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Abstract 

Local predator density should affect prey responses to predators by influencing predator 

recognition and/or general risk avoidance amongst prey. I investigated whether 

behavioural and physiological responses of juvenile striped parrotfish (Scarus iseri) to 

predatory invasive Indo-Pacific lionfish (Pterois sp.) varied with local native and invasive 

predator density. Parrotfish exhibited evasive behavioural changes in response to visual 

and chemical stimuli from a native predator (Epinephelus striatus) but not to lionfish 

stimuli. However, parrotfish from reefs with high compared to low predator densities 

exhibited more evasive behaviour and colouration responses overall. Parrotfish from 

reefs with high predator densities also had higher survival rates in encounters with 

lionfish. Steroid hormone reactivity did not vary across parrotfish groups. Selective 

predation by lionfish of risk-taking prey fish could be resulting in greater cautiousness in 

some prey populations. This heightened risk avoidance ultimately aids prey fish evasion 

of invasive lionfish in the absence of predator recognition. 

Keywords:  predation; antipredator behaviour; invasive predator; Indo-Pacific lionfish; 

prey naïveté; risk avoidance 
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Behavioural and physiological responses of prey fish 
to an invasive predator 

Introduction 

Invasive species are a major global conservation concern (Vitousek et al. 1996).  

Invaders often drastically alter community composition and disrupt habitat and 

ecosystem processes, ultimately reducing biodiversity (Mack et al. 2000). In large part, 

invasive predators inflict such ecological damage directly via consumption and indirectly 

via the threat of consumption of native prey, which can result in species extirpation or 

extinction (Miller et al. 1989, Clavero & García-Berthou 2005, Salo et al. 2007). 

Elements that enable invasive species to thrive can include reduced disease or 

predation in the invaded range (i.e., the enemy release hypothesis; Keane & Crawley 

2002), high propagule pressure (Lockwood et al. 2009), and anthropogenic disturbance 

(Mack et al. 2000). Based on theory and some empirical evidence, the success of 

invasive predators is often also attributed to prey naïveté, wherein prey do not recognize 

or do not produce an effective antipredator response toward an invasive predator 

because they have no evolutionary history with the invader (Cox & Lima 2006, Sih et al. 

2010, Carthey & Banks 2014). Understanding factors affecting the occurrence and 

persistence of prey naïveté should enable better predictions of the effects of invasive 

species on native prey species and their ecological communities. 

Prey responses to the threat of predation are multi-faceted. Under perceived 

predation risk, prey might flee, freeze or exhibit other changes in their activity state, 

reduce foraging, take shelter, or attempt to maintain or increase distance from the threat 

(Lima & Dill 1990). When they sense a nearby predator, many prey species quickly 

change colouration to match their environment and enhance crypsis (Stuart-Fox & 

Moussalli 2009). Even in the absence of overt changes to behaviour or appearance, 

prey may undergo physiological changes when perceiving threat of predation. Of these 

physiological responses, the release of glucocorticoid stress hormones is one of the best 

studied and understood (Barton 2002, Hawlena & Schmitz 2010). In fishes, for example, 

acute exposure to predators typically induces a spike in cortisol circulation (Wendelaar 

Bonga 1997, Barton 2002). Testosterone is another steroid hormone that could be 

relevant to predator evasion but has not yet been well investigated in this context. The 
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release of testosterone is known to fluctuate in response to stressors in multiple taxa 

(Moore et al. 1991, Wendelaar Bonga 1997) and to influence animal behaviour related to 

boldness and antagonism (Koolhaas et al. 1999, 2010). Possibly, native prey could 

exhibit the responses to threat of predation I have mentioned here (and many others that 

exist) to an invasive predator. 

There should often be strong selection to favour effective antipredator responses 

in prey that are only displayed in the presence of the predator (i.e., that involve predator 

recognition). This is because while failing to avoid predation carries the ultimate cost, 

antipredator tactics can also be costly as they usually involve foregoing other fitness-

related activities (Lima & Dill 1990, Lima 1998). Under the right circumstances, prey 

populations can evolve or adopt recognition and consequent evasion responses to 

invasive predators. Some prey species exhibit innate (i.e., not learned) recognition 

towards native predators (e.g., Pearl et al. 2003, Vilhunen & Hirvonen 2003). Innate 

predator recognition in aquatic systems tends to evolve under circumstances of stable 

habitat and narrow predatory regime (Wisenden 2003). If that predatory regime includes 

an invasive predator, innate recognition of that invader amongst their prey could 

conceivably evolve. Another possible scenario is that prey generalize recognition to an 

invader that is closely related to a native predator that prey already innately recognize 

(e.g., Epp & Gabor 2008). In environments containing more variable predator 

communities, such as many marine environments, selection favours learned instead of 

innate predator recognition in prey (Wisenden 2003). Because there is little opportunity 

for prey to learn from mistakes made in identifying predators, mechanisms for learning 

predator recognition should evolve that do not require a direct encounter between 

predator and prey. For example, many aquatic prey in early life stages learn to fear 

native predators by associating chemical alarm cues released by conspecifics (or 

sometimes heterospecifics) during nearby predation events with visual and/or olfactory 

predator cues; once this association has been made, prey produce a fear response to 

the predator cue(s) alone (reviewed by Brown 2003, Kelley & Magurran 2003, Ferrari et 

al. 2010). Learned recognition has also been observed in response to introduced 

predators in fish (Chivers & Smith 1995), amphibians (Polo-Cavia & Gomez-Mestre 

2014), and crustaceans (Bool et al. 2011). Iberian spadefoot toad (Pelobates cultripes) 

tadpoles, for instance, respond with reduced activity to cues from predatory red swamp 

crayfish (Procambarus clarkii) invading Europe only after they have been conditioned to 
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associate the crayfish with alarm cues from conspecifics (Polo-Cavia & Gomez-Mestre 

2014). The ubiquity of predator recognition across taxa demonstrates its survival benefit 

to prey. 

However, traits that do not involve a predator-specific response but still enable 

prey to evade predators also exist. Most, if not all, animals exhibit variation among 

individuals in ways of coping with or responding to their environment; in many species, 

such intra-population variation has been explained as the expression of differences in 

individual personality or temperament (Réale et al. 2007). Traits such as activity level, 

willingness to take risks, or behavioural and physiological responsiveness to 

environmental stimuli, appear to remain relatively constant within individuals across 

situations (Réale et al. 2007, Koolhaas et al. 2010). The extent to which an individual 

takes or avoids risks is moderately heritable and it also often changes with experience 

(Réale et al. 2007, Wolf & Weissing 2012). For example, young aquatic prey exposed to 

conspecific alarm cues in the absence of specific predator information subsequently 

display generally risk-averse phenotypes: they become more neophobic (e.g., more 

fearful of any novel fish species) (Brown et al. 2013) and exhibit reduced activity and 

foraging toward non-novel fish cues and even in the absence of any potentially 

threatening stimuli (Crane & Ferrari 2016). An invasive predator could potentially be 

included in this suite of environmental stimuli that generally risk-averse prey exhibit fear 

toward. Whether learned or possessed from birth, risk-avoidant phenotypes often confer 

fitness advantages or disadvantages to animals depending on the context (Smith & 

Blumstein 2008). In the context of predation, predators usually disproportionately eat 

active or more risk-taking individuals, leaving less active, cautious ones behind (e.g., 

Skelly 1994, Biro et al. 2004). If direct consumption by predators is a major force 

shaping a prey population, selective predation of prey individuals that are risk-takers 

from birth and/or those who have failed to learn to be more cautious should further 

heighten general risk avoidance in the prey population. The remaining prey individuals 

(i.e., those who have successfully avoided predation) could therefore exhibit effective 

evasion strategies toward an invasive predator that are a consequence of their overall 

cautiousness and not of predator recognition of the invader. Because risk-avoidant 

tendencies that prey possess from birth as well as the phenotypic plasticity that allows or 

learned risk avoidance likely both have heritable components (Réale et al. 2007, 

Dingemanse et al. 2012, Dingemanse & Wolf 2013), selective predation of risk-taking 
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individuals over multiple generations should result in the evolution of more cautious prey 

populations. Several examples exist of invasive predators inducing the evolution of 

generally risk-avoidant behaviour in their prey (McIntosh & Townsend 1994, Griffiths et 

al. 1998, Nunes et al. 2014). For instance, red swamp crayfish have triggered rapid (~30 

years) evolution of low activity levels in Iberian waterfrog (Pelophylax perezi) tadpoles 

that persist even in predator-naïve individuals (Nunes et al. 2014). 

Whether by predator recognition or general risk avoidance, the ease with which 

prey populations develop effective antipredator responses against an invader depends 

on both species and environmental characteristics. Prey populations exhibiting high 

inter-individual variation or high phenotypic plasticity within individuals are more likely to 

change adaptively in response to a new predator (Strauss et al. 2006, Hendry et al. 

2008); however, this process will likely be curtailed if the invader provides cues (e.g., in 

appearance or behaviour) that are very different from those of native predators (Cox & 

Lima 2006, Sih et al. 2011). Antipredator responses are also shaped by the intensity of 

local predation risk. Importantly in aquatic systems, development of evasion responses 

in a prey population will likely be affected by how abundant their local predators are. 

Environments with higher predator densities should contain more accessible information 

(e.g., alarm cues and predator cues) that facilitates prey learning. A greater prevalence 

of predation-related information could catalyze learned predator recognition; evidence 

shows that prey fish increase the intensity of their antipredator response to a learned 

predator as the amount of conspecific alarm cue they associate with that predator 

increases (Ferrari et al. 2005). General risk aversion should be affected by local predator 

density too. Indeed, neophobia towards new species and towards non-animal stimuli 

both scale up with greater exposure to conspecific alarm cues (Brown et al. 2013, 2014). 

Additionally, prior exposure to nearby predation results in prey fish showing more risk-

averse behavioural tendencies than naïve fish when disturbed by inanimate stimuli or in 

the absence of any acute cue exposure (Lönnstedt et al. 2012). An environment 

containing more predators may also be characterized by higher predation (i.e., higher 

total consumption of prey). In this case, selective predation will play a stronger role in 

environments with higher predator densities, as long as those predators target similar 

traits, such as risk-taking, in their prey. Heavy, as opposed to weak, predation is known 

to select for more evasive prey (e.g., Magurran et al. 1992, O’Steen et al. 2002); this 

greater evasiveness amongst prey facing greater local predation could conceivably arise 
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via selection for predator recognition and/or general risk avoidance. Environments with 

higher predator densities (of native predators, invasive predators, or both) might 

therefore be the first to demonstrate resistance against negative impacts of non-native 

species via prey antipredator response. 

Indo-Pacific lionfish (Pterois sp.) are highly successful predatory invaders in the 

western Atlantic that are associated with sharp declines in native prey fish abundance 

and richness (Green et al. 2012, Albins 2013, Ingeman 2016). Along with release from 

parasites and predation, high fecundity, and a generalist diet encouraging their success 

(reviewed by Albins & Hixon 2008, Côté et al. 2013), lionfish also possess a novel 

appearance and use distinct hunting tactics compared to native Atlantic fish predators, 

which make it likely that native prey will initially either not recognize or not successfully 

evade them (Green et al. 2011, Cure et al. 2012). Prey naïveté toward lionfish has been 

demonstrated in some western Atlantic coral reef fish species (Marsh-Hunkin et al. 2013, 

Kindinger 2015, Anton et al. 2016), but has rarely been assessed in the context of the 

local predator densities prey populations are exposed to (but see Kindinger & Albins 

2017). Possibly due to the complexity of their environment and life history (Wisenden et 

al. 2003, Réale et al. 2007), coral reef prey fish demonstrate strong capacity for learned 

predator recognition (Mitchell et al. 2011), including predator recognition learning that 

intensifies when predation risk associated with that predator is high (Chivers et al. 2014), 

as well as variation from birth in personality traits such as activity and boldness (White et 

al. 2015) and plasticity in personality and risk avoidance under different environmental 

circumstances (Biro et al. 2010, Lönnstedt et al. 2012, Ferrari et al. 2014). Thus, the 

lionfish invasion represents a scenario in which we could expect to see stronger 

antipredator defenses against an invader via predator recognition and/or general risk 

avoidance amongst prey exposed to higher local predator densities. 

