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Abstract 66 

Global biodiversity is in rapid decline, with invasive alien species playing a major role. 67 

Predicting which are most damaging and under what conditions is key to proactive 68 

management. We investigated whether behavioural traits, specifically boldness and 69 

exploration, predict ecological impact in the invasive red lionfish (Pterois volitans). Despite 70 

the modest sample size of adults (n = 8) and juvenile (n = 8) lionfish, using repeated 71 

behavioural assays, we found strong personality consistency: 93% of juveniles and 56% of 72 

adults used shelter, with traits like latency to interact with novel objects showing high 73 

repeatability. Bold individuals spent less time in shelter and interacted more with novel stimuli. 74 

However, in groups of eight, personality expression shifted, only 7% of juveniles and 44% of 75 

adults used shelter, indicating that social context alters behaviour. Functional response 76 

experiments revealed Type II feeding curves across three prey species, reflecting a saturating, 77 

hyperbolic relationship in which predators rapidly consume prey at low densities but are 78 

increasingly constrained by handling time as prey density rises. Neither adult nor juvenile 79 

lionfish reduced feeding effort when prey became scarce, allowing them to exert strong 80 

predation pressure even at low prey densities. Adults displayed significantly higher attack rates 81 

and shorter handling times on Artemia salina, whereas juveniles showed these patterns towards 82 

Gammarus oceanicus, underscoring the greater per capita feeding impact of adults. Contrary 83 

to expectations, boldness did not correlate with feeding impact but was linked to slower 84 

reaction times in shy individuals. These findings highlight the complex, context-dependent 85 

relationship between personality and ecological impact during invasions. 86 

 87 
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 90 

Introduction 91 

Translocation of species beyond their native range due to increasingly connected transport 92 

networks is a defining feature of the Anthropocene (Seebens et al. 2021). Invasive alien species 93 

are recognised as key drivers of biodiversity loss (Courchamp et al. 2017). Determining which 94 



traits are attributed with successful invasive non-native species is a priority to predict future 95 

invasions (Pili et al. 2024). Traits such as high fecundity, generalist feeding habits, and broad 96 

physiological tolerance to environmental conditions are widely recognised as contributing to 97 

invasion success (Chapple et al. 2012; Liao et al. 2021; Quell et al. 2021; Pili et al. 2024). 98 

However, these traits are assessed at the species level and are most useful for predicting 99 

invasions in areas where the species has not yet become established. Once established, 100 

management must operate at the population level, where invasion success depends on local 101 

environmental context and time since introduction (Catford et al. 2022; Haubrock et al. 2024; 102 

Sousa et al. 2024). 103 

Selection processes acting on the invasive population include spatial sorting, density 104 

dependence and environmental filtering; which act on morphological traits (Chuang & 105 

Peterson, 2016; Nawa et al. 2024). However, invasion barriers can also act as a filter on 106 

behavioural traits (Chapple et al. 2022). Wherein invasive populations may demonstrate 107 

differences in boldness and exploratory behaviour compared to native or domestic populations 108 

(Chapple et al. 2012; Chapple et al. 2022). These trait filters may be lost or gained depending 109 

on time since invasion, for example individuals in recently introduced populations of round 110 

goby (Neogobius melanostomus) were more active and faster to disperse compared to 111 

individuals from older invasions (Thorlacius et al. 2015). Although behavioural traits were not 112 

directly assessed in this study, personality was examined. Personality refers to consistent 113 

individual differences in behaviour across time and contexts (Réale et al., 2007). When such 114 

behaviours are both repeatable and correlated, they constitute what is termed a behavioural 115 

type (Sih et al., 2004). For example, individuals often exhibit consistent differences in 116 

personality such as boldness, exploratory behaviour, or aggression, with some displaying a 117 

"bold" personality type while others are more "shy." These personality variations can shape 118 

how individuals engage with their environment and may influence ecological processes like 119 

predation (Cote et al. 2013). In the context of invasive species, assessing whether subsets of 120 

invasive groups exhibit diverging personalities, and whether some are correlated with 121 

indicators of high consumptive ecological impact (e.g. feeding rate, attack rate, or clearance 122 

rate), will help to prioritise stages of the invasion gradient for targeted management. Such 123 

behavioural filtering could reveal high-impact individuals within established populations, 124 

offering a finer-scale approach to mitigating overall invasion progress and ecological damage. 125 

Linking personality to ecological impact has proven challenging, as relationships are often 126 

species, or population, specific. For example, invasive Siamese fighting fish (Betta splendens) 127 

showed higher activity but lower feeding rates than domestic individuals (Brand et al. 2021), 128 



whereas aggressive signal crayfish (Pacifastacus leniusculus) had higher feeding rates (Nawa 129 

et al. 2024). In some species, invasion front populations exhibit reduced boldness but greater 130 

feeding impact (Lopez et al. 2012), while in others, less bold individuals show enhanced growth 131 

and fitness (Adriaenssens & Johnsson 2011). Moreover, personality effects are context 132 

dependent: social dynamics such as competition and facilitation can change individual 133 

behaviour and alter ecological outcomes (Brown and Irving 2014; Jolles et al. 2015). This 134 

highlights the importance of testing personality expression across different social contexts, 135 

since group dynamics such as competition or facilitation can shift individual behaviour and 136 

thereby alter ecological outcomes. Linking these behavioural traits to feeding performance is 137 

essential for understanding invasion impacts. 138 

Functional response, the relationship between prey density and the rate at which a predator 139 

consumes prey, is a widely used metric to assess the ecological impact of an invasive species 140 

(Dick et al. 2017). It integrates both behavioural and physiological traits and provides a scalable 141 

framework to estimate per capita effects, especially when comparing individuals or groups 142 

with differing behaviour/personalities (Alexander et al. 2014; Cuthbert et al. 2019). Higher 143 

attack rates and lower handling times are indicative of greater ecological impact, and functional 144 

response analysis has been used to prioritise management of high-impact invaders (Dick et al. 145 

2014; Haubrock et al. 2021). In this context, linking personality variation (e.g. boldness, 146 

exploration) with variation in functional response parameters offers a powerful approach to 147 

understand and predict context-specific invasion impacts. 148 

The red lionfish, Pterois volitans, hereafter referred to as “lionfish” provides an ideal model 149 

to test these links. Native to the Indo-Pacific region, lionfish have become highly successful 150 

invaders throughout the western Atlantic, Caribbean, Gulf of Mexico (Côté & Smith 2018; 151 

Soares et al. 2022) and the Mediterranean seas (Bariche et al. 2013; Bottacini et al. 2024). Their 152 

invasion success has been attributed to traits common among invasive alien species, including 153 

high fecundity (Gardner et al. 2015), large body size (Pusack et al. 2016), dispersal ability 154 

