobies’ distastefulness.  While this 

distastefulness most likely evolved as insurance against predation by native species, it 

also protects gobies from novel species.  Even though invasive lionfish are voracious 

predators that strongly and negatively affect many species, they do not directly 

threaten cleaning gobies, the dominant cleaning mutualists on Atlantic coral reefs. 
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Abstract  

Cleaning mutualisms are ubiquitous interactions on coral reefs involving cleaner 

fishes and shrimps that remove external parasites from cooperative fish clients.  

Despite their ecological importance, nothing is known regarding how cleaning 

mutualisms are affected by the invasion of Atlantic coral reefs by the Indo-Pacific red 

lionfish (Pterois volitans).  Lionfish are generalist predators that may consume both 

cleaners and clients, with potential cascading effects on native coral-reef 

communities.  To determine whether invasive lionfish affect native cleaning 

mutualists, I conducted a before-after-control-impact (BACI) experiment 

manipulating the presence of lionfish on patch reefs in The Bahamas.  The addition of 

lionfish to reefs did not significantly affect the survival and growth rates of the 

predominant obligate cleaner on experimental reefs, the cleaner goby (Elacatinus 

genie).  However, lionfish did affect juvenile bluehead wrasse (Thalassoma 

bifasciatum), a facultative cleaner whose density was 33% less on reefs with lionfish 

vs. those without.  The decline of juvenile bluehead wrasse was most likely due to 

predation by lionfish.  Also, the presence of lionfish affected large transient clients, 

species that move among reefs; their density was 78% less on reefs with lionfish vs. 

those without.  The decline of transient species may be an indirect effect of lionfish 

consuming non-goby cleaners and prey, fishes that would otherwise cue transient 

species to aggregate at reefs.  The cleaner goby is among the few small fishes on 

invaded reefs to escape predation by lionfish.  However, by consuming other 

cleaners, invasive lionfish may nonetheless alter the structure and function of native 

reef communities and ecosystems. 
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4.1 Introduction 

Cleaning symbiosis is a ubiquitous interaction on coral reefs, during which a 

cleaner fish or shrimp removes ectoparasites, dead skin, or other particles from the 

body surface of a larger client (Losey et al. 1999; Côté 2000).  These interactions are 

often mutually beneficial to the cleaner and client (Grutter 1999; Sikkel et al. 2004), 

and can have community-level effects on reef fishes (Bshary 2003; Grutter et al. 

2003; Waldie et al. 2011).  On small Pacific reefs where a single cleaner species was 

excluded for 18 months, reef fish abundance and species richness decreased by 75% 

and 50%, respectively (Grutter et al. 2003).  Over an additional 7 years, reefs without 

the cleaner had smaller, slower growing, and more parasitized client fishes, and less 

diverse communities of resident and mobile predators and herbivores (Waldie et al. 

2011; Clague et al. 2011).  These experiments revealed that despite their relatively 

small size, cleaners may have large ecological effects on the fitness and diversity of 

reef fishes. 

Cleaners may be ecologically important, but we do not know how they may be 

affected by the local and global stressors that modern coral reefs face (Carpenter et al. 

2008).  Among these stressors is the invasion of Atlantic coral reefs by the Indo-

Pacific red lionfish (Pterois volitans), which is a growing conservation concern in a 

region already experiencing environmental degradation (Burke and Maidens 2004; 

Sutherland et al. 2010; Albins and Hixon 2013).  Lionfish first appeared off Florida in 

the 1980s, and have since spread throughout the western tropical and subtropical 

Atlantic, Caribbean, and Gulf of Mexico, reaching densities of greater than 400 fish 

per hectare (Schofield 2009; Green and Côté 2009).  The reason for concern is that 
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invasive lionfish are voracious, generalist predators of native fishes (Albins and 

Hixon 2008; Morris and Akins 2009; Côté and Maljković 2010).  On large reefs in 

The Bahamas, lionfish have caused declines in total biomass (by 32%), density (by up 

to 46%), and species richness (by 21%) of reef fishes (Albins 2015).  However, we do 

not know whether or to what extent lionfish have affected native Atlantic cleaning 

mutualisms. 

On Atlantic coral reefs where the lionfish are invasive, there are several 

species of obligate cleaners, i.e., those species that rely completely on cleaning for 

food, and facultative cleaners, i.e., those species that occasionally obtain food from 

cleaning.  The predominant, obligate cleaners are Elacatinus spp. cleaning gobies 

(Côté and Soares 2011), which have a diverse clientele of at least 138 species of reef-

associated fishes (Lettieri and Streelman 2010).  Periclimenes spp. cleaning shrimps 

are also obligate cleaners on invaded reefs (Côté 2000).  Most abundant of the 

facultative cleaners are the banded coral shrimp (Stenopus hispidus), and juveniles of 

the bluehead wrasse (Thalassoma bifasciatum) and Spanish hogfish (Bodianus rufus). 

Invasive lionfish could affect these native cleaners in several ways.  First, 

lionfish could directly interact with cleaners by engaging in cleaning behavior.  

However, extensive observations in the invaded range have not revealed lionfish 

being cleaned, despite lionfish and cleaners inhabiting the same reefs (Cure et al. 

2012).  A more likely direct interaction is lionfish consuming cleaners.  In particular, 

lionfish have strong negative effects on the density and biomass of juvenile bluehead 

wrasse, likely due to predation (Albins and Hixon 2008; Albins 2015).  On the other 

hand, cleaning gobies and shrimps have not yet been identified in the gut contents of 
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invasive lionfish published thus far (Albins and Hixon 2008; Morris and Akins 2009; 

Muñoz et al. 2011; Côté et al. 2013).  These cleaning gobies and shrimps are small-

bodied and may digest quickly in the guts of predators, thus making it difficult to 

assess whether lionfish eat them.  A recent laboratory study found that lionfish learn 

not to eat at least one species of obligate cleaning goby (Tuttle et al. submitted), 

which may be protected by a noxious substance in their skin (Colin 1975).  Therefore, 

direct interactions between lionfish and cleaning gobies are likely minimal. 

Lionfish may also interact with native cleaners in ways other than predation.  

First, there is anecdotal evidence to suggest that lionfish may disrupt cleaning 

behavior on invaded reefs.  Côté and Maljković (2010) noted 13 instances during 

which hunting lionfish approached aggregations of client fishes formed around 

cleaning gobies; the aggregations of clients dispersed, and in one case, a lionfish ate a 

juvenile bluehead wrasse.  Second, lionfish could indirectly affect cleaners by 

reducing the abundance of client fish.  An increase in lionfish abundance in The 

Bahamas coincided with a 44% decline in the biomass of large-bodied presumed 

competitors (Green et al. 2012), which are the most common clients of cleaning 

gobies.  If lionfish interrupt cleaning behavior and reduce the abundance of client 

fish, then cleaners might have decreased growth rates.  Slower growth rates might be 

especially pronounced among smaller goby recruits, which compete for foraging 

opportunities with larger conspecifics, as has been documented with another 

Elacatinus spp. goby (E. prochilos; Whiteman and Côté 2004).  If cleaning gobies 

have fewer foraging opportunities in the presence of lionfish, they may also have 

higher mortality rates, even if lionfish do not eat them.  Additionally, if lionfish 
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consume some cleaners more than others, the resulting shift in relative abundance of 

cleaner species on invaded reefs would alter the remaining cleaners’ access to clients. 

The complexity of species interactions on coral reefs makes it difficult to 

predict how lionfish affect cleaning mutualisms, and whether there will be cascading 

effects on the broader ecosystem.  To determine the extent to which invasive lionfish 

affect native cleaners and clients, and the potential mechanisms by which they do so, 

I conducted a before-after-control-impact (BACI) study (review by Smith 2002) for 

which I added lionfish to patch reefs in The Bahamas.  I asked two questions:  (1) Do 

lionfish affect the survival and growth rates of the cleaner goby (E. genie)?  (2) Do 

lionfish affect the densities and diversity of non-goby cleaners and clients?  To best 

detect any effects of lionfish on the survival and growth of groups of the cleaner goby 

that I transplanted to experimental reefs, I conducted this study immediately after the 

annual season of peak settlement of Elacatinus gobies, when mortality naturally 

exceeds recruitment.  Therefore, I predicted a decline in cleaner goby density over 

time, regardless of lionfish presence.  If there was a further decline in the density and 

diversity of clients after the addition of lionfish to patch reefs, then I predicted that 

the growth rates of the cleaner goby would subsequently further decline in the 

presence of lionfish.  I also predicted that lionfish would negatively affect the survival 

of non-goby cleaners, especially of juvenile bluehead wrasse, thus changing the 

relative abundance of cleaner species on reefs with lionfish. 
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4.2 Materials and Methods 

Study design 

 To determine whether lionfish affect the cleaner goby (Elacatinus genie) and 

communities of other cleaners and clients on invaded reefs, I conducted a 

manipulative experiment at 12 coral patch reefs in Rock Sound in The Bahamas 

(24.843017° N, -76.266983° W) from late June through August 2014.  Rock Sound is 

a shallow network (3-5 m deep) of sand and seagrass with small coral patch reefs 

interspersed.  I paired reefs by similarity in size (surface areas 12-35 m2), vertical 

relief, benthic community (coral percent cover), and baseline communities of cleaners 

and client fishes to create 6 experimental reef pairs.  The experiment followed a 

BACI design, for which I maintained low lionfish densities (approaching 0 lionfish 

m-2) at all reefs before randomly assigning one reef in each pair to continue having 

lionfish periodically removed (“control” or “no lionfish” reefs, n = 6), and the other 

reef to have lionfish added to levels that naturally occur in the region (“impact” or 

“lionfish” reefs, n = 6; about 0.30 lionfish m-2; Green & Côté 2009).  Thus, lionfish 

were present only on impact reefs after the addition of lionfish, and were not present 

on control reefs both before and after the addition of lionfish to impact reefs, or on 

impact reefs before the addition of lionfish (Fig. D.1).  Control and impact treatment 

reefs were physically distributed randomly across an area of approximately 11 x 4 

km.  Lionfish size on the reefs ranged from 5 to 30 cm total length [TL] (mean = 17.3 

cm), with the majority of lionfish (>85%) between 11 and 25 cm TL.  For three weeks 

before and one month after the addition of lionfish, I repeatedly measured the 
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densities (a proxy for survival) and total lengths of the cleaner goby, and conducted 

community surveys of non-goby cleaners, clients, and prey on all reefs. 