I investigated whether local predator density influenced the antipredator 

response of a common Atlantic coral reef fish, the striped parrotfish (Scarus iseri), to a 

native predator (Nassau grouper, Epinephelus striatus) and invasive lionfish. Broadly 

speaking, both of these predators are ambush predators; however, they do exhibit some 

variation in hunting tactic. Nassau groupers typically conceal themselves amongst the 

coral and dart out to consume nearby passing or foraging prey fish (Eggleston et al. 

1998, Marsh-Hunkin et al. 2013). In contrast, lionfish typically stalk their prey, 

approaching them slowly and then using their powerful buccal suction to consume prey 
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whole (Green et al. 2011, Cure et al. 2012); lionfish also tend to wait until the prey fish 

they are stalking moves before striking (I.M.C. Côté, personal comm.). Despite variations 

in hunting tactic, both lionfish and Nassau grouper should generally target prey fish that 

are more active, more conspicuously coloured, and that do not spatially avoid them. 

Lowering activity levels, increasing camouflage, and staying further away from predators 

are all common evasion strategies that have been selected for across multiple prey taxa 

by predators of differing hunting tactics (Chivers & Smith 1998, Wisenden 2003).  

I contrasted the responses of juvenile parrotfish originating from reefs with high 

or low densities of both Nassau groupers and lionfish by exposing them to Nassau 

grouper, lionfish, or control stimuli. I tested the overall hypothesis that predator density 

on the home reef would influence parrotfish evasion responses to lionfish, predicting that 

parrotfish populations exposed to high predator densities would be more evasive of 

lionfish than those exposed to low predator densities. I expected that all parrotfish would 

recognize a native predator (i.e., their evasion to Nassau grouper would be stronger than 

to non-predatory control stimuli) and that their evasion responses would scale with local 

predator density (i.e., evasion of Nassau grouper would be greater by parrotfish from 

areas with high versus low predator densities). I also had two alternative sets of 

predictions for parrotfish responses to invasive lionfish. First, if parrotfish from sites with 

high predator densities have learned to recognize lionfish, their responses to lionfish 

stimuli should be more evasive than their responses to control stimuli (Table 1). 

Additionally, their responses to lionfish should scale with local predator density (i.e., 

evasion to lionfish should be stronger amongst prey from sites with high versus low 

predator densities) (Table 1). Alternatively, if parrotfish from areas with greater predator 

densities show general risk avoidance and not specific lionfish recognition, their 

response to control stimuli and to lionfish cues should be equally evasive because 

exposure to a control stimulus, although not dangerous, is still an environmental change 

that could disturb the most generally cautious individuals (Table 1). Under a scenario of 

general risk avoidance in prey populations exposed to more abundant predators, I also 

expected greater evasion responses to lionfish and control cues by parrotfish from reefs 

with high versus low predator densities (Table 1).  

To obtain a comprehensive view of striped parrotfish response to predator cues, I 

measured their behaviour, colouration, and hormone circulation when exposed to 

predator and control cues. Following other predator recognition studies, I defined an 
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evasive response to include reduced movement and feeding, increased spatial 

avoidance of the cue, enhanced cryptic colouration, and/or increased cortisol circulation 

in response to stimuli (Chivers & Smith 1998, Barton 2002). In addition to being 

components of a predator recognition response, movement, feeding, and flight (i.e., 

increased distance) from threat are components of individual personality in reef fish 

(White et al. 2013) and cortisol reactivity is also linked to personality types across taxa 

(Hall & Clark 2016); therefore, these responses could be relevant to generally risk-

avoidant phenotypes in prey as well. I also included testosterone circulation in my 

assessment (without directional predictions) to explore whether its release is linked to 

either local predator density or recognition of immediate predation threat in fish. Finally, 

antipredator responses produced by native prey may or may not be effective against an 

invasive predator (Sih et al. 2010), a question that is typically overlooked in predator 

recognition studies. To address this, I also investigated the influence of local predator 

density on parrotfish survival when they encounter a hungry lionfish as well as 

relationships between observed parrotfish evasion behaviours and their survival rates. I 

predicted that parrotfish from environments with high predator densities would more 

successfully avoid lionfish predation than parrotfish from environments with low predator 

densities (Table 1). 
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Table 1.  Hypotheses and alternative predictions for the effects of local fish predator (i.e., native Nassau grouper, 
Epinephelus striatus, and invasive Indo-Pacific lionfish, Pterois sp.) density on juvenile striped parrotfish 
(Scarus iseri) evasion response to predator and control cues as well as their survival during encounters with 
invasive lionfish. 

Experiment Hypothesis Predictions Statistical effects 

Evasion 
response trials - 

Behaviour, 
colouration, and 

hormones 

Predator density on the home 
reef influences evasion tactics 
exhibited by striped parrotfish 
in response to invasive lionfish 

If parrotfish from reefs with 
high predator densities 
show learned predator 
recognition of lionfish, 

then… 

a) Parrotfish from reefs with low predator densities 
will exhibit an evasion response to Nassau 

groupers but not to lionfish or controls 

Main effects of predator 
density and predator 
species; interaction 
between predator 

density and predator 
species 

b) Parrotfish from reefs with high predator 
densities will exhibit an evasion response to 
Nassau grouper† and lionfish† compared to 

controls 

If parrotfish from reefs with 
high predator densities 

show general risk 
avoidance, then… 

a) Parrotfish from reefs with low predator densities 
will exhibit an evasion response to Nassau 

groupers but not to lionfish or controls 

Main effects of predator 
density and predator 

species; possible 
interaction between 
predator density and 

predator species 

b) Parrotfish from reefs with high predator 
densities will exhibit an evasion response to 

Nassau grouper†, lionfish, and controls 

Survival trials 

Predator density on the home 
reef influences survival of 
striped parrotfish during 
encounters with invasive 

lionfish 

If parrotfish from reefs with 
high predator densities 
show learned predator 

recognition of lionfish or 
general risk avoidance, 

then… 

Parrotfish from reefs with high predator densities 
will survive longer than parrotfish from reefs with 
low predator densities in encounters with lionfish  

Main effect of predator 
density 

†   I expected any predator-specific evasion response (i.e., predator recognition) to intensify with local predator density such that it would be heightened in fish from environments 
with high compared to low predator densities 
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Methods 

Study sites, species, and fish collection 

This study was conducted from May to July 2015 at the Cape Eleuthera Institute 

on Eleuthera Island, The Bahamas, where lionfish have been present since 2005. I 

focused on four natural patch reefs in nearby Rock Sound that varied in average fish 

predator (i.e., invasive lionfish and native Nassau grouper) densities, as revealed by reef 

fish surveys conducted from March 2012 to May 2015 (Table 2). Lionfish (Tamburello & 

Côté 2015) and Nassau groupers (Sadovy & Eklund 1999) both exhibit high site fidelity 

so I assumed that differences among patches revealed by surveys indicated consistent 

differences in predator densities among patches. Both Nassau groupers and lionfish are 

known to consume juvenile parrotfish (Eggleston et al. 1998, Sadovy & Eklund 1999, 

Morris & Akins 2009, Côté & Maljković 2010, Cure et al. 2012, Green & Côté 2014). 

Coral reef fish undergo a pelagic larval phase during which larvae often disperse away 

from their parental reef (Cowen 2002). After settling on small patch reefs, striped 

parrotfish remain site-faithful (Ogden & Buckman 1973), thus enabling comparisons 

among parrotfish populations experiencing different intensities of local predation. Two 

patches were deemed to possess low predator densities, and the two other patches, 

high predator densities. All patches were at similar depths (~3 m) and were isolated from 

other reefs by a minimum of 300 m (see Table 2 for other site characteristics). 

 

Table 2. Physical characteristics and densities of invasive Indo-Pacific 
lionfish Pterois sp., native Nassau grouper Epinephelus striatus, 
and juvenile striped parrotfish Scarus iseri on natural patch reefs in 
Rock Sound, The Bahamas from which parrotfish were collected. 

    Fish density (mean # individuals/m2 ± SD) 
Predator 
density 

Site Area (m2) Rugosity* Lionfish Nassau 
grouper 

Striped 
parrotfish 

Low E3 210 2.56 0.023 ± 0.039 0.003 ± 0.002 0.31 ± 0.42 
119 212 2.24 0.018 ± 0.021 0.006 ± 0.006 0.24 ± 0.29 

High 94 135 1.83 0.118 ± 0.068 0.013 ± 0.008 0.26 ± 0.29 
84 117 2.48 0.082 ± 0.071 0.018 ± 0.009 0.44 ± 0.78 

*   Rugosity was estimated by laying a 3 m fine-link chain to fit the contours of the substratum 6-10 times and 
measuring the linear distance between the ends of the chain. A rugosity index was calculated as the ratio of the chain 
length to the linear distance between the chain ends, with higher values denoting more rugose substrata.  
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From each site, I collected juvenile striped parrotfish on SCUBA by herding small 

aggregations into a rectangular, hinged net (Anderson & Carr 1998). Only fish between 

40 and 80 mm total length (TL) (mean TL ± SD: 59 ± 8 mm) were kept to minimize any 

effect of prey size on behavioural and physiological responses to predator exposure. At 

this size, all striped parrotfish are sexually immature and the majority are female 

(Robertson & Warner 1978), which should preclude any sex-specific differences in 

baseline testosterone levels among individuals. In the laboratory, parrotfish were held in 

groups of 10 – 40 individuals in 500 L aerated aquaria containing PVC pipe shelters and 

rocks covered in algae for food. Parrotfish were held for at least one day before being 

observed in trials.  

Both predator species were collected throughout the study period as needed 

from different patch reefs than those used for parrotfish collection. Lionfish (234 ± 36 

mm TL) were collected on SCUBA using plastic handnets, and Nassau groupers (242 ± 

14 mm) were collected using baited fish traps. In the laboratory, predators were held in 

mixed-species groups of 4 – 8 individuals in 1000 L aquaria containing large PVC pipe 

and rock shelters and were intermittently fed juvenile striped parrotfish and other native 

prey fish. 

Assessment of predator-specific striking distances 

Lionfish and Nassau grouper differ in their behaviour leading up to a predatory 

strike, which includes the distance from which they target prey individuals. To accurately 

assess spatial avoidance of predators by parrotfish, I first defined the distance within 

which a parrotfish would be vulnerable to a successful attack (the “striking distance”) of 

each predator. This was accomplished by observing controlled predation events by 

Nassau groupers and lionfish on striped parrotfish in the laboratory. A single predator 

(either Nassau grouper or lionfish), food-deprived for approximately 5 days, was held in 

a 60 L tank (60 x 30 x 40 cm) marked with a 1 cm x 1 cm grid on the bottom and back 

wall. Predators were left alone in the tank for 30 min to acclimate before a single striped 

parrotfish was introduced. The ensuing interaction between predator and prey was 

videotaped laterally using an iPad and from the top using a GoPro Hero 3. Using 

different cameras maximized my ability to capture predation events on video and 

accurately extract the necessary quantitative information from each vantage point.  
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I estimated striking distance only from those videos where the parrotfish was 

successfully consumed and the predator’s mouth and parrotfish’s full body were clearly 

visible at the time of capture. I used Tracker (version 4.8; Brown 2015) to isolate a still 

image of the moment immediately prior to the successful predatory strike and to 

calculate the distance between the center of the predator’s mouth and the nearest part 

of the parrotfish’s body in that image, correcting for radial distortion and skew as well as 

calibrating the scale of each image using the grid present in the tank. 