(Johnston & Purkis 2011; Tamburello & Côté 2015), and generalist diet (Côté et al. 2013; 155 

Acero et al. 2019). However, culling, the primary management tool, may inadvertently select 156 

against bold or exploratory individuals, shifting personality composition within populations 157 

(Côté et al. 2014a, b). Such selective pressures could alter both individual ecological impact 158 

and group-level dynamics, yet this remains unexplored. Here, we test whether lionfish exhibit 159 

consistent personality traits and whether these traits predict ecological impact. Specifically, we 160 

hypothesise that: 1) lionfish display repeatable individual differences in behaviour indicative 161 

of personality; 2) individuals with bolder or more exploratory personalities will have higher 162 



ecological impact, as measured by functional response metrics; and 3) the expression and 163 

ecological relevance of these behavioural traits are modulated by life stage and group size (i.e., 164 

social context), potentially affecting the predictability of ecological impact. 165 

 166 

Materials and Methods 167 

Animal collection and maintenance  168 

All lionfish were purchased from Seahorse Aquarium, Dublin. These individuals originated 169 

from wild-caught lionfish from the western Atlantic invasion range, which were subsequently 170 

bred in captivity by a private breeder before being supplied to the aquarium. Species 171 

confirmation was obtained retrospectively through dissections and genetic tests post 172 

experimentation, which confirmed all individuals as P. volitans. Experiments were undertaken 173 

at Queen’s University Marine Laboratory (QML), Portaferry, Northern Ireland, between 174 

October 2017 and September 2018. Juvenile lionfish (n = 8) had a total body length (mean ± 175 

SE) of 100.2 ± 3.7 mm, with a pectoral fin diameter of 57.9 ± 4.8 mm, as measured across the 176 

widest point when elongated. Adults (n = 8) measured 322 ± 7.9 mm in length with a pectoral 177 

fin diameter of 265.5 ± 6.4 mm. Each lionfish was classed as adult/juvenile and assigned a 178 

unique number ranging from 1-8 based on their markings, colouration and/or specific 179 

differences (see S.1). Juveniles were kept together in a holding tank (W: 32 cm × L: 152.4 cm 180 

× H: 45.7 cm, 220 L), while adults were housed, two adults per tank (W: 82.3 cm × L: 228.6 181 

cm × H: 61 cm, 1146 L). Holding tanks had the same filtration set up, external filtration 182 

containing UV- and sand-filtered recirculating Strangford Lough seawater. Water was changed 183 

daily by 25%, and tested daily for water chemistry properties (pH, NH4), and temperature 184 

maintained using an aquarium heater under a 16:8 h light-dark regime. The temperature was 185 

maintained at 25 ± 1.0 °C. Lionfish were fed daily ad libitum on frozen anchovy to avoid 186 

predator learning behaviour to the focal experimental prey species. 187 

 188 

Behavioural Assays – Novel object 189 

Novel object assays were used as measures of boldness and exploratory behaviour. Each 190 

fish was exposed alone (n=3) and in a group of eight individuals (n=3 for each individual), 191 

resulting in six exposures per fish. Assays were performed over a 21-day period with a two-192 

day break between exposures and with the tanks cleaned between each use. Tank size changed 193 

with size of lionfish (juveniles: W: 33 cm × L: 45.7 cm × H: 30.5 cm, 45 L; adults: W: 50.8 cm 194 

× L: 132.1 cm × H: 38.1 cm, 255 L) for individual experiments and then for group experiments 195 

(juveniles: W: 32 cm × L: 152.4 cm × H: 45.7 cm, 220 L; adults: W: 254 cm × L: 457.2 cm × 196 



H: 88.9 cm, 10,000 L). A small shelter was added into the tanks prior to experiments (plastic 197 

pipe – W: 10.5 cm × L: 21 cm × H: 6 cm).  Experimental tanks were scaled to reflect the 198 

difference between juvenile and adult lionfish when pectoral fins were fully elongated during 199 

feeding trails, where adult lionfish were around five times the size of juveniles. To record 200 

behavioural responses, two GoPro® Hero10® cameras were mounted on the top of tanks using 201 

a wide field of view, with black out sheets to cover the sides of the tanks to reduce external 202 

stimuli. Fish were acclimated to the experimental arena for 30 min and then presented with a 203 

randomly selected small toy figure as it was lowered into the tank (see S.2) for a 10 min period. 204 

Recordings were then reviewed by the same observer using BORIS Software (Friard and 205 

Gamba, 2016) and personalities were categorised into two main traits: exploration/shyness 206 

(measured by latency to contact the novel object, time spent in shelter, and frequency of shelter 207 

visits) and boldness (measured by the number of contacts with the novel object). These 208 

personalities were assessed using the ethogram in Table 1, enabling the classification of 209 

individuals along a bold-shy continuum (Table 2). 210 

 211 

Functional response (FR) procedure 212 

Feeding experiments were conducted within glass tanks (juveniles: W: 33 cm × L: 45.7 cm 213 

× H: 30.5 cm, 45 L; adults: W: 50.8 cm × L: 132.1 cm × H: 38.1 cm, 255 L) also maintained 214 

at 25.0 ± 1.0 °C and all fish were acclimated in the experimental arenas 30 minutes prior to 215 

experimentation. Prey species used for the functional response experiments were all live and 216 

consisted of marine gammarid (Gammarus oceanicus), dwarf white shrimp (Palaemonetes 217 

varians), and brine shrimp (Artemia salina). Prey were purchased from Grosvenor Tropicals, 218 

Lisburn and maintained under identical conditions to the predators in separate holding tanks 219 

(W: 15.2 cm × L: 20.32 cm × H: 17.8 cm, 10 L). All prey species were easily available and 220 

found in high quantities (see Chagaris et al. 2017 for dietary importance of crustaceans for 221 

lionfish). In this case, G. oceanicus represents a benthic crustacean i.e., amphipods and isopods 222 

found in lionfish diets in invaded ranges (Ortiz et al. 2015). Palaemonetes varians represent a 223 

palaemonid shrimp species abundant across lionfish invaded ranges found in lionfish diets 224 

(Layman et al. 2014). While A. salina represents a small pelagic crustacean prey (Dahl et al. 225 

2016). The prey used here do not currently overlap with lionfish distributions but are used as 226 

functional proxies (McCard et al. 2021, McCard et al. 2024). Intraspecific prey size was 227 

standardised throughout all trials, including all prey used (total length mm ± SE: G. oceanicus 228 