 

Effects of lionfish on the cleaner goby 

 The cleaner goby resides primarily on live coral in discrete groups and recruits 

to reefs in cohorts, often from sources less than 23 km away (Taylor and Hellberg 

2003).  In this region, the cleaner goby experiences its highest recruitment during the 

spring (unpublished data).  Mimicking a natural recruitment pulse, a pair of SCUBA 

divers transplanted groups of small cleaner goby to experimental reefs, and measured 

the groups’ survival and growth rates over time.  This was done in the early summer, 

the time immediately following peak recruitment, to limit the number of incoming 

cleaner goby recruits that could confound the study’s ability to detect lionfish effects 

on transplanted gobies.  To transplant gobies, divers first captured them with small 

aquarium nets from source reefs in the nearby (5.5 km away) northern Exuma Sound 

(24.820092° N, -76.346369° W).  Because congeneric group-living gobies (E. 

prochilos) have dominance hierarchies that affect foraging rates of group members 

(Whiteman and Côté 2004), divers (1) removed all pre-existing Elacatinus gobies 

from experimental reefs to avoid previous hierarchies from affecting transplanted 

gobies, and (2) captured entire groups of gobies from source reefs to ensure that any 

within-cohort hierarchies would remain intact after transplantation to experimental 

reefs.  The number of transplanted gobies per reef ranged between 8 and 15, with a 

target starting density of approximately 0.50 gobies m-2.  Transplants occurred once at 

the beginning of the experiment (time-step 0), at which point every goby was 
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measured to the nearest 0.1 cm TL.  Follow-up surveys revealed that 80% of all of the 

cleaner goby were still present two days after transplantation. 

 The density and size of the cleaner goby were measured three times before 

(time-steps 1-3) and three times after lionfish were added to half the reefs (time-steps 

4-6), at approximately 10-day intervals.  At each time-step and reef, divers captured 

all gobies with aquarium nets, placed them in water-filled plastic bags, and recorded 

the TL of each goby to the nearest 0.1 cm before releasing it to the location on the 

reef where it was found.  It was not possible to track the growth of individuals 

because many of the gobies were too small (minimum size 1.0 cm TL) and slender to 

reliably tag without affecting their survival or behavior.  Therefore, the metric of 

growth was change in mean length, calculated as the mean TL of all gobies at a reef 

at a given time-step minus the mean TL of all gobies on that reef at time-step 0 (day 

of transplantation). 

  

Effects of lionfish on cleaner, client, and prey communities 

 A pair of divers on SCUBA censused all fishes and cleaner shrimps present at 

each reef on three dates before the addition of lionfish (time-steps 1-3), and three 

dates after the addition of lionfish (time-steps 4-6), at approximately 10-day intervals.  

“Non-goby cleaners” included the banded coral shrimp (Stenopus hispidus; 

facultative), Pederson cleaner shrimp (Periclimenes pedersoni; obligate), spotted 

cleaner shrimp (P. yucatanicus; obligate), and juveniles (≤10 cm TL) of the bluehead 

wrasse (Thalassoma bifasciatum; facultative) and Spanish hogfish (Bodianus rufus; 

facultative).  Fish smaller than 10 cm are occasionally cleaned, but an order of 
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magnitude less frequently than fish greater than 10 cm on experimental reefs 

(unpublished data).  Therefore, “clients” were defined as all fish >10 cm TL.  Each 

client species was designated as either resident or transient based on the relative size 

of the species’ home range (one patch reef vs. many patch reefs, respectively; Table 

D.2).  “Prey” were defined as all fish ≤10 cm TL (excluding the cleaner goby), and 

were censused to determine whether lionfish affect small fish, as had been previously 

well documented on patch reefs in the region (Albins and Hixon 2008; Albins 2013; 

Benkwitt 2015). 

 

Statistical analyses 

I used linear mixed effects (LME) models to assess the effects of lionfish on 

native cleaners, clients, and prey-sized fishes.  I created a unique model for each of 

the following response variables: (1) cleaner goby density, (2) cleaner goby change in 

mean length, and the densities of (3) all non-goby cleaners, (4) juvenile bluehead 

wrasse, (5) banded coral shrimp, (6) Periclimenes cleaner shrimps, (7) resident 

clients, (8) transient clients, and (9) prey-sized fishes.  Each model had treatment 

(categorical: control vs. impact), period (categorical: before vs. after the addition of 

lionfish), and the interaction of treatment*period as fixed effects, and reef (12 reefs) 

as a random effect (Zuur et al. 2009; Bolker et al. 2009).  To test for the effect of 

lionfish on a response variable, in the Results I report the LME estimate for the 

treatment*period interaction, which represents how much more different the control 

and impact reefs were from each other after the addition of lionfish, given how 

different they were before the addition of lionfish.  I first fitted models with and 
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without (1) the random effect of reef, (2) AR-1 structures to allow for temporal 

autocorrelation by time-step (time-steps 1-6) within reef (thus avoiding 

pseudoreplication due to repeated measures), and (3) weighted terms to allow 

variance to differ among reef using restricted maximum likelihood estimation 

(REML).  I chose the best-performing model according to Akaike’s Information 

Criterion (AIC) and p-values using likelihood ratio tests (LRTs) (Table D.1).  Two 

response variables, the densities of resident clients and prey-sized fishes, were log-

transformed to meet the assumptions of normality, equal variance, and independence.  

I conducted the analyses with the statistical software R, v3.2.1 (R Core Team 2016) 

and the associated package nlme v3.1-118 (Pinheiro et al. 2016). 

 To test for changes in community structure (i.e., species composition and 

relative abundance) of non-goby cleaners, resident clients, and transient clients, I used 

permutation-based multivariate analysis of variance (perMANOVA; Anderson 2001).  

As with univariate analyses, I tested for the significance of treatment, period, and the 

treatment*period interaction.  I log(x + 1) transformed species abundance data to 

reduce the influence of the most abundant species, and used Bray-Curtis distance and 

1000 permutations constrained within reef.  Multivariate analyses used the vegan 

v.2.2-0 package (Oksanen et al. 2014) in R (R Core Team 2016).  

 

4.3 Results 

Effects of lionfish on the cleaner goby 

 The addition of lionfish to impact reefs did not significantly affect the density 

(LME: treatment*period t = 0.806, df = 69, p = 0.423), or the change in mean length 
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(LME: treatment*period t = 0.300, df = 57, p = 0.765) of the cleaner goby (Fig. 4.1; 

Table D.3).  On all reefs the density of the cleaner goby decreased through time (Fig. 

4.1a; LME: period t = 3.586, df = 69, p = 0.001), as expected regardless of lionfish 

treatment.  The change in mean length of the cleaner goby increased through time 

(Fig. 4.1b; LME: period t = -4.052, df = 57, p < 0.001) regardless of lionfish 

treatment. 

 

Effects of lionfish on cleaner, client, and prey communities 

 After the addition of lionfish, there was suggestive evidence that impact reefs 

had fewer non-goby cleaners than control reefs (Fig. 4.1c; Table D.3; LME: 

treatment*period t = -1.836, df = 58, p = 0.071).  Among the non-goby cleaners, the 

juvenile bluehead wrasse (Thalassoma bifasciatum) was significantly affected by 

lionfish (Table D.3).  Before the addition of lionfish, juvenile bluehead wrasse 

represented approximately half the non-goby cleaners by number, with average 

densities of 0.17 and 0.15 fish m-2 on control and impact reefs, respectively (Table 

D.3).  After the addition of lionfish, the mean density of juvenile bluehead wrasse on 

impact reefs fell to 0.10 fish m-2 (Table D.3).  This was 0.05 fish m-2 less than on 

control reefs after the addition of lionfish, after accounting for the difference between 

the same reefs before the addition of lionfish (95% CI: 0.00 – 0.10, LME: 

treatment*period t = -2.151, df = 58, p = 0.036).  Lionfish did not significantly affect 

the densities of the facultative cleaner shrimp (Stenopus hispidus; Table D.3; LME: 

treatment*period t = 0.779, df = 58, p = 0.439), or of obligate cleaner shrimps 

(Periclimenes spp.; Table D.3; LME: treatment*period t = -1.062, df = 58, p = 0.293). 
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Figure 4.1 Density of cleaner goby (a), change in mean total length (TL) of cleaner 
goby (b), and densities of non-goby cleaners (c), transient clients (d), resident clients 
(e), and prey-sized fish (≤10 cm TL; f). Note different y-axis scales. Dots represent 
means and error bars are SEM.  Sample sizes: Impact reefs with lionfish: n = 6; 
Control reefs without lionfish: n = 6. Results from linear mixed models (LME) for 
fixed effects are shown in each panel. In the LMEs, the fixed effect of Treatment 
compared Impact vs. Control reefs, and Period compared Before vs. After the 
addition of lionfish. Lionfish were present on After-Impact reefs only, therefore a 
significant Treatment x Period interaction indicated an effect of lionfish on the 
response:  ns: p > 0.1;  ~: 0.1 > p > 0.5;  *: p < 0.05;  **: p < 0.01;  ***: p < 0.001. 
The response for the LME for (b) cleaner goby size, was change in mean TL, 
calculated as the mean TL of all gobies at a reef at a given time-step, minus the mean 
TL of all gobies on that reef at the day of transplantation, time-step 0 (not shown). 
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There were only two Spanish hogfish (Bodianus rufus; a facultative cleaner) counted 

during the experiment, therefore the density of this fish was not analyzed separately 

from other non-goby cleaners.  While the community structure (i.e., species 

composition and relative abundance) of all non-goby cleaners changed significantly 

through time (Table D.4; perMANOVA: period F = 1.252, df = 1, p = 0.037), there 

was no evidence of a lionfish effect (perMANOVA: treatment*period F = 0.624, df = 

1, p = 0.278). 