Evasion response trials: Behaviour and colouration 

To evaluate how parrotfish from environments with low or high predator densities 

responded to different potential threats, I observed the behaviour and colouration of 

individual parrotfish before and after they were exposed to cues from either a native 

predator, an invasive predator, or to control cues. Each parrotfish was observed one 

time only. Due to logistical constraints relating to fish collection and tank availability, I 

was unable to perform evasion response trials or survival trials (see below) blind with 

regard to the source patch of the parrotfish. Each parrotfish was transferred to a 9 L tank 

(30 x 16 x 20 cm) and allowed to acclimate overnight (approximately 12 h). Parrotfish 

were not fed during this acclimation period. The experimental tanks contained a bottom 

layer of sand, two small PVC pipes for shelter, and an aeration tube in one corner. 

Tanks were also surrounded on all sides by opaque barriers, with one side containing an 

observation window. A GoPro was positioned above each tank to record each trial. All 

trials took place in the morning (9:00-12:00) to minimize potential effects of time of day 

on parrotfish behaviour and physiology. To begin each trial, the aeration tube was 

removed and a single plant-based fish food pellet was crumbled into the tank to 

stimulate parrotfish activity and feeding. Ten minutes later, an additional food pellet was 

introduced at the same time as a predator cue or control cue, selected at random from 

nine treatments.  

Cues were of three types: a visual cue, an olfactory cue, or a combination of both 

visual and olfactory cues. These cues were derived from one of two predators, either 

native Nassau grouper or invasive lionfish, or they were control cues (resulting in three 

possible “predator species” treatments). Control cues provided a measure of how 

parrotfish from different predation environments responded to a disturbance that was 

caused by something other than a predator. Visual predator cues consisted of a single 
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predator, acclimated overnight, in a 35 L tank (30 x 30 x 40 cm) set against the 

experimental tank holding the parrotfish. The tank was large enough for the predator to 

move freely and posture towards the parrotfish; indeed, both Nassau grouper and 

lionfish often attempted to strike at parrotfish through the tank glass. The visual control 

cue consisted of the same adjacent tank, empty except for seawater. The visual cue was 

introduced by removing the opaque barrier placed between the parrotfish and cue tanks. 

Olfactory predator cues consisted of predator effluent, obtained by holding two predators 

of the same species in 30 L of non-flowing aerated seawater for 12-18 hours the night 

prior to the trial; the olfactory cue was introduced by injecting 60 mL of effluent into one 

end of the parrotfish tank. To minimize the presence of prey fish alarm cues in predator 

olfactory cues, predators were food-deprived for approximately 5 days prior to olfactory 

cue preparation. The olfactory control cue treatment consisted of 60 mL of plain 

seawater and was introduced in the same manner as the predator effluent cues. 

Combined visual and olfactory predator cues were introduced simultaneously by 

removing the visual cue barrier to reveal a predator in the adjacent tank and injecting 

predator effluent at the same end of the parrotfish tank. Combined control cues 

consisted of the simultaneous reveal of an empty adjacent tank and injection of 60 mL 

plain seawater. Over the course of this study, observers randomly alternated which side 

of the parrotfish tank they introduced the cue(s) to and which predator individuals were 

used as cues.  

I observed parrotfish behaviour and colouration for 10 min before and 10 min 

after cue exposure. Observations began immediately after the introduction of visual 

cues, but 90 sec after the introduction of olfactory cues or combined cues as preliminary 

trials with dyed water suggested that this delay was needed to allow the effluent to fully 

disperse throughout the tank. The behavioural responses recorded included feeding as 

well as three responses related to activity state: immobility, swimming, and hovering. 

Parrotfish primarily use their pectoral fins to swim; however, I observed them to move 

their pectoral fins at all times, even when completely still otherwise. Therefore, I used 

criteria relating to parrotfish movement of other body parts and their position relative to 

the substrate to distinguish among different activity states. Immobility was characterized 

by a lack of movement during which the dorsal fin was still and more than half the fish’s 

body was touching the substrate. Swimming was characterized by large, primarily 

horizontal movements during which the caudal fin moved. Hovering was defined as 
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small, primarily vertical movement during which the dorsal fin was erect but the caudal 

fin remained still and was very near to or touching the substrate. I considered reduced 

swimming and/or increased immobility to constitute an evasive response to cue 

exposure. Though the function of parrotfish hovering in response to a predator is 

unclear, I included this behavioural measure because it was visibly distinct from 

swimming and immobility and I considered it might represent predator inspection 

behaviour. Activity state (i.e., swimming, hovering, or remaining immobile) was recorded 

every 15 s for 10 min before and 10 min after cue introduction. Feeding was recorded as 

the total number of feeding strikes (including successful and non-successful strikes) in 

each 10 min period. Preliminary trials demonstrated that if undisturbed, parrotfish would 

feed on pellets at a consistent rate for at least 25 min. I considered reduced feeding to 

constitute an evasive response to cue exposure. Shelter use was also initially recorded 

but later excluded because shelters were not used by most parrotfish.  

Many parrotfish species exhibit rapid (occurring within ~1 sec) changes in 

colouration (Bellwood & Choat 1989). Colouration shifts, described primarily based on 

field observations, are thought to serve an antipredator function (Bellwood & Choat 

1989, Crook 1997) but have not to my knowledge been explicitly tested in response to 

predator cues. I noted the colouration of a subset of striped parrotfish every 15 s in 

concert with activity recordings. Colouration was categorized as: silver (characterized by 

an even greyness without stripes), striped (alternating black/brown and white lateral 

stripes, often with slight yellowing near the mouth), or mottled (blotchy white, brown, and 

red all over the body). Mottled colouration is indicative of extreme stress across many 

parrotfish species (Bellwood & Choat 1989) whereas uniform or pale colouration 

(“silver”, in this study) and striped colouration may both be associated with moving and 

feeding in Scarus species (Crook 1997). Clear associations between the three 

colourations and particular parrotfish behaviours in response to disturbance have yet to 

be established. I considered an increase in mottled colouration display and associated 

decreases in striped and silver colouration display to constitute an evasive response to 

cue exposure. 

Lastly, parrotfish spatial avoidance of predator cues was evaluated from the trial 

videos. Using Tracker (version 4.92), I corrected videos for radial distortion and skew 

and calibrated scale based on known tank dimensions. I then recorded whether the 

parrotfish was inside or outside of the predator-specific striking zone every 30 s of each 
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10 min observation period. The striking zone was measured from the end of the tank 

where the cue had been introduced. In predator cue trials, the width of the striking zone 

corresponded to the relevant, species-specific mean striking distance established earlier. 

Trials using control cues were randomly divided and half were analyzed for parrotfish 

presence within the lionfish striking zone and the other half were analyzed for parrotfish 

presence within the Nassau grouper striking zone. 

Evasion response trials: Physiological response 

In addition to behaviour and colouration responses, I evaluated parrotfish 

hormone circulation responses to predator or control cues. Indirect predator exposure of 

1-2 hours has been shown to significantly increase plasma and whole-body cortisol 

concentrations in small fish (Kagawa & Mugiya 2000, Barcellos et al. 2007). This length 

of cue exposure was not logistically feasible in my study. However, cortisol synthesis 

has a lag time of only a few minutes post-stress (Barton 2002) and other acute stressors 

such as handling can induce a significant increase in plasma cortisol concentration in 

small tropical fish within as little as 4 min (Grutter & Pankhurst 2000). I reasoned that 10 

min of exposure to a predator could be long enough to see evidence of a hormonal 

stress response in parrotfish as well. Cortisol and testosterone concentrations were 

measured in a subset of parrotfish from a section of caudal peduncle muscle tissue 

extracted from whole-body samples (see below). This method has been recommended 

when working with intermediate-sized specimens that are too small for blood sampling 

but large enough that conventional whole-body homogenization methods would involve 

too much lipid interference (Guest et al. 2016). Immediately following half of the evasion 

response trials, individual parrotfish were caught using a dipnet and euthanized by 

submersion in a solution of 80 mg/L clove oil and seawater for 60 s. Once euthanized, I 

placed each fish in individual sealed plastic bags, immediately flash froze them in liquid 

nitrogen for 30 s and transferred them to -20°C for storage. Euthanasia prior to flash 

freezing is a common protocol for obtaining fish steroid hormone circulation estimates 

(e.g., Kroon & Liley 2000, McCormick 2006, Ramsay et al. 2006). Though typically MS-

222 is used for euthanasia, I chose to use clove oil as it induces anesthesia faster than 

MS-222 (Wagner et al. 2003) and MS-222 has been demonstrated to induce cortisol 

spikes in fish (juvenile catfish, Ictalurus punctatus) whereas clove oil does not (Small 

2003). To preserve each fish’s physiological state following cue exposure and avoid 
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subsequent changes in hormone release due to handling, each parrotfish was handled 

for no more than 3 min, from initiation of dipnetting to flash freezing. Tissue samples 

were transported on dry ice from Eleuthera to Simon Fraser University (Burnaby, 

Canada) for further analysis. Cortisol and testosterone are both stable against freeze-

thaw cycles (Wickings & Nieschlag 1976, Reimers et al. 1982).  

To prepare parrotfish tissue samples for hormone measurement, frozen fish were 

thawed and weighed and a segment of primarily muscle tissue was cut using a clean 

razor blade from the posterior end of the dorsal fin to the anterior end of the caudal fin 

(Guest et al. 2016). Each tissue sample was diced into smaller pieces, removing as 

many scales as possible, and then weighed. Samples were transferred to a 15 mL glass 

conical centrifuge tube containing 2 mL of ice-cold 1X PBS solution and blended using a 

PowerGen 125 (Fisher Scientific) hand-held homogenizer at its maximum setting for 60 

s or until fully homogenized. Samples were then vortexed with 10 mL diethyl ether for 60 

s to bind steroid hormones and centrifuged (Sorvall Legend T Plus with Sorvall Swinging 

Bucket Rotor) at 2000 g for 5 min. Using Pasteur pipettes, the diethyl ether phase of 

each sample (now containing steroid hormones) was transferred to a clean 15 mL glass 

conical centrifuge tube. To ensure that all steroid hormones present in the tissue were 

fully extracted, diethyl ether extraction was repeated a second time on each sample and 

the two diethyl ether phases were pooled. These pooled samples were then suspended 

in a warm water bath (37°C) until the samples had fully evaporated (approximately 36 h), 

leaving a lipid extract containing steroid hormones. Dried lipid extracts were 

reconstituted in assay buffer (500 µL; Cayman ELISA buffer). Samples were kept on ice 

between extraction steps and reconstituted samples were stored at 4°C. All equipment 

was cleaned with 100% ethanol and distilled water between samples.  

Cortisol was quantified using a commercially available competitive cortisol ELISA 

kit (ENZO ADI-900-071; Farmingdale, NY) with a standard curve ranging from 156 to 

10000 pg/mL and a lower limit of detection of 57 pg/mL. All assays were performed 

following the manufacturer’s protocol. Reconstituted samples were diluted 5-fold (50 µL 

reconstituted sample in 200 µL ENZO assay buffer). Two 100 µL portions of each diluted 

reconstituted sample were assayed in duplicate wells and samples were quantified using 

a VICTOR™ X5 Multilabel Plate Reader (PerkinElmer) at 405 nm, with correction at 595 

nm. Cortisol concentrations were calculated using a 4-parameter logistic fit to the 

standard curve, multiplied by 5 to account for the 5-fold sample dilution. Intra- and inter-
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assay coefficients of variation were 7.3% and 8.6%, respectively. Kit validity was verified 

by examining parallelism between serial dilutions of tissue samples and the standard 

curve.   