10.3 ± 1.2 mm; P. varians 10.7 ± 0.3 mm; A. salina 6.6 ± 1.1 mm). All necessary ethical 229 



protocols were complied with throughout the experimental process after being sought from the 230 

School of Biological Sciences ethics committee, Queen’s University Belfast. 231 

Adult lionfish were provided with each prey species individually at 10 different densities 232 

(2, 4, 8, 16, 32, 64, 128, 256, 512, 1024; n = 6 per prey species, per density), whereas juvenile 233 

lionfish prey were supplied at 13 densities (2, 4, 8, 16, 20, 25, 30, 35, 40, 45, 50, 55, 60; n = 6 234 

per prey species, per density) following a randomised pattern. Prey were introduced and the 235 

lionfish were allowed to feed for three hours and then prey left alive were counted. Initial 236 

reaction times of lionfish to first successful attack was recorded in each instance using a 237 

stopwatch. Control groups were included, consisting of one replicate of each prey type across 238 

all densities in the absence of lionfish. 239 

 240 

Statistical analyses 241 

All statistical analyses were conducted in the R programming environment (R Core 242 

Development Team, 2018). 243 

 244 

Repeatability 245 

To test if lionfish showed consistent inter-individual differences across contexts, we 246 

estimated repeatability as ratios of between-individual phenotypic variance to total phenotypic 247 

variance in our sample (Dingemanse and Dochtermann, 2013). For personalities obtained 248 

during the novel object trials (latency to contact the object, time spent in shelter, number of 249 

times at shelter, and number of contacts with the object), we tested whether individual lionfish 250 

showed consistent responses when presented with each of the different novel objects, both 251 

when tested individually and in a group setting. Repeatability was calculated using mixed 252 

effects models fitted with novel object and age group as fixed predictors and lionfish identity 253 

as random effect (Careau et al. 2014a, b). Similarly, we tested whether individual lionfish 254 

functional response (maximum feeding rate and reaction time) was consistent across prey type 255 

(G. oceanicus, P. varians, and A. salina), where prey type and age group were set as fixed 256 

predictors and lionfish identity as random effect. Linear mixed-effects models were run using 257 

the ‘lmer’ and ‘glmer’ functions (‘lme4’ package). Confidence intervals (95% CI) were 258 

calculated using a parametric bootstrapping method within the LMM approach (Nakagawa and 259 

Schielzeth, 2010). Results closer to 1 indicate high repeatability while those closer to 0 indicate 260 

lack of repeatability. All statistical analyses were performed in R Studio (R Core Development 261 

Team, 2018) for R 4.2.0. 262 

 263 



Principal component analysis 264 

Principal component analysis (PCA) was used to reduce the dimensionality of behavioural 265 

data obtained during the novel object trials and test for the presence of personality traits. 266 

Principal components were retained following the Kaiser-Guttman criterion (eigenvalues >1; 267 

Jackson, 1993). The eigenvectors consider personality parameters showing the variation in the 268 

data that could be explained (PC1) along with another level of variation that is significant 269 

(PC2). Positive or negative values over 0.4 shows that trait has contributed significantly to the 270 

variation in that component (Tabachnick et al. 2007; Michelangeli et al. 2018). We therefore 271 

used individual PC scores obtained from PCA analyses as a measure of individuals’ personality 272 

type to estimate how lionfish personality changes when lionfish are alone (single fish trials) 273 

versus in groups.  274 

 275 

Correlations between personality and functional responses 276 

To test whether personality is predicted by maximum feeding rate and feeding reaction time, 277 

linear models with personality PC score of individual and group testing (PC1 and PC2 278 

separately) were fitted as a dependent variable and size, maximum feeding rate and reaction 279 

time as fixed effects. A Type II post hoc was used to determine differences between groups as 280 

there was no significant interaction term. 281 

 282 

Functional response 283 

Functional responses were categorised into Type II or Type III using a binomial logistic 284 

regression via frair::frair_test. Where Type II responses are indicative of high consumption at 285 

low prey densities and commonly predict high impact invasive species, and Type III are 286 

characterised by a sigmoidal relationship between consumption and density where there is a 287 

low-density prey refugia. Type II responses were modelled with Rogers random predator 288 

equation (Rogers, 1972; eqn 1) and Type III responses were modelled with Hassell’s Type III 289 

equation (eqn 2), both of which account for non-replacement of prey).  290 

𝑁𝑁𝑒𝑒 =  𝑁𝑁0(1 − 𝑒𝑒𝑒𝑒�𝑎𝑎(𝑁𝑁𝑒𝑒ℎ − 𝑇𝑇)� )    (1) 291 

 292 

Wherein Ne is the number of prey eaten, N0 is the initial prey density, T is the total time 293 

available, and a and h are the mechanistically interpretable coefficients for attack rate and 294 

handling time respectively. Whereas for Type III: 295 

 296 



𝑁𝑁𝑒𝑒 =  𝑁𝑁0{1 − 𝑒𝑒𝑒𝑒[(𝑑𝑑 + 𝑏𝑏𝑁𝑁0(ℎ𝑁𝑁𝑒𝑒 − 𝑇𝑇)/(1 + 𝑐𝑐𝑁𝑁0) ]}   (2) 297 

Here, a is a hyperbolic function of N0 (Juliano, 2001), b denotes the attack rate, c is a constant 298 

that influences the sigmoidal shape of the response (associated with prey refuge or switching 299 

behaviour), and d represents a baseline predation rate or mortality factor. Functional response 300 

data for each individual and prey type was then non-parametrically bootstrapped (n=2000) to 301 

generate 95% confidence intervals. These intervals were based on the initial maximum 302 

likelihood estimates of parameters 'a' and 'h,' which were obtained using frair::frair_fit. 303 

Maximum feeding estimates were then calculated as 1/h.  304 

 305 

Results 306 

Prey survival 307 

Across control groups for all prey species, survival exceeded 99% in the absence of lionfish. 308 