 Lionfish significantly affected the density of transient clients (Fig. 4.1d; Table 

D.3).  After the addition of lionfish, the mean density of transient clients on impact 

reefs was 0.02 fish m-2, which was 0.07 fish m-2 less than on control reefs, after 

accounting for the difference between control and impact reefs before the addition of 

lionfish (95% CI: 0.01 – 0.12, LME: treatment*period t = -2.073, df = 58, p = 0.043).  

While the community structure of transient clients changed significantly through time 

(Table D.4; perMANOVA: period F = 2.264, df = 1, p = 0.022), there was no 

evidence of a lionfish effect (perMANOVA: treatment*period F = 0.755, df = 1, p = 

0.481). 

 Lionfish did not significantly affect the density of resident clients (Fig. 4.1e; 

Table D.3; LME: treatment*period t = 2.41, df = 60.00, p = 0.090).  The community 

structure of resident clients changed significantly through time (Table D.4; 

perMANOVA: period F = 0.647, df = 1, p = 0.026), yet again, there was no evidence 

of a lionfish effect (perMANOVA: treatment*period F = -0.10, df = 1, p = 0.993). 

 Schools of hundreds of juvenile grunts (Haemulon spp.) inhabited some of the 

reefs and outnumbered all other prey-sized fishes by up to an order of magnitude.  
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When these grunts were excluded from analyses because of their influence on prey 

counts (cf. Shulman 1985), lionfish negatively affected the density of prey-sized 

fishes (Fig. 4.1f; Table D.3).  After the addition of lionfish, the mean density of prey-

sized fishes on impact reefs was 2.02 fish m-2, which was 0.53 fish m-2 less than on 

control reefs, after accounting for the difference between control and impact reefs 

before the addition of lionfish (95% CI: 0.33 – 0.85, LME: treatment*period t = -

2.693, df = 58, p = 0.009). 

 

4.4 Discussion 

 Lionfish had no detectable effects on the survival and growth rates of 

transplanted groups of the cleaner goby (Elacatinus genie).  However, reefs with 

lionfish had fewer juvenile bluehead wrasse (Thalassoma bifasciatum), the most 

common facultative cleaner on patch reefs, and fewer transient client fishes.  The 

addition of lionfish to patch reefs did not affect the density of all other non-goby 

cleaners or of resident clients, nor did lionfish alter ordinated community structures of 

non-goby cleaners and clients. 

In previous field studies, lionfish also had no effect on the density of 

Elacatinus spp. cleaning gobies on small patch reefs (Albins and Hixon 2008; 

Benkwitt 2015), large patch reefs (Albins 2015), and continuous reefs (Green et al. 

2012).  In a laboratory setting, Tuttle et al. (submitted) identified learning as the 

likely behavioral mechanism by which lionfish and the cleaner goby weakly interact; 

while juvenile lionfish initially ate the cleaner goby, they avoided the goby upon 

subsequent encounters.  This learned avoidance was likely due to an unpalatable 
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chemical defense in the goby’s skin (Colin 1975) which induced hyperventilation of 

lionfish that ingested the goby.  While I did not witness lionfish striking at cleaner 

goby during my field experiment, it is possible that lionfish quickly learned, or had 

already learned prior to their addition to experimental reefs, to avoid eating this 

species.   

 While lionfish did not affect the cleaner goby, lionfish did decrease the 

density of juvenile bluehead wrasse, a facultative cleaner.  Declines were most likely 

caused by predation, as the bluehead wrasse is a very common prey item of lionfish in 

the region (Albins and Hixon 2008; Morris and Akins 2009; Côté et al. 2013).  Few 

studies have compared the behaviors of obligate cleaners and facultative cleaners on 

Atlantic coral reefs (Darcy et al. 1974; Johnson and Ruben 1988).  Therefore, it is 

difficult to predict what will be the repercussions of reduced abundance of facultative 

cleaners on invaded reefs.  If lionfish do not affect obligate cleaners, which tend to 

clean more hosts more often (Johnson and Ruben 1988), but do affect facultative 

cleaners, there may be little change to the ectoparasite loads and distribution of reef 

clients.  However, if lionfish have strong, negative effects on particular facultative 

cleaners that strongly interact with particular clients, then changes to the clients’ 

ectoparasite loads and visitation rates to cleaning stations could occur.  Future studies 

should investigate the ecological importance of cleaning by juvenile bluehead wrasse 

to better predict how invasive lionfish might indirectly affect cleaning mutualisms via 

predation of bluehead wrasse. 

 While there was no clear effect of lionfish on resident clients (those species 

that spend the majority of their time at one patch reef), lionfish did affect the density 
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of transient clients (those species that move among patch reefs over the course of a 

day).  There was a large increase in the density of transient clients on control reefs 

without lionfish, but no increase on impact reefs with lionfish.  Transient clients most 

likely came from neighboring patch reefs interspersed among the experimental patch 

reefs, all of which were spread across an area of approximately 11 x 4 km.  There was 

no indication that the relative spatial distribution of control vs. impact reefs should 

have influenced the presence vs. absence of transient clients on experimental reefs.  

During visits of transient species to patch reefs used in this study, these fishes are 

often cleaned by obligate and facultative cleaners (unpublished data).  Over the 

course of the experiment, there were increases in the densities of non-goby cleaners 

and prey-sized fishes on all reefs due to the accumulation of new settlers during the 

summer recruitment season (most species in this region except cleaning gobies 

experience recruitment peaks in July to August).  These increases were significantly 

greater on control vs. impact reefs.  As a result, the increase in transient species on 

control reefs only is likely attributable to an aggregative response of transient species 

to cleaners and/or prey, as has been described on coral patch reefs in the region 

(Hixon and Carr 1997; Hixon 1998).  Lionfish may have suppressed the number of 

cleaners and prey below a threshold that would otherwise induce aggregative 

responses by transient species to patch reefs.  This is the first documentation of 

lionfish affecting the density of transient reef species, indicating that the effects of 

lionfish may extend beyond those already documented for resident reef species. 

While I did not observe any effects of invasive lionfish on the native cleaner 

goby over the experimental period (the goby was in the presence of lionfish for one 
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month), this outcome does not preclude longer-term effects on the goby via relatively 

prolonged, reduced densities of potential clients on patch reefs.  Overall, however, 

there is little evidence to suggest that lionfish affect the cleaner goby.  Lionfish may 

have similarly weak interactions with other Elacatinus spp. cleaning gobies 

throughout the invaded western Atlantic and Caribbean region, where there are 27 

species in the Elacatinus genus, 7 of which are obligate cleaners (Taylor and Hellberg 

2005).  If this is true, then cleaning gobies are among the remarkably few fishes on 

invaded reefs to escape the effects of lionfish.  The continued presence of cleaning 

gobies on invaded reefs should limit cascading effects that are mediated by these 

cleaners.  However, by consuming other cleaners, invasive lionfish may alter the 

structure and function of native reef communities. 
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Chapter 5 – General Conclusions 
 
 
 

Invasive lionfish (Pterois volitans) are the newest among a suite of both local 

and global stressors (e.g., coastal development, overfishing, climate change, and 

emergent disease), to affect the structure and function of Atlantic coral-reef 

ecosystems (Pandolfi et al. 2003; Burke and Maidens 2004).  These non-native 

predators have broad diets (Morris and Akins 2009; Côté et al. 2013) and strong 

consumptive effects (CEs) on populations of native prey (Albins and Hixon 2008; 

Albins 2015; Benkwitt 2015; Ingeman and Webster 2015).  However, lionfish interact 

with native species in ways other than predation, which likely serve as additional 

explanations for their success.  Furthermore, because lionfish consume ecologically 

important species, invaded reefs are particularly vulnerable to cascading effects on 

the wider reef community, even those members not eaten by lionfish (Albins and 

Hixon 2013).  My doctoral dissertation investigated the interactions among invasive 

lionfish, fish parasites, and cleaning mutualisms native to Atlantic coral reefs (Fig. 

5.1).  Parasites and cleaners may be drivers of broader community-level changes, but 

their roles in marine invasions are not well understood.  Therefore, my dissertation 

has generated new insights into the role of biotic interactions in shaping the outcome 

of the lionfish invasion, and of other marine invasions. 