Testosterone was quantified using a commercially available competitive 

testosterone ELISA kit (Cayman #582701; Ann Arbor, MI) with a standard curve ranging 

from 3.9 to 500 pg/mL and a lower limit of detection of 6 pg/mL. Two 50 µL portions of 

reconstituted sample were assayed in duplicate wells and quantified at 405 nm. 

Testosterone concentrations were calculated using a 4-parameter logistic fit to the 

standard curve. Intra- and inter-assay coefficients of variation were 6.6% and 7.5%, 

respectively. 

Survival trials 

A subset of parrotfish was observed in real encounters with a lionfish to assess 

survival. These fish were individuals that had been exposed to lionfish cues during 

evasion response trials but not sampled for hormone measurement. Survival trials took 

place in a 500 L tank (300 x 60 x 30 cm) containing conch shells for shelter at both ends 

and initially divided into two compartments by an opaque barrier. Individual parrotfish 

were held for at least 24 h following their evasion response trial before being placed in a 

sealed 5 L clear plastic container of seawater that was immersed on one side of the 

survival trial tank. A lionfish (food-deprived for approximately 5 days) was placed on the 

other side of the barrier and both fish were allowed to acclimate to their surroundings 

overnight without detecting each other’s presence. Trials took place at dawn (near the 

peak of lionfish hunting activity in the wild; Cure et al. 2012) and were initiated by 

crumbling a single food pellet over the surface of the water, gently releasing the 

parrotfish from its container, and simultaneously removing the opaque barrier. I then 

recorded the time taken for the lionfish to consume the parrotfish, to a maximum of two 

hours. 

Statistical analysis 

From each predator striking distance trial, I obtained two videos (one view from 

the side and one from the top). Because the same predator individuals were used in 

multiple trials, I averaged striking distance estimates first by trial (between estimates 
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from the two videos), then by predator individual, and then by predator species. For each 

predator species, I checked for influences of prey and/or predator size on striking 

distance using linear mixed-effects models. I created three separate models per predator 

species, each with predator individual as a random effect and one of prey TL, predator 

TL, or the ratio of prey TL to predator TL as a fixed effect. I then performed likelihood 

ratio tests comparing each of these models to the base model (i.e., a model containing 

only predator individual as a random effect) to assess whether striking distance was 

better predicted when predator and/or prey size was considered. 

Exploratory data analysis revealed the presence of outliers, departures from 

normality, non-homogeneous variance–covariance matrices, and a high number of zeros 

in the behavioural and colouration data. Due to the factorial nature of this experiment, 

sample sizes were too small for parametric analyses to maintain robustness despite 

assumption violations. Accordingly, I used non-parametric permutational methods to 

analyze parrotfish changes in activity/feeding, colouration, and presence in the striking 

zone. Additionally, Type II sums of squares were used throughout due to unbalanced 

sample sizes among treatments. I used Brown-Forsythe tests for equal variance and 

Wilcoxon rank sum tests for equality of location to compare each behavioural response 

variable, each hormonal response variable, and survival times between the two 

parrotfish collection sites with low predator densities and between the two parrotfish 

collection sites with high predator densities. Finding no differences, I therefore pooled 

parrotfish from the two high predator density sites and, separately, the two low predator 

density sites into single “high” and “low” predator density treatments, respectively, for all 

further analyses. 

For all evasion response trial analyses, predictors of group differences included 

predator density on the home reef (low or high), predator species (Nassau grouper, 

lionfish, or control), and cue type (visual, olfactory, or combined), plus all second-order 

interactions. If parrotfish from reefs with high predator densities exhibited an evasive 

response (i.e., reduced movement and feeding, increased spatial avoidance, increased 

cryptic colouration, increased cortisol circulation) to lionfish as a result of learned 

predator recognition, I expected to find: i) significant main effects of predator density on 

the home reef, resulting from stronger evasion responses to known predators, Nassau 

grouper and lionfish, in parrotfish from reefs with high versus low predator densities, ii) 

significant main effects of predator species, resulting from stronger evasion responses to 
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Nassau grouper and lionfish compared to control cues across all parrotfish, and iii)  

significant interactions between predator density on the home reef and predator species, 

resulting from the presence of an evasion response to lionfish in parrotfish from reefs 

with high but not low predator densities (Table 1). Alternatively, if parrotfish from reefs 

with high predator densities demonstrated evasion toward lionfish as a result of general 

risk avoidance, I expected to find: i) significant main effects of predator density on the 

home reef, resulting from stronger evasion responses to all disturbances (i.e., Nassau 

grouper, lionfish, and control cues) in parrotfish from reefs with high versus low predator 

densities, ii) significant main effects of predator species, resulting from stronger evasion 

responses across all parrotfish to a known predator, Nassau grouper, compared to other 

disturbances (i.e., lionfish or control cues), and, possibly, iii) significant interactions 

between predator density on the home reef and predator species, if the amount by which 

evasion responses intensify with local predator density differs for responses to known 

threats (i.e., Nassau grouper) compared to other disturbances (i.e., lionfish and control 

cues) (Table 1). 

Data resulting from parrotfish evasion response trials consisted of counts - the 

number of times observed per 10 min - for eight separate variables: swimming, hovering, 

remaining immobile, feeding strikes, silver colouration display, striped colouration 

display, mottled colouration display, and presence inside the striking zone. To assess 

each parrotfish’s evasion response to cue exposure, I quantified changes in frequency of 

each behaviour/colouration: counts from the before-cue observation period were 

subtracted from counts from the after-cue observation period for each variable. I 

examined the association between colouration and activity/feeding responses with 

Spearman’s rank correlations to assess the functional relevance of the colour patterns I 

observed. Significance of each correlation was computed by permuting (i.e. 

randomizing) the raw data 10 000 times and calculating Spearman’s rank correlation for 

each permutation. A p-value was then calculated, indicating the proportion of permuted 

correlation values that were more extreme than the observed correlation value. P-values 

were corrected for multiple comparisons using the Holm-Bonferroni method. To assess 

group differences in evasion response to cue exposure, changes in frequency of activity 

states (swimming, hovering, and remaining immobile) and feeding were pooled into a 

single analysis. Separate statistical analyses were performed on colouration and 

presence in striking zone because the former was measured in only a subset of 
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parrotfish and the latter involved two control treatments (i.e., one each for the striking 

distances of Nassau grouper and of lionfish) instead of the single control treatment in the 

other measures.  

Effects of predator density, predator species, and cue type on changes in 

parrotfish activity/feeding and colouration were analyzed using permutational 

multivariate analysis of variance (perMANOVA) calculated on Euclidean distances 

(Anderson 2001). Euclidean distances are a measure of how dissimilar sample units 

(parrotfish, in this case) are from one another based on two or more dimensions of 

interest (e.g., changes to frequency of immobility, hovering, swimming, and feeding) 

(McCune & Grace 2002). perMANOVA calculates a “pseudo F-value” (analogous to 

Fisher’s F-ratio used in parametric analyses of variance), which compares the sum of 

squared distances among sample units from different groups to the sum of squared 

distances among sample units in the same group (Anderson 2001). Raw data (i.e., each 

fish and their associated behavioural responses) are permuted across grouping factors 

and the pseudo-F value calculated for each permutation. A p-value is then calculated, 

indicating the proportion of permuted pseudo-F values that are greater than the 

observed pseudo-F value. I performed 1999 permutations for each perMANOVA 

analysis, more than the minimum recommended at a significance level of α = 0.05 

(Anderson 2001). Significant main effects were examined by pairwise comparisons of 

multivariate differences among factor levels using Holm-Bonferroni correction for 

multiple tests. When interactions were significant, I performed a simple effects analysis 

(Keppel 1991) by subsetting the data according to levels of one interaction factor and 

performing separate perMANOVAs to investigate multivariate main effects of the other 

interaction factor in each subset; p-values from these subsequent perMANOVAs were 

corrected using the Holm-Bonferroni method.  

In the activity/feeding analysis, non-metric multidimensional scaling (NMDS) on 

Euclidean distances was used to visualize multivariate differences among groups. 

NMDS ranks differences between sample units based on their distance measures and 

attempts to present those pairwise differences in as few dimensions as possible (Kenkel 

& Orloci 1986). A stress level is computed to indicate how well pairwise differences are 

represented given the number of dimensions specified; I only accepted NMDS 

ordinations with stress levels at or below 0.10. The scale of the axes provided by NMDS 

ordination is arbitrary. To obtain some indication of how each individual behaviour (i.e., 
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swimming, hovering, remaining immobile, and feeding) contributed to the multivariate 

group differences portrayed by the NMDS, I added fitted vectors for each behaviour, the 

length of which reflect the strength of that variable’s correlation with the ordination. 

Performing NMDS on the colouration data was not possible due to insufficient sample 

size.  

Following significant perMANOVA results on activity/feeding or colouration, 

univariate analyses were performed using permutational analysis of variance (ANOVA) 

to examine patterns of individual response variables. Changes to presence in striking 

zone were also analyzed using a permutational ANOVA. Similar to perMANOVA, 

permutational ANOVA permutes raw data (i.e., observations of a single behaviour) 

across grouping factors and calculates a p-value based on the F-distribution created by 

those accruing permutations (i.e., “iterations”). For these tests, a stopping rule was 

implemented such that permutations were terminated when the standard error of the p-

value estimate fell below 0.1 of the estimated p-value, or were continued to a maximum 

of 5000 iterations. A higher number of iterations therefore generally corresponds to a 

smaller estimated p-value. Significant permutational ANOVA results were followed by 

Tukey’s HSD post-hoc tests.  

Cortisol and testosterone sample concentrations were first converted to pg 

hormone/g tissue sample and then log-transformed to conform to assumptions of 

linearity and normality. Concentrations of the two hormones were analyzed with 

parametric multivariate analysis of variance (MANOVA).  

Data resulting from survival trials consisted of the times taken for each parrotfish 

to be preyed upon by the lionfish, to a maximum of 120 min. I analyzed these survival 

times using Cox proportional hazards mixed-effects models to account for potential 

influences of lionfish individual on survival trial outcomes. To test my prediction that 

parrotfish from environments with high predator densities would survive longer than 

parrotfish from environments with low predator densities, I created a model with survival 

time as the response variable, lionfish individual as a random effect and predator density 

on the home reef as a fixed effect; using a likelihood ratio test, I compared the strength 

of this model to that of a model containing only the random effect of lionfish individual 

(i.e., the base model). In this comparison, a significant result would indicate that 

parrotfish survival times are better predicted by predator density on the parrotfish’s home 
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reef than simply by effects of the particular lionfish used in the trial. I used the same 

model comparison approach to investigate links between behavioural responses 

displayed by parrotfish in evasion response trials and their survival times when exposed 

to a hungry lionfish. For this analysis, I only considered behaviours that had differed 

significantly among groups during evasion response trials. The base model (i.e., random 

effects of lionfish individual only) was compared to a global model including all relevant 

behaviours (i.e., each behaviour as a fixed effect plus lionfish individual as a random 

effect) as well as a model for each relevant behaviour (i.e., a single evasion behaviour 

as a fixed effect plus lionfish individual as a random effect). A significant result from any 

of these comparisons would indicate that parrotfish survival times are better predicted by 

the parrotfish’s behavioural response to lionfish cues included in the model than simply 

by effects of the particular lionfish used in the trial. Survival curves of parrotfish from 

reefs with high and low predator densities were displayed graphically using Kaplan-

Meier survival estimates (Kaplan & Meier 1958).  

All statistical analyses were performed in R (version 3.3.2). 