Therefore, all mortality was assumed to be due to predation in the functional response 309 

experiments.  310 

 311 

Behaviour Assays 312 

Overall, 93% of juvenile and 56% of adult lionfish utilised the shelter when trials were 313 

conducted on individuals separately. However, when in groups, this occurred markedly less for 314 

juvenile lionfish where 7% utilised the shelter and only a small decrease to 44% of adult 315 

lionfish utilised the shelter in groups. 316 

 317 

Repeatability 318 

Both adult and juvenile lionfish showed consistent inter-individual differences in behaviour 319 

when exposed to the different novel objects, both in individual and group trials. Latency to 320 

contact a novel object, time spent in the shelter and number of hits of object were highly 321 

repeatable with estimates ranging from 0.86 to 0.96 in single fish trials, and 0.52 to 0.99 in 322 

group trials (Table 5). Individuals showed comparatively lower consistency in the number of 323 

times they visited the shelter (R = 0.43 in single fish trials and R = 0.34 in group trials). In 324 

functional response trials, lionfish showed highly consistent individual responses for feeding 325 

reaction time (at highest prey density; R = 0.95) but lower consistency in maximum feeding 326 

rate (R = 0.28) across prey types. 327 

 328 



Principal component analysis (PCA) 329 

Principal component analyses for personality traits measured during novel object single fish 330 

trials showed that the first axis (PC1) explained most of the total variance (45.2%), while PC2 331 

explained 35.3% (Table 6). Here, PC1 showed significant shifts in individual personalities 332 

when comparing their responses in isolation versus group settings. In isolation, bolder lionfish 333 

exhibited personality traits characterised by greater exploration and less time spent in shelter, 334 

while shyer individuals were more reserved, spending more time in the shelter and showing 335 

less interest in novel object. However, when housed in groups of eight, the personalities of both 336 

the bolder and shyer lionfish appeared to change. In the group setting, bolder individuals 337 

exhibited more inhibited personalities, displaying less exploration of the novel object compared 338 

to their behaviour in isolation. In contrast, the shyer individuals displayed a shift toward bolder 339 

personalities, showing increased exploration and a reduced tendency to seek shelter. 340 

Specifically, shyer lionfish spent less time in the shelter when in groups than they did when 341 

isolated (see Fig. 4). The presence of conspecifics appears to influence personality expression, 342 

with bold individuals becoming more reserved and shy individuals showing increased 343 

confidence and exploratory behaviour in a group context. For personality traits measured 344 

during novel the object group trials, the first axis (PC1) explained 53.7% and PC2 26.3% of 345 

the variance (Table 6). Again, individuals that spent more time in the shelter hit the novel object 346 

less times, however they visited the shelter more times (Fig. 4b, d).  347 

 348 

Correlations between personality and feeding 349 

Personality trait (PC1) was predicted by feeding reaction time (Fig. 5) but not maximum 350 

feeding rate for each of the three prey types (Table 7). Size (in terms of length of lionfish) was 351 

included in initial models but did not have a significant effect on personality and was thus 352 

removed from the models during the model selection process. These results show that 353 

individuals that are shyer (i.e., spend more time in the shelter) have slower feeding reaction 354 

time but there is no correlation with maximum feeding rate. 355 

 356 

Functional Response (FR) 357 

First order terms for determining functional response were significantly negative indicating 358 

Type II functional response for all juvenile and adult lionfish towards G. oceanicus and P. 359 

varians. Whereas for A. salina a single juvenile lionfish had a first order term which was 360 

significantly positive while the second order term was significantly negative, indicating Type 361 



III. All other juvenile and adult lionfish had a significantly negative first order term towards A. 362 

salina, indicating Type II functional response (Table 3; 4, Fig. 1; 2).   363 

Feeding parameter estimates revealed distinct ontogenetic and prey-specific differences 364 

(Tables 3; 4; Fig. 1; 2). Adult lionfish exhibited consistently higher attack rates (a) than 365 

juveniles across all prey types, with the highest mean attack rate observed for Artemia salina 366 

(24.66 ± 1.51) and the lowest for G. oceanicus (14.38 ± 0.18). Juvenile lionfish had notably 367 

lower attack rates, particularly with A. salina (8.96 ± 0.08; see Fig. 3). 368 

Handling time (h) was substantially shorter in adults than juveniles for all prey species. 369 

Adults had the shortest mean handling time when feeding on A. salina (0.00272 ± 0.00005), 370 

while juvenile lionfish took considerably longer, especially with G. oceanicus and P. varians 371 

(0.03301 ± 0.00013 s and 0.03261 ± 0.00018, respectively). As a result, maximum feeding rate 372 

(1/h) was markedly higher in adults. Adults reached the highest rate with A. salina (440.17 ± 373 

5.37), while juveniles had the lowest with G. oceanicus (30.63 ± 0.11). Overall, both prey 374 

identity and life stage significantly influenced feeding efficiency, with A. salina producing the 375 

most favourable feeding parameters for both stages, though adults were markedly more 376 

efficient across all prey types. 377 

At the individual level, functional response magnitude varied most at higher prey densities. 378 

Among juveniles, individual J1 consistently showed the highest maximum feeding rates across 379 

all prey, while J4 had the lowest, indicating strong intra-stage variability. Similarly, adult A2 380 

exhibited the highest maximum feeding rate across all prey types, but the lowest rates were 381 

prey-specific: A1 for G. oceanicus and P. varians, and A5 for A. salina. These results highlight 382 

the combined effects of ontogeny, prey identity, and individual variability on lionfish feeding 383 

dynamics. 384 

 385 

Discussion 386 

Personalities play a crucial role in shaping an individual’s behaviour and responses to 387 

environmental challenges. In this study, the focus was on assessing personality differences 388 

between juvenile and adult lionfish to determine if these differences accounted for variations 389 

in feeding impacts. This study represents the first known investigation that examines the 390 

combination of FR and personality parameters in juvenile and adult lionfish, incorporating a 391 

novel object and shelter use. Our findings reveal the presence of personality within the context 392 

of lionfish behaviour, consistently observed across individuals. Surprisingly, there was no 393 

correlation between boldness and the maximum feeding rate, which was used as a proxy for 394 

impact. Although individuals displayed repeated bold behaviour, it did not necessarily translate 395 



to consuming the most food or having the highest impact. However, we did observe a 396 

connection between personality and reaction time in lionfish, which may be attributed to the 397 

vigilance levels exhibited by lionfish towards their prey. These findings suggest that lionfish 398 

personalities are not fixed, but are context-dependent, influenced by the social environment. 399 

Therefore, our initial hypothesis regarding the presence of a personality in lionfish was 400 

supported. However, there was no correlation found between boldness and predatory impact.  401 

Heightened functional response of invasive alien species are themselves a predictor of high 402 

ecological impact (Haubrock et al. 2020; Dickey et al. 2021; Asasi et al. 2022; Landi et al. 403 

2022). Based on observations from previous functional response studies, the impact of lionfish 404 

is overwhelming (Leung et al. 2015; Ingeman et al. 2017; South et al. 2017; McCard et al. 405 

2021, 2024). While this study did not find a connection between personality and the impact 406 

measured through maximum feeding rates in functional response it did produce functional 407 

response values for each individual lionfish with varying results of impact. Context 408 

dependencies of behaviour can alter interspecific interaction strengths in a variety of settings. 409 