Chapter 2 examined the extent to which parasites may mediate both enemy 

release by and biotic resistance to invasive lionfish.  We discovered that lionfish in 2 

regions of their native Pacific range (the Marianas and the Philippines) were 18.9 

times more likely to be infected by a parasite than are lionfish at 2 regions in their 
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invaded Atlantic range (The Bahamas and the Cayman Islands), and were infected 

with 2.6 times as many parasites.  Lionfish in the Philippines were infected by high 

numbers of a parasitic copepod that may be host-specific to the gills of lionfishes in 

 

 
 
Figure 5.1 Western Atlantic coral-reef interaction subweb, illustrating previously 
documented interactions and effects of invasive Pacific lionfish, in addition to 
interactions and effects addressed by this dissertation: (a) Chapter 2 found that 
lionfish and Atlantic fish parasites weakly interact, (b) Chapter 3 found that invasive 
lionfish have only weak consumptive effects on the native cleaner goby (Elacatinus 
genie), which is protected by a putative skin toxin, and (c) Chapter 4 found that 
invasive lionfish do not directly or indirectly affect the survival and growth rates of 
the cleaner goby. See Fig. 1.2 caption for more details about interaction web notation. 
Fish drawings are courtesy of Dawn Witherington. 
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the Pterois genus.  When compared to syntopic, native fishes in the Atlantic, invasive 

lionfish had 8.9 times fewer parasites than infected grunts, 5.0 times fewer parasites 

than infected squirrelfishes, and 12.0 times fewer parasites than infected snappers.  

There was no indication that lionfish introduced Pacific parasites into the Atlantic.  

Overall, lionfish interact only weakly with Atlantic fish parasites (Fig. 5.1a).  Our 

results suggest that one contributing factor to the success of lionfish may be parasite 

loss, especially if such a loss leads to changes in lionfish life-history.  This is the first 

study to combine between- and within-ocean comparisons of lionfish parasite 

communities.  Furthermore, this is the first study to combine these kinds of 

comparisons in both the native and introduced range of any marine invasive species. 

 The field and aquarium experiments described in Chapter 3 investigated 

whether lionfish consume the predominant cleaners on Atlantic coral reefs, the 

cleaning gobies (Elacatinus spp.).  On experimental reefs in The Bahamas, lionfish 

did not affect the density of cleaning gobies.  In the laboratory, juvenile invasive 

lionfish initially ate the cleaner goby (E. genie), hyperventilating for several minutes 

post-consumption due to a previously un-described noxious defense in the goby’s 

skin.  During subsequent encounters, the lionfish often approached the goby closely, 

then turned away without striking; 20 of 27 lionfish developed an aversion to the 

goby in less than two weeks.  Even though cleaning gobies are abundant, prey-sized 

fishes on invaded reefs, our results suggest that lionfish may have only weak 

consumptive effects on well-defended cleaning gobies (Fig. 5.1b).   

In Chapter 3 we also monitored how juveniles of a native piscivore, the 

graysby grouper (Cephalopholis cruentata), reacted to repeated exposures to the 
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cleaner goby in aquaria.  Juvenile graysby consistently attacked the goby over two 

weeks despite hyperventilating after consuming a goby, although less vigorously than 

did the lionfish after consuming one.  Adult graysby, however, are common 

participants in cleaning behavior on natural reefs, suggesting that graysby eventually 

learn to cooperate with the goby instead of eating it.  The threat of predation for the 

cleaner goby by juveniles of a native predatory client is a result that challenges our 

current understanding of cleaning goby mutualisms.  Specifically, while cooperation 

between cleaners and other fishes is often assumed to be instinctual, it is more likely 

that learned aversion of predatory fishes to eating noxious cleaners is a necessary 

prerequisite for cleaning goby mutualisms to arise and persist.   

In Chapter 4, I describe a before-after-control-impact (BACI) experimental 

study on twelve coral patch reefs in The Bahamas, to determine the extent to which 

invasive lionfish directly and indirectly affect communities of cleaners and clients.  

Lionfish did not affect the growth and survival of the cleaner goby (Fig. 5.1c).  

However, lionfish did affect other cleaners, especially juvenile bluehead wrasse 

(Thalassoma bifasciatum), a species that occasionally cleans other fishes, and whose 

density was 33% less on reefs with lionfish vs. those without.  Also, lionfish affected 

large transient clients, species that move among reefs; their density was 78% less on 

reefs with lionfish vs. those without.  The decline of transient species may be an 

indirect effect of lionfish consuming non-goby cleaners and prey, fishes that would 

otherwise cue transient species to aggregate at reefs (Hixon and Carr 1997; Hixon 

1998).  This is the first documentation of lionfish affecting the density of transient 
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reef species, indicating that the effects of lionfish may extend beyond those already 

documented for resident reef species. 

How have species interactions influenced the success of invasive lionfish?  

My between- and within-ocean comparisons of fish parasites infecting lionfish and 

native competitors are consistent with enemy release.  Future studies should explicitly 

test the effects of common parasites on the fitness of lionfish in their native Pacific 

range, and how the loss of these parasites in the Atlantic may lead to changes in how 

energy is allocated to the growth, movement, reproduction, and immunity of invasive 

lionfish.  In fact, surprisingly few studies have quantified the effect of parasite loss on 

host fitness and invasion success (Colautti et al. 2004; Blakeslee et al. 2013), despite 

the importance of these mechanisms to the phenomenon of enemy release.  Also, 

future studies should explicitly test whether infection by Atlantic coral-reef parasites 

affects the fitness of native fishes more than that of invasive lionfish.  Lionfish 

continuing to experience much lower infection rates than native competitors may lead 

to the evolution of increased competitive ability of lionfish, which even in the 

relatively early stages of their invasion have demonstrated high competitive ability 

(Albins 2013).  

Furthermore, our finding that lionfish have low infection rates at multiple 

locations across its introduced range is consistent with previous studies that also 

reported lionfish parasites in low numbers (Ruiz-Carus et al. 2006; Bullard et al. 

2011; Sikkel et al. 2014; Loerch et al. 2015; Ramos-Ascherl et al. 2015; Sellers et al. 

2015).  Rare documentations of native piscivores eating non-speared lionfish 

(Maljković et al. 2008; J. Hart personal communication) coupled with low infection 
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rates of lionfish is a pattern that pervades the invaded Atlantic range, and is indicative 

of low biotic resistance by local predators and parasites to the lionfish invasion.  It is 

unknown whether Atlantic coral-reef parasites will more successfully infect lionfish, 

over time.  Other introduced coral-reef fishes have sustained depauperate parasite 

infections over ecological time scales, relative to conspecifics in their native range, 

including peacock grouper (Cephalopholis argus; Vignon et al 2009a), bluestriped 

snapper (Lutjanus kasmira; Vignon et al 2009b), and blacktail snapper (L. fulvus; 

Vignon et al 2009b), all examined 50 years after their intentional release in Hawaiʻi. 

Despite a lack of co-evolutionary history and of cooperative cleaning behavior 

between invasive lionfish and native Atlantic cleaners, lionfish appear to have weak 

(or no) direct and indirect effects on at least one species of potential prey, the cleaner 

goby (E. genie).  In this case, prey naïveté has not contributed to the success of 

lionfish.  Instead, the putative noxious defense in the skin of E. genie (and likely in 

the skin of other Elacatinus gobies), which most likely evolved as insurance against 

predation while cleaning inside the mouths and gill cavities of native species, also 

protects the goby from novel predators.  However, lionfish have strong consumptive 

effects on some facultative cleaners, which may indirectly affect other native fishes. 

 In sum, the research described in this dissertation reveals that a low level of 

parasitism is likely to have enhanced the success of the invasion of Atlantic coral 

reefs by Pacific lionfish.  My research in the Pacific is among extraordinarily few 

ecological studies of lionfish in their native range (Kulbicki et al. 2012b; Cure et al. 

2012; Sikkel et al. 2014; Pusack et al. in press).  There remains an urgent need to 

more rigorously investigate the biology of lionfish in the Pacific, if we wish to know 
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more about what limits their native populations, and therefore what may, in time, 

limit their invasive populations.  My work further highlights the need for additional 

research to identify the physiological (e.g., immunological) mechanisms that allow 

invasive lionfish, and other successful non-native species, to evade natural enemies.  

Finally, by studying the interactions between lionfish and cleaning mutualists, it is 

clear that lionfish do not have uniformly negative effects on native species; cleaning 

gobies are among the remarkably few small fishes to escape the effects of lionfish.  

Lionfish do consume other cleaners, and there is evidence that this predation may 

indirectly affect native communities.  However, the continued presence of cleaning 

gobies on invaded reefs should limit cascading effects of lionfish on other Atlantic 

coral-reef inhabitants. 
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Table A.1 Summary of all documented records of parasites infecting lionfishes, Pterois miles and Pterois volitans, organized by 
range (native Indo-Pacific vs. invasive Atlantic) and parasite taxon. 
 