Results 

Evasion responses by parrotfish 

Multivariate analysis: Activity and feeding 

Parrotfish exhibited different changes in activity and feeding (as a composite 

response) depending on the predator species they were exposed to (Table 3). Parrotfish 

exposed to Nassau grouper cues responded differently than those exposed to control 

cues (pairwise comparisons with Holm-Bonferroni correction: p = 0.01). NMDS 

ordination and fitted vectors suggested this difference in parrotfish activity/feeding 

between Nassau grouper and control treatments was driven primarily by parrotfish 

increasing immobility after exposure to Nassau grouper cues and increasing swimming 

and feeding after exposure to control cues (Figure 1). In contrast, parrotfish composite 

activity/feeding response to lionfish cues was not different from that in either Nassau 

grouper (p = 0.18) or control (p = 0.17) trials. Based on my definition of an evasion 

response (i.e., decreased movement and foraging), these results are consistent with 

parrotfish exhibiting an evasion response to a native predator. 
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Table 3.  Results of permutational MANOVA assessing changes in activity 
(i.e., swimming, hovering, remaining immobile) and feeding of 
striped parrotfish (Scarus iseri) exposed to different predator cues 
in controlled trials. Predictors included predator density on the 
home reef (low or high), predator species (native grouper, invasive 
lionfish, or control) and cue type (visual, olfactory, or combined) 
used in the trial, plus all second-order interactions.  

 
df Pseudo-F* P 

Predator density 1, 134 2.63 0.08 
Predator species 2, 134 3.20 0.02 
Cue type 2, 134 0.59 0.69 
Density x species 2, 134 0.51 0.73 
Density x cue 2, 134 2.56 0.04 
Species x cue 4, 134 0.65 0.73 
*   Pseudo-F is the ratio of the sum of squared Euclidean distances among parrotfish from different groups to distances 
among parrotfish in the same group. 

 

Figure 1.  Non-metric multidimensional scaling (NMDS) plot of changes in 
activity (i.e., swimming, hovering, remaining immobile) and feeding 
of striped parrotfish (Scarus iseri) when exposed to cues from 
native Nassau grouper (Epinephelus striatus; NG), invasive Indo-
Pacific lionfish (Pterois sp.; LF), or control cues. Vectors point in the 
direction of an increase in frequency of that behaviour after cue 
exposure and vector length corresponds to that behaviour’s 
correlation with the overall ordination. NMDS stress = 0.064. 
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There was also a significant interaction effect on parrotfish changes to 

activity/feeding between predator density on the home reef and cue type (Table 3). 

When exposed to combined visual and olfactory predator or control cues, the composite 

change in activity and feeding of parrotfish from environments with low predator 

densities was different from that of parrotfish from environments with high predator 

densities (Table 4). This difference appeared to be driven by parrotfish from sites with 

high predator densities increasing immobility compared to parrotfish from sites with low 

predator densities increasing swimming and feeding after combined predator or control 

cue exposure (Figure 2). There was no effect of predator density on the overall 

activity/feeding response of parrotfish when visual or olfactory cues were presented 

individually (Table 4). These results are consistent with fish from environments with high 

predator densities displaying heightened evasion to both predatory and inanimate 

disturbances compared to fish from environments with low predator densities; however, 

this multivariate difference was only present when parrotfish received both visual and 

olfactory sources of information. 

 

Table 4.  Results of permutational MANOVAs assessing changes in activity 
(i.e., swimming, hovering, remaining immobile) and feeding of 
striped parrotfish (Scarus iseri) from sites with low or high predator 
densities when exposed to different predator cues in controlled 
trials. Separate analyses were performed for fish exposed to visual, 
olfactory, and combined (visual and olfactory) predator or control 
cues, with predator density on the home reef as the predictor in 
each.  

 df Pseudo-F* P** 
Visual    

Predator density 1, 48 1.08 0.48 
Olfactory    

Predator density 1, 48 1.42 0.48 
Combined    

Predator density 1, 48 4.48 0.04 
*   Pseudo-F is the ratio of the sum of squared Euclidean distances among parrotfish from different groups to distances 
among parrotfish in the same group. 
**  P-values were corrected for multiple comparisons using the Holm-Bonferroni method. 
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Figure 2.  Non-metric multidimensional scaling (NMDS) plot of changes in 
activity (i.e., swimming, hovering, remaining immobile) and feeding 
of striped parrotfish (Scarus iseri) from sites with low or high 
predator densities when exposed to combined visual and olfactory 
predator or control cues. Vectors point in the direction of an 
increase in frequency of that behaviour after cue exposure and 
vector length corresponds to that behaviour’s correlation with the 
overall ordination. NMDS stress = 0.057. 

 

Univariate analysis: Immobility and swimming 

Univariate analysis indicated that parrotfish varied in immobility response 

according to predator density on the home reef and the predator species they were 

exposed to (Table 5). Across all trials, parrotfish from reefs with high predator densities 

increased their frequency of immobility by 17% in response to cue exposure whereas 

parrotfish from reefs with low predator densities decreased immobility frequency by 20% 

(Tukey’s post-hoc: p = 0.05; Figure 3). Parrotfish exposed to Nassau grouper cues 

responded with significantly more frequent immobility than parrotfish exposed to control 

cues (p = 0.03; Figure 3) and marginally more frequent immobility than parrotfish 

exposed to lionfish cues (p = 0.06; Figure 3). Parrotfish swimming response also differed 
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according to predator species, but not according to predator density on the home reef 

(Table 6). When exposed to Nassau grouper cues, parrotfish decreased their frequency 

of swimming by 34%, which was a significantly greater change than their swimming 

response to control cues (Tukey’s post-hoc: p = 0.03; Figure 4). Parrotfish swimming 

response to lionfish did not differ from parrotfish exposed to Nassau grouper or control 

cues (p = 0.35 and p = 0.33, respectively; Figure 4). Thus, parrotfish from environments 

with high predator densities showed higher general risk avoidance by ceasing movement 

when disturbed compared to parrotfish from environments with low predator densities. 

Across predation environments, cues from a native predator elicited a stronger reduction 

in parrotfish movement than cues from an invasive predator or control cues. 

 

Table 5.  Results of permutational ANOVA assessing change in frequency of 
immobility of striped parrotfish (Scarus iseri) from sites with low or 
high predator densities when exposed to different predator cues in 
controlled trials. Predictors included predator density on the home 
reef as well as predator species (native grouper, invasive lionfish, or 
control) and cue type (visual, olfactory, or combined) used in the 
trial, plus all second-order interactions.  

 
df Iterations* P 

Predator density 1, 134 2262 0.04 
Predator species 2, 134 5000 0.02 
Cue type 2, 134 114 0.62 
Density x species 2, 134 81 0.84 
Density x cue 2, 134 4515 0.07 
Species x cue 4, 134 684 0.49 
*   Iterations are the number of permutations required for the standard error of the p-value estimate to fall below 0.1 of 
the estimated p-value, set to a maximum of 5000 iterations. 
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Figure 3.  Mean changes in frequency of immobility with 95% confidence 
intervals of striped parrotfish (Scarus iseri) from sites with low or 
high predator densities when exposed to cues from native Nassau 
grouper (Epinephelus striatus; NG), invasive Indo-Pacific lionfish 
(Pterois sp.; LF), or control cues. Changes in frequency of 
immobility were calculated as the difference in observations of 
parrotfish remaining immobile after compared to before cue 
exposure. Grey points show the response of each individual 
parrotfish. (Significance values: ‘*’ p < 0.05, ‘†’ p < 0.10) 



 27 

Table 6.  Results of permutational ANOVA assessing change in frequency of 
swimming of striped parrotfish (Scarus iseri) from sites with low or 
high predator densities when exposed to different predator cues in 
controlled trials. Predictors included predator density on the home 
reef as well as predator species (native grouper, invasive lionfish, or 
control) and cue type (visual, olfactory, or combined) used in the 
trial, plus all second-order interactions.  

 
df Iterations* P 

Predator density 1, 134 523 0.16 
Predator species 2, 134 5000 0.03 
Cue type 2, 134 55 0.71 
Density x species 2, 134 51 0.92 
Density x cue 2, 134 141 0.45 
Species x cue 4, 134 152 1.00 
*   Iterations are the number of permutations required for the standard error of the p-value estimate to fall below 0.1 of 
the estimated p-value, set to a maximum of 5000 iterations. 
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Figure 4.  Mean changes in frequency of swimming with 95% confidence 
intervals of striped parrotfish (Scarus iseri) from sites with low or 
high predator densities when exposed to cues from native Nassau 
grouper (Epinephelus striatus; NG), invasive Indo-Pacific lionfish 
(Pterois sp.; LF), or control cues. Changes in frequency of 
swimming were calculated as the difference in observations of 
parrotfish swimming after compared to before cue exposure. Grey 
points show the response of each individual parrotfish. 
(Significance values: ‘*’ p < 0.05) 

 

Univariate analysis: Hovering and feeding 

Parrotfish did not display significant changes in frequency of hovering or changes 

in frequency of feeding strikes after cue exposure according to any of the predictors 

tested. These behaviours were not strongly related to an evasion response in parrotfish. 

Multivariate and univariate analyses: Colouration 

Only striped and mottled colourations were significantly associated with activity 

and feeding measures in parrotfish (Table 7). Increases in frequency of striped 

colouration were most positively correlated with increases in frequency of swimming, 
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moderately positively correlated with increases in frequency of feeding, and strongly 

negatively correlated with increases in frequency of immobility (Table 7). Conversely, 

increases in frequent of mottled colouration were strongly positively correlated with 

increases in frequency of immobility and negatively correlated with increases in 

frequency of swimming and feeding (Table 7). These results are consistent with mottled 

colouration display as a component of a more risk-avoidant response and striped 

colouration as a component of a less risk-avoidant response to predatory and inanimate 

disturbance in parrotfish. 

 

Table 7.  Spearman’s rank correlations (Spearman’s rho, ρ) between changes 
in frequencies of colouration types (silver, striped, mottled) and 
changes in frequencies of activity measures (swimming, hovering, 
remaining immobile) and feeding of striped parrotfish (Scarus iseri) 
after exposure to predator cues in controlled trials.  

 
Silver Striped Mottled 

Immobile -0.16 -0.75 0.88 
Hover -0.08 0.26 -0.16 
Swim 0.26 0.52 -0.73 
Feed 0.05 0.30 -0.39 
Significant correlations are highlighted in bold. Significance values were corrected for multiple comparisons using the 
Holm-Bonferroni method. 

 

Overall, parrotfish colouration changes (as a composite response) varied with 

predator density on the home reef but were also influenced by a significant interaction 

between predator density and cue type (Table 8). Simple effects analysis of this 

interaction revealed that parrotfish from sites with high and low predator densities had 

similar overall colouration responses when exposed to either visual or olfactory types of 

cues alone, but they differed in their composite colouration change when exposed to 

combined visual and olfactory cues (Table 9). Exposure to multiple sources of 

information therefore drove stronger divergence in evasion response among parrotfish 

from different predation environments. Specifically, parrotfish from sites with high 

predator densities decreased their frequency of striped colouration display (Table 10) 

and increased mottled colouration display (Table 11) after exposure to combined visual 

and olfactory predator or control cues whereas parrotfish from sites with low predator 
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densities did the opposite (Tukey’s post-hoc tests: p = 0.01 for both striped and mottled 

colourations; Figures 5 and 6). Thus, parrotfish from environments with high predator 

densities showed greater risk avoidance compared to parrotfish from environments with 

low predator densities by increasing cryptic colouration in response to both predatory 

and inanimate disturbances. 

 

Table 8.  Results of permutational MANOVA assessing changes in 
colouration (i.e., silver, striped, mottled) of striped parrotfish 
(Scarus iseri) exposed to different predator cues in controlled trials. 
Predictors included predator density on the home reef (low or high), 
predator species (native grouper, invasive lionfish, or control) and 
cue type (visual, olfactory, or combined) used in the trial, plus all 
second-order interactions.  

 
df Pseudo-F* P 

Predator density 1, 84 6.01 0.01 
Predator species 2, 84 1.21 0.30 
Cue type 2, 84 0.13 0.96 
Density x species 2, 84 0.01 1.00 
Density x cue 2, 84 3.87 0.01 
Species x cue 4, 84 1.24 0.29 
*   Pseudo-F is the ratio of the sum of squared Euclidean distances among parrotfish from different groups to distances 
among parrotfish in the same group. 