For example, noise pollution altered the behaviour of European minnows (Phoxinus phoxinus).  410 

minnows, leading to significant changes in functional response and decreased attack rates 411 

(Hanache et al. 2018).  412 

The integration of functional response analysis with investigations of personality is 413 

becoming increasingly common as ecologists seek to understand intraspecific variation in 414 

ecological niches (Schröder et al. 2016; Linzamaier and Jeschke, 2020; DeLong et al. 2021). 415 

More recently, McGlade et al. (2022) successfully demonstrated the presence of behavioural 416 

syndromes (correlations of different behavioural traits) through novel object experiments 417 

involving rainbow and brown trout. Similarly, McGlade et al (2022) were unable to definitively 418 

predict impact based on personality types.  419 

Since their invasion, lionfish have gained a reputation for their voracious appetite, but little 420 

is known about whether all lionfish feed in the same manner and to the same extent. There have 421 

been limited studies that incorporate assessments of feeding impact with behavioural analyses 422 

(Toscano et al. 2016; Schröder et al. 2016), and none have been conducted to date specifically 423 

on lionfish. Studies have shown that bold and risk-taking individuals are typically associated 424 

with exploratory behaviour, whereas shyer individuals tend to be more risk-averse and passive 425 

(Sih et al. 2004). However, the interpretation of these traits can vary depending on 426 

environmental contexts, as individuals become familiar with foraging patches and adjust their 427 

behaviours, potentially leading to changes in social structures (Olafsdottir and Magellan, 428 

2016). This highlights the importance of gaining further insights into the personalities of more 429 



elusive invasive alien species like lionfish. Interestingly in this study, when comparing the 430 

individual personality assessments with those conducted in group settings, the personality of 431 

the lionfish changed. In groups of eight individuals, bolder lionfish exhibited shyer 432 

personalities, while shyer individuals became bolder, displaying increased exploration of the 433 

novel object. Additionally, shyer fish spent less time in shelter when in groups compared to 434 

when they were isolated. These findings highlight the interaction between personality and 435 

social context, suggesting that group dynamics can significantly influence individual lionfish 436 

personality. 437 

Although the influence of group dynamics on lionfish personality has not been extensively 438 

explored, the current study shows that both juvenile and adult lionfish exhibit consistent 439 

personalities when isolated, with their behaviour undergoing notable changes in group settings. 440 

In particular, shy fish became more explorative (bolder), while bolder fish exhibited reduced 441 

exploration. Similar shifts in personalities were observed in a study by Zhou et al. (2022) on 442 

invasive mosquitofish (Gambusia holbrooki), where changes in environmental salinity altered 443 

group dynamics and led to shyer individuals becoming more prominent in social interactions. 444 

Previous studies have demonstrated populations with a wide range of personality traits are more 445 

prone to becoming invasive and rapidly spread (Fogarty et al., 2011; Michelangeli et al. 2020). 446 

In natural settings, differences in behaviour among individuals tend to be more consistent, but 447 

in laboratory conditions, these behaviours often disappear (Wilson et al. 1993). However, in 448 

the case of lionfish, their distinct personalities were evident when in the presence of other 449 

individuals. Although a change in personality was observed in group settings, the underlying 450 

mechanism for this phenomenon still requires a more comprehensive understanding. This study 451 

represents the first known instance of such behaviour in lionfish and could potentially be 452 

explained by the “audience effect” (McGregor and Peake, 2000). The presence of an audience 453 

or group of individuals may lead to a change in behaviour dynamics, where individuals adjust 454 

their behaviour accordingly (Goncalves and Radford, 2022). Highlighted in previous studies 455 

when caring for offspring (Keddy Hector et al. 1989), competing between rivals (Montroy et 456 

al. 2016) competing for mates (Overduin-de Vries et al. 2012) and aggression in groups across 457 

taxa (crustaceans: dos Santos et al. 2017; fish: Matos and McGregor, 2002 and insects: 458 

Montroy et al. 2016). The findings are broadly in line with studies like these where individuals 459 

whose behaviour was elevated in the presence of others may act to advertise or reinforce their 460 

own control within a group dynamic to deter potential conflicts (Johnstone, 2001). DeRoy et 461 

al. (2020) demonstrated consistent behaviours among individual lionfish – showing that they 462 

could be trained in food reward activities. In the current study, it is therefore possible that the 463 



lionfish developed learned responses to the novel object due to the high replication of 464 

individuals in the experiment. Therefore, future research should include a greater number of 465 

individuals over a longer time period. 466 

The combination of general inquisitiveness towards a novel object and a reduced time spent 467 

taking refuge in a shelter was found to be an important set of personalities in lionfish. It was 468 

observed that bolder lionfish, characterised by these traits, may be more likely to be harvested 469 

or culled (Stanley et al. 2017). This can have unintended and counterproductive consequences, 470 

as harvest-driven traits may lead to unexpected outcomes (Zavorka et al. 2020). For instance, 471 

the removal of invasive pumpkinseed sunfish (Lepomis gibbosus) by anglers resulted in 472 

changes in population size and size at sexual maturity (Evangelista et al. 2019). If lionfish were 473 

to reach sexual maturity and reproduce earlier than usual, it would have significant 474 

implications. This could lead to higher population growth rates (Cote and Smith, 2018) and 475 

further amplify their invasive impact on local ecosystems. The larger population size resulting 476 

from early sexual maturity has the potential to outcompete native species for vital resources 477 

like food and habitat (Haubrock et al. 2021). This competition for resources can have negative 478 

ecological consequences, potentially leading to the decline of native species populations. 479 

Additionally, early sexual maturity would provide lionfish with more time and opportunities to 480 

expand their range, posing a greater threat to biodiversity and ecological balance.  481 

Human-mediated removals have proven to be the most effective method for controlling 482 

lionfish densities (Chapman et al. 2019), with spearfishing being a commonly employed 483 

technique (Green et al. 2017; Côté and Smith, 2018; Harris et al. 2019; Kleitou et al. 2021). 484 

Rapid implementation of removal efforts is crucial for their successful eradication (Ali et al. 485 

2013; Dahl et al. 2016; Ali et al. 2017). Spearfishing activities have been observed to induce 486 

behavioural changes in lionfish populations, such as shifting their feeding patterns to dusk and 487 

dawn (Côté et al. 2014a), with similar though less pronounced effects reported in the 488 

Mediterranean, where culling showed only limited influence on lionfish behaviour (Phillips et 489 

al. 2024). 490 

 Bolder individuals in lionfish populations are more likely to be harvested or culled 491 

compared to their shyer and risk-averse counterparts, who tend to avoid divers (Závorka et al. 492 