Range Parasite taxon Parasite sp. Host sp. Region* Ref.** 
Native Acanthocephala Serrasentis sp. (Van Cleave 1923) P. volitans Phi 1 

 
Ciliophora trichodinid ciliates (hyperparasites of Haliotrema sp.) P. miles RS 2 

 
Copepoda Acanthochondria inimici (Yamaguti 1939) P. volitans Jap 3 

  
Colobomatus pteroisi (Madinabeitia et al. 2012) P. volitans Jap 4 

  
Taeniacanthus miles (Pillai 1963) P. miles Ind 5,6 

 
  Taeniacanthus pteroisi (Shen 1957) P. volitans RS, Phi 1,6 

 
Digenea 

Cainocreadium pteroisi (Nagaty and Aal 1962) Durio and 
Manter 1968 P. volitans RS 7 

  
Didymozoidae (Monticelli 1888), unidentified spp. P. volitans Mar, Phi 1 

 
  Proneohelicometra aegyptensis (Hassanine 2006) P. volitans RS 8 

 
Hirudinea Trachelobdella lubrica (Grube 1840) P. volitans Jap 9 

 
Monogenea Benedenia epinepheli (Yamaguti 1937) 

P. volitans 
(cultured) Jap 10 

  
Haliotrema sp. (Johnson and Tiegs 1922) 

P. miles,  
P. volitans RS, Phi 1,2 

 
  Haliotrema pteroisi (Paperna 1972) P. volitans RS 11 

  Myxozoa Sphaeromyxa zaharoni (Diamant et al. 2004) P. miles RS 12 
Invasive Acanthocephala Paracavisoma chromitidis (Cable and Quick, 1954)  P. volitans PR 13 

 
Cestoda Otobothrium dipsacus (Linton, 1897) P. volitans PR 13 

 
  Scolex pleuronectis (Müller 1788) P. volitans Bah, Cay, PR 13 

 
Copepoda Chondracanthidae (Milne Edwards 1840), unidentified sp. P. volitans PR 13 

 
Digenea Bivesicula caribbensis (Cable & Nahhas 1962) P. volitans Cay 13 

  
Helicometrina nimia (Linton 1910) P. volitans Cay 13 

  
Lecithochirium floridense (Manter 1934) Crowcroft 1946 P. cf. volitans 

Bah, Bel, Cay, FL, 
Mex, NC, Pan, PR 

13,14,
15 



 
 
 
 

 

Table A.1 (continued) 
 

Range Parasite taxon Parasite sp. Host sp. Region* Ref.** 
Invasive Digenea Neotorticaecum sp. (Monticelli 1888) P. volitans Bah, Cay, PR 13 
  Stephanostomum sp. (Looss 1899) P. volitans PR 13 

 
Hirudinea Trachelobdella lubrica (Grube 1840) P. volitans FL, PR 

13,14,
16 

 
Isopoda Aegiochus tenuipes (Schioedte and Meinert 1879) P. volitans Cay 13 

  

Carpias serricaudus (Menzies and Glynn 1968) Bowman 
and Morris 1979 P. volitans Cay 13 

  
Eurydice convexa (Richardson 1900) P. volitans Bah 13 

  
Excorallana quadricornis (Hansen 1890) P. volitans Bah 13 

  
Gnathia spp. (Leach 1814) P. volitans Bah, PR 13 

 
  Rocinela signata (Schioedte and Meinert 1879) P. volitans PR 13 

 
Monogenea Gastrocotylinean post-oncomiracidia (Kritsky et al. 2011) P. volitans PR 13 

  
Pseudempleurosoma carangis (Yamaguti 1965) P. volitans PR 13 

 
  Udonella caligorum (Johnston 1835) P. volitans Cay 13 

 
Nematoda Anisakis simplex (Rudolphi 1809) P. volitans PR 13 

  
Capillaria sp. (Zeder 1800) P. volitans PR 13 

  
Goezia sp. (Zeder 1800) P. volitans Bah 13 

  
Raphidascaris sp. (Railliet and Henry 1915) P. volitans Bah, Cay, PR 13 

  
Spirocamallanus sp. (Olsen 1952) P. volitans Cay 13 

  
Spirocamallanus partitus (Bashirullah and Williams 1980) P. volitans PR 13 

    
Spirocamallanus spinicaudatus (Bashirullah and Williams 
1980) P. volitans PR 13 

*Region abbreviations: Bah = Bahamas, Bel = Belize,  Cay = Cayman Islands, FL = Florida, Ind = India, Jap = Japan, Mar = Marianas, Mex = Mexico, 
NC = North Carolina, Pan = Panama (Caribbean side), Phi = Philippines, PR = Puerto Rico, RS = Red Sea. 
**References: 1 = Tuttle et al. in revision (Chapter 2) 2 = (Colorni and Diamant 2005), 3 = (Dojiri and Ho 1988), 4 = (Madinabeitia et al. 2012), 5 = 
(Pillai 1963), 6 = (Dojiri and Cressey 1987), 7 = (Nagaty and Aal 1962), 8 = (Hassanine 2006), 9 = Paperna 1976, 10 = (Ogawa et al. 1995), 11 = 
(Paperna 1972), 12 = (Diamant et al. 2004), 13 = (Ramos-Ascherl et al. 2015), 14 = (Bullard et al. 2011), 15 = (Sellers et al. 2015), 16 = (Ruiz-Carus et 
al. 2006) 
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Table B.1 Host origin (ocean and region), family, species, and sample size. 

Range of Lionfish Region Family Species n 
Invasive Atlantic The Bahamas Scorpaenidae Pterois volitans 47 
    Haemulidae Haemulon plumieri 29 
    Holocentridae Holocentrus adscensionis 15 
    Lutjanidae Lutjanus synagris 15 
    Serranidae Epinephelus guttatus 12 
    Serranidae Cephalopholis fulva 4 
  Cayman Islands Scorpaenidae Pterois volitans 91 
    Haemulidae Haemulon flavolineatum 15 
    Holocentridae Holocentrus rufus 16 
    Serranidae Cephalopholis cruentata 16 
Native Pacific Marianas Scorpaenidae Pterois volitans 14 
    Scorpaenidae Pterois antennata 15 
    Lethrinidae Lethrinus harak 15 
    Lutjanidae Lutjanus fulvus 5 
    Serranidae Epinephelus merra 15 
  Philippines Scorpaenidae Pterois volitans 29 
    Scorpaenidae Pterois russelii 3 
    Haemulidae Diagramma pictum 7 
    Haemulidae Plectorhinchus lineatus 4 
    Lethrinidae Lethrinus harak 5 
    Lethrinidae Lethrinus obsoletus 6 
    Lethrinidae Lethrinus ornatus 2 
    Lethrinidae Lethrinus sp. 1 
    Lutjanidae Lutjanus ehrenbergii 2 
    Lutjanidae Lutjanus fulviflamma 1 
    Lutjanidae Lutjanus fulvus 1 
    Lutjanidae Lutjanus kasmira 3 
    Lutjanidae Lutjanus lutjanus 7 
    Lutjanidae Lutjanus rufolineatus 3 
    Lutjanidae Symphorus nematophorus 2 
    Serranidae Cephalopholis argus 2 
    Serranidae Cephalopholis miniata 1 
    Serranidae Epinephelus areolatus 1 
    Serranidae Epinephelus fasciatus 2 
    Serranidae Epinephelus ongus 1 
    Serranidae Epinephelus quoyanus 1 

  



 

 

Table B.2 Results from generalized linear mixed models that tested for differences in infection prevalence. Models were of the 
binomial family (logistic regression) and were fit by maximum likelihood (using the Adaptive Gauss-Hermite Quadrature), using 
the lme4 package in R. For within-ocean host family comparisons, p-values were adjusted for multiple comparisons, using the 
multcomp package in R.  All models included region (Marianas and Philippines in the Pacific, and Bahamas and Caymans in the 
Atlantic) as a random effect.  For significant categorical comparisons (p<0.05, in bold), there was a K-fold change in the odds of 
being infected between the specified category and the indicator variable, where K=exp(Estimate). The indicator variable for 
categorical comparisons was invasive lionfish for comparisons 1 and 2 below, and native lionfish for comparison 3. 
 

Comparison Response Fixed Effects Estimate 
Std. 

Error z value p value 
Residual 

df 
(1) Lionfish, Pacific vs. 
Atlantic 

Total Prevalence 
(Internal + External) Ocean: Pacific 2.940 0.562 5.227 < 0.001 172 

 
  Fish Size 0.053 0.031 1.688 0.091   

 
Internal Prevalence Ocean: Pacific 1.057 0.382 2.765 0.006 172 

 
  Fish Size 0.077 0.031 2.459 0.014   

 
External Prevalence Ocean: Pacific 2.763 2.612 1.058 0.290 172 

    Fish Size 0.036 0.076 0.468 0.640   
(2) Atlantic: native  Total Prevalence Host family: Haemulidae 3.984 0.753 5.290 < 0.001 255 
fishes vs. invasive  

 
Host family: Holocentridae 4.184 1.034 4.046 < 0.001 

 lionfish 
 

Host family: Lutjanidae 3.190 1.056 3.022 0.010 
 

  
Host family: Serranidae 1.204 0.406 2.966 0.012 

 
 

  Fish Size 0.066 0.029 2.235 0.025   

 
Internal Prevalence Host family: Haemulidae 3.715 0.636 5.843 < 0.001 255 

  
Host family: Holocentridae 2.835 0.571 4.969 < 0.001 

 
  

Host family: Lutjanidae 3.318 1.057 3.140 0.007 
 

  
Host family: Serranidae 0.970 0.402 2.412 0.062 

 
 

  Fish Size 0.072 0.030 2.429 0.015   

 
External Prevalence Host family: Haemulidae 4.451 0.628 7.089 < 0.001 258 

  
Host family: Holocentridae 2.688 0.558 4.817 < 0.001 

 



 

 

Table B.2 (continued) 
 

Comparison Response Fixed Effects Estimate 
Std. 