 

Table 9.  Results of permutational MANOVAs assessing changes in 
colouration (i.e., silver, striped, mottled) of striped parrotfish 
(Scarus iseri) from sites with low or high predator densities when 
exposed to different predator cues in controlled trials. Separate 
analyses were performed for fish exposed to visual, olfactory, and 
combined (visual and olfactory) predator or control cues, with 
predator density on the home reef used as the predictor in each.  

 df Pseudo-F* P** 
Visual    

Predator density 1 0.40 0.67 
Olfactory    

Predator density 1 3.01 0.15 
Combined    

Predator density 1 7.16 0.01 
*   Pseudo-F is the ratio of the sum of squared Euclidean distances among parrotfish from different groups to distances 
among parrotfish in the same group. 
**  P-values were corrected for multiple comparisons using the Holm-Bonferroni method. 
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Table 10.  Results of permutational ANOVA assessing change in frequency of 
striped colouration by striped parrotfish (Scarus iseri) from sites 
with low or high predator densities when exposed to combined 
visual and olfactory cues in controlled trials. Predictors included 
predator density on the home reef, predator species (native grouper, 
invasive lionfish, or control) used in the trial, and the interaction of 
predator density and predator species.  

 
df Iterations* P 

Predator density 1, 27 5000 0.004 
Predator species 2, 27 55 0.89 
Density x species 2, 27 111 0.59 
*   Iterations are the number of permutations required for the standard error of the p-value estimate to fall below 0.1 of 
the estimated p-value, set to a maximum of 5000 iterations. 

 

Table 11.  Results of permutational ANOVA assessing change in frequency of 
mottled colouration by striped parrotfish (Scarus iseri) from sites 
with low or high predator densities when exposed to combined 
visual and olfactory cues in controlled trials. Predictors included 
predator density on the home reef, predator species (native grouper, 
invasive lionfish, or control) used in the trial, and the interaction of 
predator density and predator species.  

 
df Iterations* P 

Predator density 1, 27 5000 0.01 
Predator species 2, 27 891 0.28 
Density x species 2, 27 457 0.54 
*   Iterations are the number of permutations required for the standard error of the p-value estimate to fall below 0.1 of 
the estimated p-value, set to a maximum of 5000 iterations. 
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Figure 5.  Mean changes in frequency of striped colouration with 95% 
confidence intervals of striped parrotfish (Scarus iseri) from sites 
with low or high predator densities when exposed to combined 
visual and olfactory cues from native Nassau grouper (Epinephelus 
striatus; NG), invasive Indo-Pacific lionfish (Pterois sp.; LF), or 
control cues. Changes in frequency of striped colouration were 
calculated as the difference in observations of striped colouration 
after compared to before cue exposure. Grey points show the 
response of each individual parrotfish. (Significance values: ‘*’ p < 
0.05) 
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Figure 6.  Mean changes in frequency of mottled colouration with 95% 
confidence intervals of striped parrotfish (Scarus iseri) from sites 
with low or high predator densities when exposed to combined 
visual and olfactory cues from native Nassau grouper (Epinephelus 
striatus; NG), invasive Indo-Pacific lionfish (Pterois sp.; LF), or 
control cues. Changes in frequency of mottled colouration were 
calculated as the difference in observations of mottled colouration 
after compared to before cue exposure. Grey points show the 
response of each individual parrotfish. (Significance values: ‘*’ p < 
0.05) 

 

Univariate analysis: Presence in striking zone 

To accurately assess parrotfish spatial avoidance of predator and control cues, I 

first obtained estimates of striking distance from 17 predation events by four Nassau 

groupers and 24 predation events by 10 lionfish. The average striking distance of 

Nassau groupers was 11.18 ± 3.83 cm (mean ± SD) compared to 5.40 ± 1.50 cm for 

lionfish. For both species, linear mixed-effects models incorporating prey TL, predator 

TL, or the ratio of prey TL to predator TL did not significantly improve prediction of 

striking distance compared to the base model (likelihood ratio test: p > 0.05 in all cases). 

The area within which prey are vulnerable to predation is therefore different for a native 
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grouper compared to invasive lionfish, and striking distance appears to be consistent 

regardless of prey and predator sizes. 

Parrotfish changed their presence inside the predator striking zone differently 

depending on both predator species and cue type (Table 12). Parrotfish decreased their 

presence inside the Nassau grouper striking zone in response to Nassau grouper cues 

significantly more than they decreased their presence in the lionfish striking zone in 

response to lionfish cues (Tukey’s post-hoc: p = 0.003; Figure 7). Parrotfish also 

decreased their presence in the Nassau grouper striking zone significantly more after 

exposure to Nassau grouper cues compared to control cues (p = 0.05; Figure 7). In 

contrast, changes in parrotfish presence inside the lionfish striking zone did not differ 

following exposure to lionfish cues versus control cues (p = 0.99; Figure 7). Regardless 

of predator density on the home reef, then, parrotfish exhibited spatial avoidance of a 

native predator but did not respond similarly to an invasive predator or to control 

disturbances. Post-hoc analysis of the effect of cue type showed that parrotfish 

decreased their occurrence in the striking zone more when exposed to combined visual 

and olfactory cues than when exposed to olfactory cues only (p = 0.02). Exposure to 

multiple sources of predator or control disturbance therefore elicited greater spatial 

avoidance of the disturbance than exposure to a single chemical source. 

Table 12.  Results of permutational ANOVA assessing changes to presence 
inside predator striking zones by striped parrotfish (Scarus iseri) 
when exposed to different predator cues in controlled trials. The 
frequency of occurrence of the focal parrotfish was measured within 
predator-specific striking zones (i.e. within 11.2 cm of Nassau 
grouper or within 5.4 cm of Indo-Pacific lionfish). Predictors 
included predator density on the home reef (low or high), predator 
species (native grouper, invasive lionfish, or control) and cue type 
(visual, olfactory, or combined) used in the trial, plus all second-
order interactions. Parrotfish exposed to control cues were scored 
based on frequency of occurrence inside either the grouper striking 
zone or the lionfish striking zone, resulting in two control groups.  

 df Iterations* P 
Predator density 1 51 0.71 
Predator species 3 5000 0.002 
Cue type 3 5000 0.02 
Density x species 2 85 0.94 
Density x cue 2 828 0.33 
Species x cue 6 4539 0.20 
*   Iterations are the number of permutations required for the estimated standard error of the p-value to fall below 0.1 of 
the estimated p-value, set to a maximum of 5000 iterations. 
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Figure 7.  Mean changes to presence inside predator striking zones with 95% 
confidence intervals by striped parrotfish (Scarus iseri) from sites 
with low or high predator densities when exposed to cues from 
native Nassau grouper (Epinephelus striatus; NG), invasive Indo-
Pacific lionfish (Pterois sp.; LF), or control cues. Parrotfish exposed 
to control cues were scored based on frequency of occurrence 
inside either the grouper striking zone or the lionfish striking zone, 
resulting in two control groups.Changes to presence in striking zone 
were calculated as the difference in observations of parrotfish inside 
the predator-specific striking zone after compared to before cue 
exposure. Grey points show the response of each individual 
parrotfish. (Significance values: ‘*’ p < 0.05) 

 

Hormonal responses 

Cortisol and testosterone concentrations in the muscle tissue of striped parrotfish 

varied widely across individuals (n = 82).  Cortisol values ranged from 918 to 43,046 pg 

cortisol/g tissue; testosterone values ranged from 7 to 234 pg testosterone/g tissue 

(Figures A1 & A2). None of the predictors considered (i.e., predator density on the home 

reef, predator species, or cue type used in the trial) explained a significant amount of 

variation in cortisol and testosterone concentrations (Table A1). Parrotfish physiological 
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stress and androgen release was not affected by local predation environment or by 

short-term exposure to predator or control disturbances. 

Survival 

Overall, 57% of parrotfish in survival trials were consumed by lionfish, the 

majority of which (81%) were eaten within the first 20 min. Predator density on the home 

reef significantly improved prediction of parrotfish survival times (Cox proportional 

hazards mixed-effects model comparison: χ2
1 = 3.89, p = 0.05; Figure 8). Only 21% of 

parrotfish from sites with low predator densities survived the full 120 min trial, compared 

to 64% of parrotfish from sites with high predator densities. This result is consistent with 

higher predator densities on the home reef resulting in improved prey survival against an 

invasive predator. 

 

 

Figure 8.  Kaplan-Meier survival curves for striped parrotfish (Scarus iseri) 
from sites with low or high predator densities during controlled 
encounters with invasive Indo-Pacific lionfish (Pterois sp.). 
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Of the parrotfish behaviours observed during evasion response trials, changes in 

frequency of immobility, swimming and presence in the predator’s striking zone differed 

among groups. These three behavioural responses by parrotfish after exposure to 

lionfish cues did not, together, significantly improve prediction of parrotfish survival times 

(Cox proportional hazards mixed-effects model comparison: χ2
3 = 4.36, p = 0.23). 

However, single-behaviour model comparisons indicated that parrotfish immobility 

response to lionfish cues on its own was predictive of their survival times (χ2
1 = 4.20, p = 

0.04). Specifically, parrotfish that increased their frequency of immobility after lionfish 

cue exposure during evasion response trials also experienced lower probability of 

predation during survival trials (Cox mixed-effects model: hazard ratio = 0.94). When 

analyzed on their own, neither changes in frequency of swimming or presence in the 

striking zone after exposure to lionfish cues significantly improved prediction of parrotfish 

survival times (χ2
1 = 2.66, p = 0.10 and χ2

1 = 1.80, p = 0.18 for swimming and presence 

in striking zone, respectively). Overall, an evasive response of ceasing movement was 

associated with parrotfish survival against lionfish. 

Discussion 

In this study, striped parrotfish exhibited a behavioural evasion response 

indicative of predator recognition to a native predator, the Nassau grouper. Conversely, 

parrotfish did not respond specifically to invasive lionfish compared to inanimate control 

stimuli. However, parrotfish from populations exposed to higher densities of both Nassau 

groupers and lionfish were more risk-averse overall, exhibiting reduced movement and 

more cryptic colouration in the face of all predatory and control stimuli. This differential 

risk aversion meant that parrotfish from reefs with high predator densities exhibited a 

stronger evasion response to lionfish than did parrotfish from reefs with low predator 

densities. Parrotfish from reefs with high predator densities also had higher survival in 

encounters with lionfish than parrotfish from reefs with low predator densities. Overall, 

these findings suggest that exposure to more abundant predators results in heightened 

general risk avoidance in prey populations, which should influence the impacts of the 

lionfish invasion despite the fact that prey do not specifically recognize lionfish as a 

threat. 

Invasive lionfish and native groupers differ in hunting mode (Eggleston et al. 

1998, Green et al. 2011, Cure et al. 2012, Marsh-Hunkin et al. 2013), which has an 
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important, but often overlooked, influence on how closely prey can safely approach 

them. To place parrotfish spatial avoidance of Nassau grouper and lionfish in the right 

context, I estimated the striking distance (i.e., the maximum distance within which 

parrotfish would be vulnerable to predation) of each predator species. Other studies 

have investigated prey proximity to lionfish versus native predators (Black et al. 2014, 

Anton et al. 2016) but to my knowledge, the current study is the first to incorporate 

predator-specific striking zones. I found that Nassau grouper strike at parrotfish from 

more than twice as far away as lionfish, providing new empirical evidence of contrasts in 

hunting style between these two predators. It is possible that the striking distances of 

predators in the laboratory are different from those in more complex, natural settings; it 

would, however, be logistically impossible to standardize measurements of striking 

distance across predation events occurring in the field. My method of estimating 

predator-specific striking distances based on real predation events occurring in a 

controlled setting provided estimates that were relevant to the trials subsequently used 

for observing parrotfish behaviour. 