2018, 2020). The harvesting of lionfish can lead to changes in their personality, which in turn 493 

can impact population dynamics. Specific personalities are associated with prey consumption 494 

and survival, and the removal of individuals possessing these personalities can influence the 495 

growth rate, size structure, and genetic diversity of the population (Závorka et al. 2018). While 496 

harvesting effectively reduces lionfish densities, the selective targeting of bolder individuals 497 



may cause the population to shift towards a higher proportion of shyer or more risk-averse 498 

individuals as a survival strategy. This behavioural adaptation can have consequences for 499 

interactions between invasive and native species, potentially leading to cascading effects on 500 

ecosystem dynamics (Bond, 2019). The observed differences in personality between juvenile 501 

and adult lionfish populations in this study may reflect variations in foraging behaviours found 502 

in natural environments (Herborn et al. 2010). These differences in traits within lionfish 503 

populations, both juvenile and adult, likely contribute to their impacts within invaded ranges. 504 

While this study provides initial evidence for the role of individual differences and 505 

personality in an invasive species, further research is necessary to determine if these traits are 506 

consistent in natural populations and their variations alongside native counterparts. It is 507 

important to note that the lionfish used in this study originated from wild-caught individuals 508 

from the western Atlantic invaded range that were subsequently bred in captivity by a private 509 

breeder. Species identity (Pterois volitans vs. Pterois miles) could not be verified at the time 510 

of experimentation, although retrospective dissections and genetic testing confirmed all 511 

individuals as P. volitans. However, retrospective dissections and genetic confirmation 512 

conducted 11 months post-experiment, confirmed that all individuals were P. volitans. This 513 

verification supports that our findings are representative of P. volitans specifically, and 514 

interpretations should therefore be considered within the context of its invaded Atlantic range. 515 

It can be hypothesised that the more exploratory and bold lionfish may be the ones driving the 516 

spread of invasions at the forefront. Assessing boldness within lionfish populations is 517 

particularly important for effective management. If bolder individuals are targeted and 518 

removed through culling methods, their impact is likely to be reduced. However, this leaves 519 

behind shyer lionfish individuals that are more challenging to capture, providing them with 520 

more time to reproduce and repopulate. Understanding the influence of changes in personality 521 

on invasive alien species is crucial for developing effective management strategies and 522 

predicting population responses. Incorporating knowledge of personality into invasive species 523 

management plans can enhance the sustainability and effectiveness of control or eradication 524 

efforts. Further investigations are needed to expand our understanding of how personality 525 

contribute to invasion success and to refine management approaches accordingly. 526 

 527 

 528 

References 529 



Acero P. A., Bustos-Montes D., Pabón Quintero P., Polo-Silva C. J. and Sanjuan Muñoz A. (2019) 530 

Feeding habits of Pterois volitans: A real threat to Caribbean coral reef biodiversity. Makowski 531 

C., Finkl C. W. (Eds.), Impacts of Invasive Species on Coastal Environments. Coast in Crisis, 532 

Coastal Research Library, vol. 29, Springer International Publishing, pp. 269-314, 533 

https://doi.org/10.1007/978-3-319-91382-7_8 534 

Adriaenssens, B. and Johnsson, J. I. (2011) Shy trout grow faster: exploring links between personality 535 

and fitness-related traits in the wild, Behavioral Ecology, 22 (1), Pages 135–143, 536 

https://doi.org/10.1093/beheco/arq185 537 

Alexander, M. E., Dick, J. T. A., Weyl, O. L. F., Robinson, T. and Richardson, D. (2014). Existing 538 

and emerging high impact invasive species are characterized by higher functional responses than 539 

natives. Biology Letters, 10, 20130946. https://doi.org/10.1098/rsbl.2013.0946 540 

Ali, F. Z., Collins, K. and Peachey, R. (2013) The Role of Volunteer Divers in Lionfish Research and 541 

Control in the Caribbean. In Joint Int. Sci. Diving S., 7.  542 

Ali, F. Z. (2017). The Ecological and Socio-Economic Impacts of the Lionfish Invasion in the 543 

Southern Caribbean. Dissertation (Southampton, United Kingdom: University of Southampton).  544 

Asasi, R., Hassanpour, M., Golizadeh, M., Dastjerdi, H. R. and Kalkhoran, M. G. (2022) Effect of 545 

Some Cucumber Cultivars on Biological and Population Growth Parameters of Aphis gossypii 546 

(Glover) and Functional Response of Chrysoperla carnea (Stephens). Journal of Vegetables 547 

Sciences, 6 (11): 17-32 548 

Bariche, M., Torres, M. and Azzurro, E. (2013). The presence of the invasive Lionfish Pterois miles in 549 
the Mediterranean Sea. Mediterranean Marine Science, 14, 292-294. 550 

Blackburn, T. M., Pysek, P., Bacher, S., Carlton, J. T., Duncan, R. P., Jarosk, J., Wilson, J. R. U. and 551 

Richardson, D. M. (2011) A proposed unified framework for biological invasions. Trends in 552 

Ecology and Evolution, 26 (7): 333-339 553 

Bond, M. N. (2019) Drivers of eco-evolutionary dynamics in model systems - the role of harvest 554 

mortality and intraspecific competition. PhD thesis, University of Essex. 555 

Bottacini, D., Pollux, B. J. A., Nijland, R., Jansen, P. A., Naguib, M. and Kotrschal, A. (2024) 556 

Lionfish (Pterois miles) in the Mediterranean Sea: a review of the available knowledge with an 557 

update on the invasion front. NeoBiota 92: 233-257. https://doi.org/10.3897/neobiota.92.110442   558 

Brand, J. A., Martin, J. M., Tan, H. et al. (2021) Rapid shifts in behavioural traits during a recent fish 559 

invasion. Behav Ecol Sociobiol 75, 134. https://doi.org/10.1007/s00265-021-03077-2  560 

Brown, C. and Irving, E. (2014). Individual personality traits influence group exploration in a feral 561 

guppy population. Behavioral Ecology, 25(1), 95–101. https://doi.org/10.1093/beheco/art090  562 

Careau, V., Biro, P. A., Bonneaud, C., Fokam, E. B. and Herrel, A. (2014a) Individual variation in 563 

thermal performance curves: Swimming burst speed and jumping endurance in wild-caught 564 

tropical clawed frogs. Oecologia 175(2), 471–480.  565 

https://doi.org/10.1007/978-3-319-91382-7_8
https://doi.org/10.1093/beheco/arq185
https://doi.org/10.1098/rsbl.2013.0946
https://doi.org/10.3897/neobiota.92.110442
https://doi.org/10.1007/s00265-021-03077-2
https://doi.org/10.1093/beheco/art090