Error z value p value 
Residual 

df 
(2) Atlantic: native  External Prevalence Host family: Lutjanidae 3.806 0.776 4.902 < 0.001 

 fishes vs. invasive  
 

Host family: Serranidae 1.756 0.610 2.880 0.015 
 lionfish   Fish Size 0.055 0.057 0.978 0.328  

 Copepod Prevalence All non-lionfish hosts 2.497 0.552 4.525 < 0.001 258 
    Fish Size -0.060 0.045 -1.321 0.187   

(3) Pacific: native  Total Prevalence 
Host family: non-P. 
volitans Scorpaenidae 0.051 0.888 0.058 1.000 141 

fishes vs. native  
 

Host family: Haemulidae 0.274 1.152 0.238 1.000 
 lionfish 

 
Host family: Lethrinidae 0.575 0.874 0.658 0.961 

 
  

Host family: Lutjanidae -0.930 0.670 -1.388 0.543 
 

 
  Host family: Serranidae -1.201 0.657 -1.829 0.264   

 
Internal Prevalence 

Host family: non-P. 
volitans Scorpaenidae 1.561 0.765 2.041 0.178 141 

  
Host family: Haemulidae 0.935 0.777 1.204 0.694 

 
  

Host family: Lethrinidae 0.022 0.497 0.044 1.000 
 

  
Host family: Lutjanidae 0.290 0.521 0.558 0.983 

 
 

  Host family: Serranidae -0.310 0.563 -0.550 0.984   

 
External Prevalence 

Host family: non-P. 
volitans Scorpaenidae -1.094 0.642 -1.704 0.344 141 

  
Host family: Haemulidae -2.513 0.874 -2.875 0.019 

 
  

Host family: Lethrinidae 1.014 0.613 1.655 0.375 
 

  
Host family: Lutjanidae -1.371 0.552 -2.486 0.060 

     Host family: Serranidae -0.787 0.558 -1.411 0.543   
 Copepod Prevalence All non-Pterois hosts -2.587 0.495 -5.228 < 0.001 127 

  



 

 

Table B.3 Results from generalized linear mixed models that tested for differences in infection intensity. Models were of the 
negative binomial family and were fit by maximum likelihood (with the Laplace approximation), using the glmmADMB 
package in R. For within-ocean host family comparisons, p-values were adjusted for multiple comparisons, using the multcomp 
package in R. All models included region (Marianas and Philippines in the Pacific, and Bahamas and Caymans in the Atlantic) 
as a random effect. For significant categorical comparisons (p<0.05, in bold), there was a K-fold change in mean intensity 
between the specified category and the indicator variable, where K=exp(Estimate). The indicator variable for categorical 
comparisons was invasive lionfish for comparisons 1 and 2 below, and native lionfish for comparison 3. 
 

Comparison Response Fixed Effects Estimate 
Std. 

Error z value p value 

Negative binomial 
dispersion 

parameter (SE) 
(1) Lionfish, 
Pacific vs. Atlantic 

Total Intensity 
(Internal + External) Ocean: Pacific 0.941 0.215 4.380 < 0.001 1.459 (0.281) 

 
  Fish Size -0.023 0.020 -1.150 0.250   

 
Internal Intensity Ocean: Pacific 0.278 0.287 0.970 0.334 1.188 (0.256) 

 
  Fish Size -0.038 0.024 -1.590 0.112   

 
External Intensity Ocean: Pacific 1.837 0.409 4.490 < 0.001 7.265 (3.678) 

    Fish Size 0.020 0.026 0.750 0.450   
(2) Atlantic: native  Total Intensity Host family: Haemulidae 2.181 0.209 10.462 < 0.001 1.479 (0.191) 
fishes vs. invasive  

 
Host family: Holocentridae 1.618 0.217 7.470 < 0.001 

 lionfish 
 

Host family: Lutjanidae 2.484 0.290 8.580 < 0.001 
 

  
Host family: Serranidae -0.196 0.282 -0.695 0.930 

 
 

  Fish Size -0.003 0.019 -0.180 0.860   

 
Internal Intensity Host family: Haemulidae 1.937 0.229 8.459 < 0.001 1.278 (0.168) 

  
Host family: Holocentridae 1.427 0.245 5.815 < 0.001 

 
  

Host family: Lutjanidae 1.810 0.318 5.689 < 0.001 
 

  
Host family: Serranidae -0.167 0.326 -0.512 0.976 

 
 

  Fish Size -0.003 0.021 -0.150 0.881   

 
External Intensity Host family: Haemulidae 1.935 0.547 3.538 0.002 1.508 (0.289) 



 

 

Table B.3 (continued) 

Comparison Response Fixed Effects Estimate 
Std. 

Error z value p value 

Negative binomial 
dispersion 

parameter (SE) 
(2) Atlantic: native  External Intensity Host family: Holocentridae 1.413 0.555 2.545 0.043 

 fishes vs. invasive  
 

Host family: Lutjanidae 2.686 0.557 4.822 < 0.001 
 lionfish 

 
Host family: Serranidae 0.341 0.687 0.496 0.979 

   Fish Size 0.059 0.039 1.500 0.134  
 Copepod Intensity All non-lionfish host families 0.829 0.637 1.300 0.190 3.146 (1.407) 
    Fish Size -0.053 0.052 -1.030 0.300   

(3) Pacific: native  Total Intensity 
Host family: non-P. volitans 
Scorpaenidae -0.142 0.273 -0.518 0.990 1.429 (0.200) 

fishes vs. native  
 

Host family: Haemulidae 0.082 0.322 0.256 1.000 
 lionfish 

 
Host family: Lethrinidae 0.572 0.224 2.549 0.053 

 
  

Host family: Lutjanidae 0.140 0.258 0.542 0.988 
 

 
  Host family: Serranidae 0.220 0.268 0.822 0.929   

 
Internal Intensity 

Host family: non-P. volitans 
Scorpaenidae -0.055 0.332 -0.167 1.000 1.360 (0.245) 

  
Host family: Haemulidae 0.606 0.390 1.553 0.474 

 
  

Host family: Lethrinidae 0.394 0.322 1.221 0.715 
 

  
Host family: Lutjanidae 0.682 0.325 2.100 0.166 

 
 

  Host family: Serranidae 0.745 0.359 2.072 0.177   

 
External Intensity 

Host family: non-P. volitans 
Scorpaenidae 0.150 0.398 0.377 0.998 1.510 (0.271) 

  
Host family: Haemulidae 0.515 0.633 0.813 0.932 

 
  

Host family: Lethrinidae 0.504 0.243 2.079 0.175 
 

  
Host family: Lutjanidae -0.317 0.350 -0.906 0.897 

     Host family: Serranidae -0.039 0.329 -0.118 1.000   
 Copepod Intensity All non-Pterois host families -1.374 0.385 -3.570 < 0.001 0.391 (0.010) 



 

 

Table B.4 Parasites infecting native Pacific Pterois spp. and their developmental stage, infection location on the body, study 
region (M=Marianas, P=Philippines), host species, number of host individuals (n), prevalence (P%), mean intensity (MI), range 
of infection, and references for the parasite being previously recorded for the host species (cited below). 
 

Parasite Taxon (Stage) 
Infection 
Location 

Study 
Region 

Host 
species n P% MI (Range) 

Recorded for 
host sp? [Ref] 

Acanthocephala 
           Serrasentis sp. Van Cleave, 1923 (juvenile) Intestines P P. volitans 29 27.6 5.4 (1-13) No 

Cestoda 
           unidentified cestode(s) (larval) Intestines M P. antennata 15 6.7 3.0 

 
   

P. volitans 14 14.3 1.0 
 

  
P P. volitans 29 17.2 2.2 (1-7) 

 Crustacea 
           cf. Bomolochidae Claus, 1875 (adult) Gills M P. antennata 15 20.0 1.7 (1-3) No 

    Taeniacanthus pteroisi Shen, 1957 (adult) Gills P P. russelii 3 100.0 15.0 (2-38) [1,2] 

   
P. volitans 29 93.1 7.3 (1-18) [3] 

Digenea 
           Didymozoidae Monticelli, 1888 (schistosomulum) Muscular  M P. antennata 15 53.3 3.8 (1-10) No 

 
tissue 

 
P. volitans 14 50.0 1.9 (1-4) No 

  
P P. russelii 3 33.3 1.0 No 

   
P. volitans 29 3.4 3.0 No 

    unidentified trematode(s) (adult) Intestines M P. antennata 15 53.3 1.4 (1-2) 
 

   
P. volitans 14 21.4 2.3 (1-4) 

 
  

P P. volitans 29 6.9 5.0 (2-8) 
 Monogenea 

           Haliotrema sp. Johnston & Tiegs, 1922 (adult) Gills P P. volitans 29 3.4 8.0 [4,5] 
Nematoda 

           unidentified nematode(s) (adult) Intestines M P. antennata 15 6.7 2.0 
 



 

 

Table B.4 (continued) 
 

Parasite Taxon (Stage) 
Infection 
Location 

Study 
Region 

Host 
species n P% MI (Range) 

Recorded for 
host sp? [Ref] 

    unidentified nematode(s) (adult) Intestines M P. volitans 14 7.1 1.0 
 

  
P P. russelii 3 33.3 1.0 

       P. volitans 29 3.4 1.0   
References: [1] Shen C (1957) Parasitic Copepods from Fishes of China, Part I: Cyclopoida (1). Acta Zoologica Sinica, 9(4):297-327; [2] 
Uma Devi DV, Shyamasundar K (1980) Studies on the Copepod Parasites of Fishes on the Waltair Coast: Family Taeniacanthidae. 
Crustaceana 39(2):197-208; [3] Dojiri M, Cressey RF (1987) Revision of the Taeniacanthidae (Copepoda: Poecilostomatoida) parasitic 
on fishes and sea urchins. Smithsonian Contributions to Zoology 447:1-250, figs. 1-166; [4] Paperna I (1972) Monogenea of Red Sea 
fishes. III. Dactylogyridae from littoral and reef fishes. Journal of Helminthology, 46:47; [5] Colorni A, Diamant A (2005) Hyperparasitism 
of trichodinid ciliates on monogenean gill flukes of two marine fish. Diseases of Aquatic Organisms, 65:177-180. 