Behavioural responses of parrotfish to a native versus an invasive 
predator 

Juvenile striped parrotfish recognized Nassau grouper but not lionfish as a 

predation threat. This was evidenced by parrotfish from both predation environments 

responding similarly to lionfish and inanimate control cues (i.e., an empty nearby tank 

and/or seawater injection) but differently to Nassau grouper cues. I did not expose 

parrotfish to cues from a non-piscivorous fish so am unable to compare their responses 

to a predatory fish with those toward an equally large but non-predatory fish; however, in 

other studies performed in the Bahamas, striped parrotfish (Eaton et al. 2016) and two 

goby species (Marsh-Hunkin et al. 2013) responded similarly to non-predatory fish as 

they did to non-fish disturbances like the control cues used in my study. Lack of a non-

piscivorous fish treatment should not therefore affect interpretation of the results seen 

here.  

Consistent with my definition of an evasive response in prey fish, parrotfish swam 

less, remained still more, and avoided the Nassau grouper striking zone more after than 

before exposure to Nassau grouper cues, and this response was different than their 

behavioural responses to control cues. Decreasing activity and proximity are common 
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evasion responses by aquatic prey to predators in general (Chivers & Smith 1998) and 

are seen in other taxa specifically in response to predators that use sedentary hunting 

modes (Miller et al. 2014). Thus, the behavioural changes I observed in parrotfish 

exposed to Nassau grouper are consistent with an antipredator response, one that has 

likely evolved in parrotfish over many generations of exposure to native ambush 

predators (Lima & Dill 1990) but most likely requires an initial learning event to be 

triggered (Brown 2003, Kelley & Magurran 2003, Ferrari et al. 2010). Changes in 

immobility and swimming of parrotfish in response to lionfish cues were intermediate 

between their responses to a native predator and to a control disturbance, which might 

indicate some predator recognition toward lionfish. Overall, however, changes in 

parrotfish activity state and presence in the striking zone after exposure to lionfish cues 

were not significantly different from their responses to control cues. Parrotfish spatial 

avoidance of the striking zone also explicitly differed in response to lionfish versus 

Nassau grouper cues. Ultimately, these results provide stronger evidence for prey 

naïveté than for predator recognition; it appears that parrotfish do not recognize or do 

not respond to lionfish specifically as a threat. Eaton et al. (2016) similarly found no 

change in hiding time and shoal size of striped parrotfish when exposed to lionfish – two 

behaviours that were altered in the presence of Nassau grouper – but parrotfish in their 

study foraged less in the presence of a lionfish than of a Nassau grouper or a non-

predator (white grunt, Haemulon plumierii). Parrotfish in my study showed no evidence 

of altering feeding behaviour as an evasive response to native or invasive predators. It is 

possible that the food pellets used in my study (compared to the more natural food 

source of rocks covered with algae used in Eaton’s study) somehow prevented shifts in 

parrotfish feeding behaviour. However, the balance of evidence from my findings and 

most other work points to naïveté to rather than recognition of lionfish across multiple 

Atlantic prey species (Marsh-Hunkin et al. 2013, Anton et al. 2016), including striped 

parrotfish (Kindinger & Albins 2017). Interestingly, Pacific prey species do not recognize 

lionfish as a threat, even after being conditioned with lionfish cues and conspecific alarm 

cues (Lönnstedt & McCormick 2013, McCormick & Allan 2016). The lack of learned 

lionfish evasion seen across prey fish, including those sharing an evolutionary history 

with lionfish, suggests that some aspects of lionfish appearance, physiology, and/or 

behaviour may preclude learned recognition in their prey.  
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Parrotfish in this study exhibited distinct and rapid changes in colouration. 

Altering colouration is a tactic employed by many species to avoid detection by 

predators (Stuart-Fox & Moussalli 2009) but it has not been explicitly demonstrated in 

response to threat of predation in parrotfish. I found that parrotfish colour patterns were 

associated with different levels of movement and foraging. Specifically, parrotfish that 

increased striped colouration display also moved and foraged more when exposed to 

predator or control cues, which are both potentially risky behaviours. In turn, increased 

frequency of mottled colouration by parrotfish, an indicator of extreme stress (Bellwood 

& Choat 1989), was strongly associated with increased immobility after cue exposure, 

which I interpret as an antipredator response. Thus, colouration changes appear 

associated with predator evasion in this species. Given that parrotfish demonstrated a 

predator-specific behavioural evasion response to Nassau groupers compared to lionfish 

and control cues, I might have expected parrotfish to also exhibit a colouration response 

only when exposed to Nassau grouper cues. However, I did not observe parrotfish 

colouration changes to differ significantly according to the predator species they were 

exposed to. This result points to some level of decoupling of evasive behaviour and 

cryptic colouration in parrotfish. Trade-offs associated with the physiological costs and 

survival benefits of colour change compared to evasive behavioural change could shed 

some light on why this decoupling occurs; however, to date, physiological costs of colour 

change are not well understood (Stuart-Fox & Moussalli 2009). 

Physiological responses of parrotfish to potential threats 

My study is the first to investigate a physiological stress response in prey fish 

exposed to lionfish cues. I expected that parrotfish circulation of cortisol, a stress 

hormone, would differ among fish from environments with high or low predator densities 

in response to particular predator stimuli. Unlike behaviour and colouration, however, 

parrotfish cortisol circulation was similar across all groups. This is surprising as cortisol 

release is a common component of the response to predation threat in fish (Wendelaar 

Bonga 1997, Barton 2002) and is related to animal boldness and responsiveness to risk 

(e.g., more risk-avoidant individuals tend to release more glucocorticoids in response to 

stressors) (Øverli et al. 2007, Hall & Clark 2016). Cortisol varied widely across parrotfish 

in this study, exhibiting a range of approximately 42,000 pg/g. This level of variation is 

not uncommon for reef fish. Even wider ranges in baseline (i.e., non-stressed) tissue 
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cortisol concentrations of 75,000 pg/g and 155,000 pg/g were found in two separate 

studies of adult female ambon damselfish, Pomacentrus amboinensis (McCormick 1998, 

2006). Additionally, a study of large (25 – 35 cm) juvenile rainbow parrotfish, Scarus 

guacamaia, found baseline fecal concentrations of cortisol ranging from close to zero up 

to 20,000 pg/g on different days (Turner et al. 2003); the pooling of samples across 

individuals in Turner’s study likely reduced the observed variation. I did not include a 

positive control in my study so am unable to state what constitutes a ‘stressed’ tissue 

cortisol concentration in striped parrotfish; however, Turner et al. (2003) found that 

captive rainbow parrotfish fecal cortisol concentrations peaked at approximately 87,000 

pg/g during stress treatments, which is more than twice the highest cortisol 

concentration seen across the parrotfish I observed. Striped parrotfish were exposed to 

predatory or control cues for 10 min during evasion response trials, which may not have 

been sufficient time for effects of cue exposure on parrotfish physiological stress to 

present themselves in their tissue. Additionally, striped parrotfish naturally occur in small, 

loose shoals; being placed alone during evasion response trials may have heightened 

cortisol release in all fish, thereby masking any effect of predation environment or cue 

exposure. However, cortisol release and antipredator behaviours are not always coupled 

in fish (e.g., Silva et al. 2010, Fürtbauer et al. 2015). Increased cortisol circulation is 

associated with metabolic costs and suppresses reproductive functions, even in 

immature fishes (Mommsen et al. 1999). It may therefore be adaptive for prey during 

early life stages, such as the juvenile parrotfish I studied, to respond behaviourally to 

threats without suffering the costs to growth or sexual maturity that heightened 

physiological responses would cause. 

Like cortisol, testosterone circulation is reactive to handling stress (Pickering et 

al. 1987) and to social stress in fish (Oliveira et al. 1996), including at least one species 

of parrotfish (stoplight parrotfish Sparisoma viride) (Cardwell & Liley 1991); however, 

little is known about the role of fish testosterone circulation in response to predation 

stress. I found that testosterone levels did not vary in parrotfish according to predator 

density on the home reef or to the predator stimulus they were exposed to. Like cortisol, 

tissue testosterone concentrations varied widely across parrotfish overall. High variation 

of testosterone levels has also been observed within and between populations in female 

ambon damselfish (McCormick 1998) and in both sexes of blackeye goby, 

Coryphopterus nicholsii (Kroon & Liley 2000). Conversely, Turner et al. (2003) saw much 
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lower variation in rainbow parrotfish fecal samples and much higher concentrations 

(mean baseline fecal concentrations of 8300 pg/g) than those seen in my study; 

parrotfish therefore appear to exhibit differences in androgen production that could 

depend on species and/or developmental stage (e.g., early vs. late juvenile). In 

congruence with my results, Fürtbauer et al. (2015) found no relationship between 

baseline testosterone (i.e., testosterone levels before predator exposure) and 

antipredator behaviour in three-spined sticklebacks (Gasterosteus aculeatus). Thus, 

testosterone does not appear to be involved in the predation stress response of fish. 

Importance of predator density for prey risk avoidance and survival 

I predicted that prey from populations exposed to higher predator densities could 

be more evasive toward an invasive predator due to heightened general risk aversion. I 

observed that density of native and invasive predators on the home reef was associated 

with varying levels of cautiousness among parrotfish. Parrotfish from sites with higher 

densities of Nassau groupers and lionfish exhibited decreased activity level (i.e., more 

immobility) and increased cryptic colouration (i.e., more mottled and less striped) in 

response to predator cues, including lionfish cues, and control cues whereas parrotfish 

from sites with low predator densities demonstrated the opposite, riskier responses. 

These differences were particularly evident among fish exposed to visual and olfactory 

cues together. Other studies have shown that fish exhibit a stronger antipredator 

response to visual predator cues plus conspecific chemical alarm cues compared with 

their response to either cue on its own (McCormick & Manassa 2008) or will not respond 

to chemical predator cues unless visual predator cues are also present (Wisenden 

2003). Possibly, the combination of both visual and chemical sources of information 

provides a more reliable indicator of risk to coral reef prey fish than either type of 

information alone. Additionally, the predator-specific immobility response I observed in 

parrotfish towards a native predator was stronger amongst parrotfish from reefs with 

high compared to low predator densities; as has been demonstrated in other fish (Ferrari 

et al. 2005), this result suggests that parrotfish heighten the intensity of their learned 

response to predators according to the level of risk presented by that predator species. 

Coral reefs are structurally complex and vary spatially and temporally in species 

composition; it is likely adaptive for parrotfish to incorporate multiple sources of 

information in their assessment and response to local predation risk.  
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I expected that if prey from environments with high predator densities exhibited a 

stronger evasion response to lionfish than prey from environments with low predator 

densities as a result of greater general risk avoidance, their response to lionfish and to 

control disturbances would not differ. Differences in parrotfish immobility and colouration 

responses between populations exposed to high versus low predator densities persisted 

regardless of whether parrotfish were responding to cues from an actual predator, 

including lionfish, or to control cues. This indiscriminate cautiousness among parrotfish 

from sites with higher predator densities is consistent with the idea of general risk 

avoidance as antipredator response. General risk avoidance might be heightened in 

parrotfish from sites with high predator densities if learned cautiousness (e.g., Chivers et 

al. 2014, Ferrari et al. 2014) scales up with the prevalence of predation-related cues, 

which we expect to be greater where predators are more abundant. Additionally, if 

higher local predator density translates into greater local predation, general risk 

avoidance in parrotfish on reefs with high predator densities could arise via two non-

mutually exclusive selection pathways: i) parrotfish could differ in behavioural tendencies 

from birth related to overall risk avoidance (as is seen in other reef fish; White et al. 