Careau, V., Gifford, M. E. and Biro, P. A. (2014b) Individual (co)variation in thermal reaction norms 566 

of standard and maximal metabolic rates in wild-caught slimy salamanders. Functional Ecology 567 

28(5), 1175–1186. 568 

Catford, J. A., Wilson, J. R. U., Pyšek, P., Hulme, P. E. and Duncan, R. P. (2022) Addressing context 569 

dependence in ecology. Trends in Ecology & Evolution, 37 (2), 158 – 170. 570 

https://doi.org/10.1016/j.tree.2021.09.007  571 

Chagaris, D., Binion-Rock, S., Bogdanoff, A., Dahl, K., Granneman, J., Harris, H., Mohan, J., Rudd, 572 

M. B., Swenarton, M. K., Ahrens, R., Patterson, W. F. III, Morris, J. A. Jr and Allen, M. (2017) 573 

An ecosystem-based approach to evaluating impacts and management of invasive lionfish. 574 

Fisheries, 42: 421–431. https://doi.org/10.1080/03632415.2017.1340273  575 

Chapman, J. K., Anderson, L., Fruitema, M. L., Solomon, J., Green, S., Bogdanoff, A., et al. (2019). 576 

“Belize National Lionfish Management Strategy 2019-2023,” in Blue Ventures Conservation, 577 

(London, UK: Blue Ventures Conservation, London), 102.  578 

Chapple, D. G., Simmonds, S. M. and Wong, B. B. M. (2012) Can behavioural and personality traits 579 

influence the success of un- intentional species introductions? Trends Ecol Evol 27: 57−64  580 

Chapple, D.G., Naimo, A.C., Brand, J.A. et al. (2022) Biological invasions as a selective filter driving 581 

behavioural divergence. Nat Commun 13, 5996. https://doi.org/10.1038/s41467022-33755-2  582 

Chuang, A. and Peterson, C. (2016) Expanding population edges: theories, traits, and trade-offs. 583 

Global Change Biology, 22, 494–512, https://doi.org:10.1111/gcb.13107  584 

Côté, I. M., Green, S. J., J.A.M., Jr., Akins, J.L. and Steinke, D. (2013). Diet richness of invasive 585 

Indo-Pacific lionfish revealed by DNA barcoding. 472, 249-256  586 

http://dx.doi.org/10.3354/meps09992 587 

Côté, I. M., Akins, L., Underwood, E., Curtis-Quick, J. and Green, S. J. (2014a). Setting the record 588 

straight on invasive lionfish control: Culling works. PeerJ PrePrints, 2, 589 

http://doi.org/10.7287/peerj.preprints.398v1   590 

Côté, I. M., Darling, E. S., Malpica-Cruz, L., Smith, N. S., Green, S. J., Curtis-Quick, J. and Layman, 591 

C., (2014b). What doesn't kill you makes you wary? Effect of repeated culling on the behaviour 592 

of an invasive predator. PLoS One, 9 (4), p.e94248  593 

Côté, I. M. and Smith, N. S. (2018) The lionfish Pterois sp. invasion: Has the worst-case scenario 594 

come to pass? Journal of Fish Biology, 92, 660–689 https://doi.org:10.1111/jfb.13544  595 

Courchamp, F., Fournier, A., Bellard, C., Bertelsmeier, C., Bonnaud, E., Jeschke, J.M., et al. (2017). 596 

Invasion biology: Specific problems and possible solutions. Trends Ecol. Evol., 32, 13–22. 597 

Cuthbert, R.N., Dickey, J.W.E., Coughlan, N.E., Joyce, P.W.S., Dick, J.T.A. (2019) The Functional 598 

Response Ratio (FRR): advancing comparative metrics for predicting the ecological impacts of 599 

invasive alien species. Biological Invasions, 21: 2543–2547.   600 

https://doi.org/10.1016/j.tree.2021.09.007
https://doi.org/10.1080/03632415.2017.1340273
https://doi.org/10.1038/s41467022-33755-2
about:blank
http://dx.doi.org/10.3354/meps09992
http://doi.org/10.7287/peerj.preprints.398v1
about:blank


Dahl, K. A., Patterson, W. F. III. and Snyder, R. A. (2016). Experimental Assessment of Lionfish 601 

Removals to Mitigate Reef Fish Community Shifts on Northern Gulf of Mexico Artificial Reefs. 602 

Mar. Ecol. Prog. Ser. 558, 207–221. doi:10.3354/meps11898  603 

DeLong, J. P., Uiterwaal, S. F. and Dell, A. I. (2021) Trait-Based Variation in the Foraging 604 

Performance of Individuals, Frontiers in Ecology and Evolution, 9 605 

https://doi:10.3389/fevo.2021.649542     606 

DeRoy, E., Hussey, N. E. and MacIsaac, H. J. (2020) Behaviourally mediated learning ability in an 607 

invasive marine fish. Biological Invasions 22: 3357–3369. https://doi.org/10.1007/s10530-020-608 

02329-yDingemanse, N. J., Kazem, A. J. N., Réale, D. and Wright, J. (2010). Behavioural 609 

reaction norms: Animal personality meets individual plasticity. Trends in Ecology & Evolution, 610 

25(2), 81-89. https://doi.org/10.1016/j.tree.2009.07.013 611 

Dick, J. T. A., Alexander, M. E., Ricciardi, A., Laverty, C., Downey, P. O., Xu, M., Jeschke, J. M., 612 

Saul, W. C., Hill, M. P., Wasserman, R. J., Barrios-O’Neill, D., Weyl, O. L. F. and Shaw, R. H. 613 

(2017). Functional responses can unify invasion ecology. Biological Invasions, 19: 1667-1672. 614 

https://doi.org/10.1007/s10530-016-1355-3 615 

Dickey, J. W. E., Coughlan, N. E., Dick, J. T. A. et al. (2021) Breathing space: deoxygenation of 616 

aquatic environments can drive differential ecological impacts across biological invasion 617 

stages. Biological Invasions 23: 2831–2847. https://doi.org/10.1007/s10530-021-02542-3  618 

Dingemanse, N. J. and Dochtermann, N. A. (2013). Quantifying individual variation in behaviour: 619 

mixed-effect modelling approaches. Journal of Animal Ecology, 82(1), 39–54. 620 

Dos Santos, S., Adams, E.A., Neville, G. Wada, Y., de Sherbinin, A., Mullin Bernhardt, E. and 621 

Adamo, S.B. (2017) Urban growth and water access in sub-Saharan Africa: Progress, challenges, 622 

and emerging research directions. Science of The Total Environment, 607–608: 497-508, 623 