 
 
  



 

 

Table B.5 Results from generalized linear mixed models that tested for differences in infection prevalence and intensity. Models 
for which prevalence was the response variable were of the binomial family (logistic regression) and were fit by maximum 
likelihood (using the Adaptive Gauss-Hermite Quadrature), using the lme4 package in R. The residual degrees of freedom for all 
prevalence models was 178. For significant comparisons of prevalence (p<0.05, in bold), there was a K-fold change in the odds 
of being infected between Pacific and Atlantic lionfish, where K=exp(Estimate). Models for which the response was intensity 
were of the negative binomial family and were fit by maximum likelihood (with the Laplace approximation), using the 
glmmADMB package in R. For significant comparisons of intensity (p<0.05, in bold), there was a K-fold change in mean 
intensity between Pacific and Atlantic lionfish, where K=exp(Estimate). All models included region (Marianas and Philippines 
in the Pacific, and Bahamas and Caymans in the Atlantic) as a random effect. 

Comparison Response Fixed Effects Estimate Std. Error z value p value 

Negative binomial 
dispersion 

parameter (SE) 
(1) Acanthocephalan (internal), 
Pacific vs. Atlantic Prevalence Ocean: Pacific 20.290 747.830 0.027 0.978   
  Intensity Ocean: Pacific n/a*         
(2) Cestode (internal),  
Pacific vs. Atlantic Prevalence Ocean: Pacific 1.453 0.587 2.475 0.013   
  Intensity Ocean: Pacific -1.481 0.656 -2.260 0.024 0.933 (0.393) 
(3) Copepod (external),  
Pacific vs. Atlantic Prevalence Ocean: Pacific 3.882 2.101 1.848 0.065   
  Intensity Ocean: Pacific 1.960 0.574 3.420 0.001 3.863 (1.562) 
(4) Monogenean (external), 
Pacific vs. Atlantic Prevalence Ocean: Pacific 0.786 0.930 0.845 0.398   
  Intensity Ocean: Pacific 1.180 0.775 1.520 0.130 403.430 (13.442) 
(5) Nematode (internal),  
Pacific vs. Atlantic Prevalence Ocean: Pacific -0.091 0.822 -0.111 0.912   
  Intensity Ocean: Pacific -0.452 0.770 -0.590 0.560 403.430 (0.227) 
(6) Trematode (internal), 
Pacific vs. Atlantic Prevalence Ocean: Pacific 0.230 0.882 0.261 0.794   
  Intensity Ocean: Pacific 0.336 0.317 1.060 0.290 2.281 (0.801) 

*This model could not be created because only lionfish in the Philippines were infected with acanthocephalans. 
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Table C.1 Akaike’s Information Criterion (AIC) and p-values from likelihood-ratio tests (LRT and LRT p) used to determine 
whether or not to include random effects, non-homogenous variance structures, and autocorrelation. Models compared: F = full 
fixed effects structure, R = random effect for reef, R2 = random effect for , V = weighted term for variance to differ among reef, 
C = AR1 temporal autocorrelation structure. The best-fitting model is indicated in bold. 
 

Response variable (units) Model No. Model components d.f. AIC Model Comparison LRT LRT p 
Density (fish m-2) 1 F 5 -73.708 

   
 

2 F + R 6 -97.592 1 v 2 25.884 < 0.001 

 
3 F + R + R2 7 -95.602 2 v 3 0.010 0.921 

 
4 F + R + V 13 -101.52 2 v 4 17.928 0.012 

  5 F + R + V + C 14 -99.521 4 v 5 0.000 1.000 
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Table C.2 Results from binary logistic regression models, one for each predator 
species, to determine whether or not predation on the cleaner goby was affected by 
the order of exposure to the prey species (order), the ratio of predator length to 
cleaner goby length (ratio predator: cleaner), and/or the region (The Bahamas or the 
Cayman Islands) where the trial was conducted. Trials with lionfish were only 
conducted in The Bahamas, therefore region was not included as a predictor in the 
lionfish model. Significant predictors are indicated in bold. 
 

Predator species Predictor Estimate 
Std. 

Error z-value p 
Lionfish order -0.665 0.836 -0.795 0.427 

 
ratio lionfish:cleaner 2.112 0.922 2.289 0.022 

Graysby order -1.300 0.981 -1.326 0.185 

 
ratio graysby:cleaner -0.555 0.419 -1.323 0.186 

 
region 0.585 0.994 0.589 0.556 

Coney order 0.302 1.977 0.153 0.878 

 
ratio coney:cleaner -1.145 0.902 -1.269 0.204 

  region -21.541 6304.467 -0.003 0.997 
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Figure C.1 This video shows the behaviour typical of invasive lionfish (Pterois 
volitans) and native graysby grouper (Cephalopholis cruentata) during our laboratory 
learning experiment in the Bahamas. One lionfish strikes at and spits out a cleaner 
goby, then will not strike at a cleaner goby 2 days later. One graysby eats a cleaner 
goby, then eats a goby again 2 and 4 days later. 
 
Link to video file, “Invasive and native predators react to the cleaner goby”: 
https://youtu.be/j9Gigp4zQ-o  
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Appendix D Chapter 4 Supplementary Material 

 

Figure D.1 Density of lionfish at experimental reefs. Dots represent means and error 
bars are SEM. Impact reefs with “high-lionfish” densities: n = 6; and control reefs 
with “low-lionfish” densities: n = 6. 

 

 
 



 

 

Table D.1 Akaike’s Information Criterion (AIC) and p-values from likelihood-ratio tests (LRT and LRT p) used to determine 
whether or not to include a random effect, an auto-correlation term, and non-homogenous variance structures in the linear mixed 
effects models. Models were created with the nlme package in R. Model components: F = full fixed effects structure (treatment, 
period, treatment*period), R = random effect for reef, C = AR1 temporal autocorrelation structure for time-step nested in reef, 
and V = weighted term for variance to differ among reef. Likelihood-ratio tests comparing the full fixed effects model (F) to the 
model including a random effect for reef (F + R) incorporated an adjustment to the p-value to compensate for testing-on-the-
boundary. The best-fitting model is indicated in bold.  When the best-fitting model did not have an autocorrelation term, I chose 
to use model 3 (F + R + C) to account for non-independence due to repeated measures at reefs. 
 
 

Response variable (units) 
Model 

No. 
Model 
components d.f. AIC 

Model 
Comparison LRT LRT p 

Density of cleaner goby (ind. m-2) 1 F 5 -96.093 
   

 
2 F + R 6 -105.094 1 v 2 11.001 0.001 

 
3 F + R + C 7 -106.252 2 v 3 3.157 0.076 

  4 F + R + C + V 18 -105.261 3 v 4 21.010 0.033 
Change in mean total length (cm) of cleaner goby 1 F 5 11.602 

   

 
2 F + R 6 4.153 1 v 2 9.448 0.002 

 
3 F + R + C 7 0.031 2 v 3 6.123 0.013 

  4 F + R + C + V 18 14.391 3 v 4 7.640 0.745 
Density of non-goby cleaners (ind. m-2) 1 F 5 -11.809 

   

 
2 F + R 6 -53.427 1 v 2 43.617 <.0001 

 
3 F + R + C 7 -56.192 2 v 3 4.765 0.029 

  4 F + R + C + V 18 -47.960 3 v 4 13.769 0.246 
Density of juvenile bluehead wrasse (ind. m-2)* ^ 1 F 5 -116.911 

   

 
2 F + R 6 -169.709 1 v 2 54.798 <.0001 

  3 F + R + C 7 -169.393 2 v 3 1.684 0.194 
 
 



 

 

Table D.1 (continued) 
 
Response variable (units) Model 

No. 
Model 
components d.f. AIC 

Model 
Comparison LRT LRT p 

Density of banded coral shrimp (ind. m-2) ^ 1 F 5 -107.753    

 2 F + R 6 -147.851 1 v 2 42.097 <.0001 
  3 F + R + C 7 -153.716 2 v 3 7.865 0.005 
Density of obligate cleaner shrimps (ind. m-2) ^ 1 F 5 -80.067    

 2 F + R 6 -98.923 1 v 2 20.856 <.0001 
  3 F + R + C 7 -103.799 2 v 3 6.876 0.009 
Log(Density of resident clients (ind. m-2)) 1 F 5 148.050 

   

 
2 F + R 6 99.712 1 v 2 50.338 <.0001 

 
3 F + R + C 7 94.502 2 v 3 7.210 0.007 

  4 F + R + C + V 18 40.768 3 v 4 75.734 <.0001 
Density of transient clients (ind. m-2) 1 F 5 -72.710 

   

 
2 F + R 6 -73.207 1 v 2 2.497 0.114 

 
3 F + R + C 7 -77.020 2 v 3 5.813 0.016 

  4 F + R + C + V 18 -134.434 3 v 4 79.415 <.0001 
Log(Density of prey-sized fishes (ind. m-2))* " 1 F 5 118.618 

   

 
2 F + R 6 120.618 1 v 2 0.000 1.000 

 
3 F + R + C 7 122.578 2 v 3 0.040 0.842 

  4 F + R + C + V 18 135.282 3 v 4 9.296 0.595 
* A model without an autocorrelation term was best-fitting. However, I chose to use model 3 (F + R + C) to account for temporal non-
independence. 