2015), leading to higher predation on more active/less cautious individuals, and ii) 

parrotfish could differ in their propensity for learning to be risk avoidant, leading to higher 

predation on individuals that fail to learn sufficient cautiousness. For all of these potential 

mechanisms, the final outcome is what we see here: a higher degree of cautiousness is 

found among parrotfish populations exposed to greater predator densities.  

My study does not distinguish between predation threat imposed by native or 

invasive predators. Interestingly, parrotfish on reef patches inhabited by many lionfish 

forage less than those on reef patches with few lionfish and their foraging rates are 

equally diminished regardless of whether a lionfish is physically nearby or not (Kindinger 

& Albins 2017). As with our results, these findings point to general cautiousness in some 

parrotfish, and not a lionfish-specific response. Moreover, while our study did not 

distinguish between predator densities of Nassau grouper or lionfish, Kindinger and 

Albins’ experiment kept native predator densities constant between treatments, 

suggesting that the differences in cautiousness they observed between parrotfish 

populations were specifically due to differences in local lionfish density. Empirical 

evidence demonstrates that native prey abundance and biomass decrease with 

increasing lionfish densities on reefs, presumably as the result of greater predation 
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occurring on reefs with more lionfish (Benkwitt 2015). Additionally, lionfish have higher 

prey consumption rates per individual than native predators (Albins 2013), and my study 

demonstrates that regardless of local predator density, parrotfish show a stronger 

evasion response to Nassau grouper compared to lionfish. Lionfish predation might 

therefore be an important factor in the parrotfish evasion responses seen here. It seems 

likely that heightened general risk avoidance in parrotfish from reefs with higher predator 

densities is driven primarily by greater selective predation by lionfish that targets more 

active, less cryptic individuals.  

By definition, suites of risk-averse behaviours, such as those disproportionately 

exhibited by parrotfish from sites with high predator densities in this study, should allow 

prey to avoid predation (Lima & Dill 1990, Sih et al. 2004). In survival trials with lionfish, 

parrotfish from reefs with high predator densities were three times more likely to survive 

than parrotfish from reefs with low predator densities. Two-thirds of parrotfish from sites 

with high predator densities survived the entire two-hour trial.  These results implicate 

greater local predator density (and I suggest specifically greater lionfish density and 

associated selective predation by lionfish on native prey) as a factor driving improved 

evasion ability of prey encountering lionfish. The only other study to perform survival 

trials with prey exposed to lionfish was performed in lionfish’s native range, where their 

densities are very low; in this case, more than 75% of prey individuals (Chromis viridis) 

were consumed by lionfish within the first three hours (Lönnstedt & McCormick 2013). 

Mine is the first study to demonstrate that prey from some populations are better than 

others at avoiding predation by invasive lionfish. Across all fish observed in the survival 

trials, increased immobility in response to lionfish cues was positively associated with 

survival. This result aligns with field observations that lionfish strike if the prey fish they 

are stalking attempts to flee. Immobility also differed overall between parrotfish from 

sites that differed in local predator density; therefore, general cautiousness amongst 

prey exposed to high predator densities does appear to affect prey’s ability to effectively 

avoid predation by lionfish. Prey do not appear to recognize lionfish directly; however, 

my survival trial results suggest that enhanced prey defense against lionfish may 

nevertheless arise as a by-product of selective predation by lionfish, which is increasing 

the prevalence of cautious behaviour amongst prey. 

Other environmental factors beyond local predator density can influence 

antipredator behaviour and general risk aversion in prey. In this study, I attempted to 
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control for as many potential differences as possible among sites beyond predator 

density. For example, habitat complexity on coral reefs, typically measured as rugosity, 

should affect predator hunting success thereby affecting the selection they impose 

(Beukers & Jones 1997). Rugosity was similar across all of my study sites (Table 2). 

However, reefs with high predator densities were smaller than reefs with low predator 

densities (Table 2). Smaller reefs should have lower overall abundance of refuges than 

equally rugose, larger patches. Given that parrotfish density did not vary in accordance 

with reef patch size (Table 2), smaller reefs may then have fewer shelters available per 

prey fish. Decreased access to shelter – and the resulting higher predation on exposed 

prey – could have contributed to selection for elevated risk avoidance among parrotfish 

on patches with high predator densities. However, smaller patches should also have 

lower total food abundance (possibly resulting in less food per prey fish) than larger 

patches and decreased access to food typically results in riskier prey behaviour (Lima & 

Dill 1990, Lima 1998, Lönnstedt et al. 2012). It is therefore not clear how differences in 

reef patch size might have affected the results seen here; it would clearly be advisable to 

use reefs of a constant size in future iterations of this study. 

I suggest that heavy selective predation by lionfish could be resulting in more 

cautious striped parrotfish populations on some reefs. If this is the case, we might expect 

to see lower variation of evasion strategies in prey undergoing heavier predation (i.e., 

those from sites with higher lionfish densities). I did not observe clear differences in 

variation between responses of parrotfish from areas with low or high predator densities. 

Note that if my fish collection method targeted more active fish, this could have resulted 

in samples, especially from the sites with low predator densities, that did not represent 

the full breadth of evasive tactics that exist in each population (i.e., the variation in 

evasion responses by parrotfish from reefs with high compared to low predator densities 

would appear the same in this study despite the fact that the responses are actually 

more variable among parrotfish from reefs with low predator densities). However, even if 

sampling were biased toward collecting less cautious fish, this would not account entirely 

for the differences in overall evasion seen between sites with high versus low predator 

densities. Learned risk aversion among parrotfish on reefs with high predator densities 

may also be contributing, thereby causing a shift in the overall evasion responses of 

these populations rather than simply a truncation of variation in their responses expected 

as a result of selective predation alone. 
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Effects of predation environment on prey cautiousness could differ depending on 

system- or species-specific factors. In contrast to my results, Brown et al. (2007) showed 

that populations of Brachyraphis episcopi, a tropical poeciliid, that have evolved over 

multiple generations in streams with many fish predators are bolder from birth (more 

active in a novel environment) than B. episcopi from streams with few fish predators. 

Moreover, regardless of their source stream, B. episcopi individuals that experienced 

repeated attacks acted more boldly afterward than those that experienced no attacks. 

Some parrotfish, upon exposure to high predator presence, might also adopt a more 

active strategy but then get quickly removed from the population by selective predation 

that targets active individuals. Differences in costs associated with cautiousness through 

ontogeny may also help to explain the differing outcomes of variation in local predation 

environment on B. episcopi compared to striped parrotfish. B. episcopi are targeted as 

prey throughout their lives, including adulthood when the costs of risk-averse behaviour, 

such as reduced reproductive success (Ariyomo & Watt 2012), can be high. Parrotfish, 

on the other hand, are at high risk of predation only in early life stages but outgrow the 

gape limits of many of their predators as adults (Dunic & Baum 2017). Boldness under 

high predation likely provides B. episcopi with a reproductive advantage compared to 

shier fish that outweighs any boldness-associated predation risk. In contrast, risk-averse 

behaviour under high predation is less likely to directly inhibit reproductive success of 

striped parrotfish and, in fact, probably helps them survive to sexual maturity. The fact 

that parrotfish are preyed upon mostly at pre-reproductive stages raises other questions, 

however, about the long-term effects imposed by lionfish predation. For example, if 

selective predation by lionfish preferentially removes particular heritable traits, prey 

populations undergoing heavy lionfish predation may experience reduced genetic 

variation and become less resilient to future environmental change (Strauss et al. 2006).  

General risk avoidance in Caribbean prey could also have broader ecological 

consequences. Risk-averse behaviour reduces the chance of predation but often carries 

costs, particularly reduced foraging (Lima & Dill 1990). Herbivorous fish, such as 

parrotfish, play an essential ecological role on coral reefs by limiting macroalgal growth 

(Lewis 1986), which in turn makes space available for coral to settle and grow (Tanner 

1995). Reduced densities of herbivorous fish as a result of overfishing has been linked 

to algal blooms that reduce coral survival and recruitment (Hughes et al. 2007) and 

phase shifts from primarily sponge and some coral cover to algal dominance on 
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Bahamian mesophotic reefs have been linked to the lionfish invasion (Lesser & Slattery 

2011). As parrotfish are the primary herbivores on shallow Bahamian reefs (Kindinger & 

Albins 2017), similar detrimental ecological consequences could occur on these reefs if 

lionfish presence reduces parrotfish grazing. I did not see any differences in parrotfish 

foraging behaviour across experimental treatments; however, immobile parrotfish in my 

study were able to opportunistically strike at floating food pellets during evasion 

response trials (personal obs.). An opportunistic feeding tactic such as this might not be 

as commonly afforded to parrotfish remaining immobile in the wild. Indeed, Kindinger & 

Albins (2017) found that herbivorous fish foraged less on patches with higher lionfish 

densities and, more generally, there is evidence that animals that are less active also 

feed less (Sih et al. 2004). Future investigation is recommended regarding the effect of 

lionfish on herbivorous fish grazing and, subsequently, on coral reef ecosystem function. 

Conclusions 

Even with continued management attempts, eradicating lionfish from the western 

Atlantic will likely be impossible. However, my study demonstrates that fish of at least 

one ecologically important prey species can exhibit behavioural traits that help them 

evade lionfish predation. Importantly, differences in prey antipredator defense against 

lionfish do not appear to hinge on prey recognizing the invader as a threat. Instead, I 

suggest that the enhanced ability of some parrotfish populations to evade lionfish 

predation comes as a fortuitous consequence of lionfish selectively consuming the most 

risk-taking (specifically, more active and less cryptic) individuals. In the long term, 

enhanced cautiousness of prey fish populations as a result of exposure to high lionfish 

densities is likely to have negative effects on lionfish hunting success, as evidenced by 

my survival trials. Increasingly successful evasion of lionfish among some prey fish 

populations might be contributing to lionfish shifting their diet towards consuming 

relatively more invertebrates – a phenomenon until now ascribed mainly to depleted prey 

fish populations (Green et al. 2014) – and could also be partially responsible for recently 

declining lionfish abundances in the Caribbean (Benkwitt et al. 2017). 
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Appendix 

Hormonal responses 

 

Figure A1.  Tissue cortisol concentrations (mean pg hormone/g tissue) with 
95% confidence intervals of striped parrotfish (Scarus iseri) from 
sites with low or high predator densities after exposure to cues from 
native Nassau grouper (Epinephelus striatus; NG), invasive Indo-
Pacific lionfish (Pterois sp.; LF), or control cues. Grey points show 
the cortisol levels of each individual parrotfish. 
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Figure A2.  Tissue testosterone concentrations (mean pg hormone/g tissue) 
with 95% confidence intervals of striped parrotfish (Scarus iseri) 
from sites with low or high predator densities after exposure to cues 
from native Nassau grouper (Epinephelus striatus; NG), invasive 
Indo-Pacific lionfish (Pterois sp.; LF), or control cues. Grey points 
show the testosterone levels of each individual parrotfish. 

 

Table A1.  MANOVA results assessing log-transformed cortisol and 
testosterone concentrations in the muscle tissue of striped 
parrotfish (Scarus iseri) exposed to different predator cues in 
controlled trials. Predictors included predator density on the home 
reef (low or high), predator species (native grouper, invasive 
lionfish, or control) and cue type (visual, olfactory, or combined) 
used in the trial, plus all second-order interactions. 

 
df F P 

Predator density 1 0.123 0.88 
Predator species 2 0.959 0.43 
Cue type 2 0.988 0.42 
Density x species 2 0.378 0.82 
Density x cue 2 1.127 0.35 
Species x cue 4 1.100 0.37 

 
 