^ A model with non-homogenous variance structures by reef could not be created for this response variable. 
" All prey-sized fishes (≤10 cm total length), excluding Haemulon spp., which outnumbered other prey by an order of magnitude at 
some reefs. 
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Table D.2 Potential client species that were surveyed during the study. Residency was 
based on the relative size of each species’ typical home range over the course of a day 
on patch reefs in Rock Sound, Eleuthera, The Bahamas: resident = one patch reef 
(tens to hundreds of meters squared) vs. transient = many patch reefs (>thousands of 
meters squared). 
 

Species Name Common Name Residency 
Acanthurus bahianus Ocean Surgeonfish resident 
Acanthurus chirurgus Doctorfish resident 
Acanthurus coeruleus Blue Tang resident 
Bodianus rufus Spanish Hogfish resident 
Calamus calamus Saucereye Porgy resident 
Cephalopholis cruentata Graysby resident 
Chaetodon capistratus Foureye Butterflyfish resident 
Diodon hystrix Porcupinefish resident 
Epinephelus striatus Nassau Grouper resident 
Gymnothorax funebris Green Moray resident 
Gymnothorax moringa Spotted Moray resident 
Haemulon album Margate resident 
Haemulon aurolineatum Tomtate resident 
Haemulon flavolineatum French Grunt resident 
Halichoeres bivittatus Slippery Dick resident 
Halichoeres garnoti Yellowhead Wrasse resident 
Haemulon melanurum Cottonwick resident 
Haemulon plumierii White Grunt resident 
Halichoeres radiatus Puddingwife resident 
Haemulon sciurus Bluestripe Grunt resident 
Holocentrus adscensionis Squirrelfish resident 
Holacanthus ciliaris Queen Angelfish resident 
Holocentrus rufus Longspine Squirrelfish resident 
Lutjanus griseus Grey Snapper resident 
Lutjanus synagris Lane Snapper resident 
Mycteroperca bonaci Black Grouper resident 
Pomacanthus arcatus Grey Angelfish resident 
Pomacanthus paru French Angelfish resident 
Sargocentron coruscum Reef Squirrelfish resident 
Sparisoma aurofrenatum Redband Parrotfish resident 
Sparisoma radians Bucktooth Parrotfish resident 
Sparisoma viride Stoplight Parrotfish resident 
Stegastes leucostictus Beaugregory resident 
Thalassoma bifasciatum Bluehead Wrasse resident 
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Table D.2 (continued) 
 
Species Name Common Name Residency 
Urulophus jamaicensis Yellow Stingray resident 
Caranx ruber Bar Jack transient 
Caranthidermis sufflamen Ocean Triggerfish transient 
Chaetodipterus faber Atlantic Spadefish transient 
Dasyatis americana Southern Stingray transient 
Echeneis naucrates Sharksucker transient 
Ginglymostoma cirratum Nurse Shark transient 
Halichoeres bivittatus Slippery Dick transient 
Lutjanus analis Mutton Snapper transient 
Ocyurus chrysurus Yellowtail snapper transient 
Scomberomorus regalis Cero transient 
Sphyraena barracuda Great Barracuda transient 

 



 

 

Table D.3 Results from linear mixed effects (LME) models to test for effects of treatment (control vs. impact), period (before vs. 
after), and the treatment*period interaction on the response variables. LME models were fit by restricted maximum likelihood 
with p-values for fixed effects based on t-tests, using the nlme package in R.  Significant p-values (p < 0.05) are indicated in 
bold. The indicator for all models (i.e., the group to which all categorical statistical comparisons are made) is After-Impact reefs. 
Where µ{response | treatment, period} = β0 + β1*treatment + β2*period + β3*treatment*period, and treatment = 1 if control and 
0 if impact, and period = 1 if before and 0 if after, β0 equals the mean response on After-Impact reefs. Also, β1 equals the 
difference in mean response between After-Control and After-Impact reefs, β2 equals the difference in mean response between 
Before-Impact and After-Impact reefs, and (β1 + β2 + β3) equals the difference in mean response between Before-Control and 
After-Impact reefs. β3 equals the difference between After-Control and After-Impact reefs, after accounting for the difference 
between Before-Control and Before-Impact reefs, i.e., how much more different the control and impact reefs were from each 
other after the addition of lionfish, given how different they were before the addition of lionfish. 
 
Response variable (units) Fixed Effects Estimate (βx) Std. Error d.f. t value p-value 

Density of cleaner goby (ind. m-2) Intercept β0 = 0.281 0.036 69 7.736 <0.001 

 

Treatment β1 = -0.001 0.052 10 -0.028 0.978 

 

Period β2 = 0.098 0.027 69 3.586 0.001 
  Treatment x Period β3 = 0.033 0.041 69 0.806 0.423 

Change in mean total length (cm) of cleaner goby Intercept 0.711 0.096 57 7.434 <0.001 

 

Treatment -0.042 0.136 10 -0.313 0.761 

 

Period -0.331 0.082 57 -4.052 <0.001 
  Treatment x Period 0.035 0.116 57 0.300 0.765 

Density of non-goby cleaners (ind. m-2) Intercept 0.230 0.072 58 3.206 0.002 

 

Treatment 0.140 0.101 10 1.378 0.198 

 

Period 0.037 0.046 58 0.789 0.434 

  Treatment x Period -0.121 0.066 58 -1.836 0.071 

Density of juvenile bluehead wrasse (ind. m-2) Intercept 0.101 0.035 58 2.886 0.006 

 

Treatment 0.073 0.050 10 1.478 0.170 

 



 

 

Table D.3 (continued) 
 
Density of juvenile bluehead wrasse (ind. m-2) Period 0.044 0.018 58 2.522 0.015 
 (cont’d) Treatment x Period -0.053 0.025 58 -2.151 0.036 
Density of banded coral shrimp (ind. m-2) Intercept 0.082 0.035 58 2.367 0.021 

 

Treatment -0.023 0.049 10 -0.475 0.645 

Density of banded coral shrimp (ind. m-2) (cont’d) Period -0.010 0.023 58 -0.430 0.669 

  Treatment x Period 0.026 0.033 58 0.779 0.439 

Density of obligate cleaner shrimps (ind. m-2) Intercept 0.078 0.041 58 1.909 0.061 

 

Treatment 0.023 0.058 10 0.397 0.699 

 

Period -0.016 0.034 58 -0.477 0.635 

  Treatment x Period -0.051 0.048 58 -1.062 0.293 

log(Density of resident clients (ind. m-2))* Intercept 0.813 0.214 58 3.801 <0.001 

 

Treatment 0.157 0.310 10 0.505 0.624 

 

Period 0.002 0.021 58 0.080 0.937 

  Treatment x Period -0.116 0.067 58 -1.725 0.090 

Density of transient clients (ind. m-2) Intercept 0.015 0.009 58 1.725 0.090 

 

Treatment 0.074 0.024 10 3.025 0.013 

 

Period 0.013 0.012 58 1.118 0.268 

  Treatment x Period -0.065 0.031 58 -2.073 0.043 
log(Density of prey-sized fishes** (ind. m-2))* Intercept 0.705 0.118 58 5.951 <0.001 

 

Treatment 0.541 0.168 10 3.227 0.009 

 

Period 0.132 0.166 58 0.793 0.431 

  Treatment x Period -0.633 0.235 58 -2.693 0.009 
*These are the untransformed estimates for the model. Transformed estimates = eβx. 
**All prey-sized fishes (≤10 cm total length), excluding Haemulon spp., which outnumbered other prey by an order of magnitude at 
some reefs. 



 

 

Table D.4 Results from permutation-based multivariate analyses of variance (perMANOVA) to test for effects of treatment 
(control vs. impact), period (before vs. after), and the treatment*period interaction on the multivariate response variables 
(communities). Species abundance data were log-transformed to reduce the influence of the most abundant species, and 
perMANOVA used Bray-Curtis distance and 999 permutations constrained within reef.  Analyses were done in the vegan 
package in R. 
 
Community Fixed Effects df Sum of Squares Mean Squared Error F R2 p-value 
Non-goby cleaners Treatment 1 0.300 0.300 1.890 0.027 0.050 

 
Time 1 0.198 0.198 1.252 0.018 0.037 

 
Treatment x Time 1 0.099 0.099 0.624 0.009 0.278 

 
Residuals 67 10.617 0.158 

 

0.947 

   Total 70 11.213     1.000   

Resident clients Treatment 1 0.469 0.469 2.764 0.039 0.387 

 
Time 1 0.110 0.110 0.647 0.009 0.016 

 
Treatment x Time 1 -0.016 -0.016 -0.094 -0.001 0.993 

 
Residuals 68 11.548 0.170 

 
0.953 

   Total 71 12.111     1.000   

Transient clients Treatment 1 0.707 0.707 1.955 0.046 0.054 

 
Time 1 0.675 0.675 1.867 0.044 0.016 

 
Treatment x Time 1 0.386 0.386 1.067 0.025 0.297 

 
Residuals 38 13.745 0.362 

 
0.886 

   Total 41 15.513     1.000   

 
 



 

 

 