Evangelista, C., Cucherousset, J. and Lecerf, A. (2019). Contrasting ecological impacts of 624 

geographically close invasive populations. Oecologia, 189(2), 529–536. 625 

https://doi.org/10.1007/s00442-018-04333-5   626 

Fogarty, S., Cote, J. and Sih, A. (2011) Social personality polymorphism and the spread of invasive 627 

species: a model. The American Naturalist 177: 273–287. https://doi.org/10.1086/658174 628 

Friard, O. and Gamba, M. (2016). BORIS: a free, versatile open‐source event‐logging software for 629 

video/audio coding and live observations. Methods in Ecology and Evolution, 7(11): 1325-1330. 630 

Gardner P. G., Frazer T. K., Jacoby C. A. and Yanong R. P. E. (2015) Reproductive biology of 631 

invasive lionfish (Pterois spp.). Front. Mar. Sci., 2, pp. 1-10, 632 

https://doi.org/10.3389/fmars.2015.00007    633 

Goncalves, I. B. and Radford, A N. (2022) Intraspecific variation in audience effects during outgroup 634 

conflict in a cooperatively breeding fish. Animal Behaviour, 190: 81-92  635 

Green, S. J., Underwood, E. B. and Akins, J. L. (2017). Mobilizing Volunteers to Sustain Local 636 

Suppression of a Global Marine Invasion. Cons. Lett. 10 (6), 726– 735. doi:10.1111/conl.12426  637 

about:blank
https://doi.org/10.1007/s10530-020-02329-y
https://doi.org/10.1007/s10530-020-02329-y
https://doi.org/10.1016/j.tree.2009.07.013
https://doi.org/10.1007/s10530-016-1355-3
https://doi.org/10.1007/s10530-021-02542-3
https://doi.org/10.1007/s00442-018-04333-5
https://doi.org/10.1086/658174


Hanache, P., Spataro, T., Firmat, C., Boyer, N., Fonseca, P. and Médoc, V. (2018) Noise-induced 638 

reduction in the attack rate of a planktivorous freshwater fish revealed by functional response 639 

analysis. Freshwater Biology, 65: 75-85. 640 

Harris, H. E., Patterson, W. F. III., Ahrens, R. N. M. and Allen, M. S. (2019). Detection and Removal 641 

Efficiency of Invasive Lionfish in the Northern Gulf of Mexico. Fish. Res. 213, 22–32. 642 

https://doi:10.1016/j.fishres.2019.01.002  643 

Haubrock, P. J., Cuthbert, R. N., Veselý, L. Balzani, P., Baker, N. J., Dick, J. T. A. and Kouba, A. 644 

(2020) Predatory functional responses under increasing temperatures of two life stages of an 645 

invasive gecko. Scientific Reports 10 (10119) https://doi.org/10.1038/s41598-020-67194-0 646 

Haubrock, P. J., Cuthbert, R. N., Veselý, L. Balzani, P., Baker, N. J., Dick, J. T. A. and Kouba, A. 647 

(2021) Predatory functional responses under increasing temperatures of two life stages of an 648 

invasive gecko. Scientific Reports 10 (10119) https://doi.org/10.1038/s41598-020-67194-0  649 

Haubrock, P. J., Soto, I., Ahmed, D. A., Ansari, A. R., Tarkan, A. S., Kurtul, I., Macêdo, R. L., 650 

Lázaro-Lobo, A., Toutain, M., Parker, B., Błońska, D., Guareschi, S., Cano-Barbacil, C., 651 

Dominguez Almela, V., Andreou, D., Moyano, J., Akalın, S., Kaya, C., Bayçelebi, E. and 652 

Cuthbert, R. N. (2024). Biological invasions are a population-level rather than a species-level 653 

phenomenon. Global Change Biology, 30, e17312. 654 

Herborn, K. A., Macleod, R., Miles, W. T., Schofield, A. N., Alexander, L. and Arnold, K. E. (2010) 655 

Personality in captivity reflects personality in the wild. Animal Behaviour 79: 835–843. 656 

https://doi.org/10.1016/j.anbehav.2009.12.026    657 

Ingeman, K. E., Albins, M. A., Benkwitt, C. E., Green, J., Kindinger, T. L., Tuttle, L. J. and Hixon, 658 

M. A. (2017). Resolving differences in observed impacts of invasive lionfish and clarifying 659 

advice to managers. Peer Journal 5: 34-55. https:/doi.org/10.7287/peerj.preprints.3455v1    660 

Jackson, D. A. (1993). Stopping rules in principal components analysis: a comparison of heuristical 661 

and statistical approaches. Ecology, 74 (8), 2204–2214. 662 

Johnstone, R. A. (2001). Eavesdropping and animal conflict. Proceedings of the National Academy of 663 

Sciences of the United States of America, 98(16): 9177-9180. 664 

https://doi.org/10.1073/pnas.161058798   665 

Johnston, M. W. and Purkis, S. J. (2011) Spatial analysis of the invasion of lionfish in the western 666 

Atlantic and Caribbean. Mar. Pollut. Bull., 62 (2011), pp. 1218- 1226, 667 

10.1016/j.marpolbul.2011.03.028 668 

Jolles, J. W., Boogert, N. J., Sridhar, V. H., Couzin, I. D. and Manica, A. (2015). Consistent 669 

individual differences drive collective behavior and group functioning of schooling fish. Current 670 

Biology, 25 (21), 2862–2866. https://doi.org/10.1016/j.cub.2015.08.004  671 

Juliano, S. A. (2001). Nonlinear curve fitting predation and functional response curves. In Scheiner, S. 672 

and Gurevitch, J. (eds). Design and analysis of ecological experiments. Oxford: Oxford 673 

University Press, pp.178-196. 674 

about:blank
https://doi.org/10.1038/s41598-020-67194-0
https://doi.org/10.1038/s41598-020-67194-0
https://doi.org/10.1016/j.anbehav.2009.12.026
https://doi.org/10.1073/pnas.161058798
https://doi.org/10.1016/j.cub.2015.08.004


Keddy Hector, A. C., Seyfarth, R. M. and Raleigh, M. J. (1989). Male parental care, female choice, 675 

and the effect of an audience in vervet monkeys. Animal Behaviour, 38: 262-271. 676 

https://doi.org/10.1016/s0003-3472(89)80088-0   677 

Kleitou, P., Rees, S., Cecconi, F., Kletou, D., Savva, I., Cai, L. L., et al. (2021). Regular Monitoring 678 

and Targeted Removals can Control Lionfish in Mediterranean Marine Protected Areas. Aquat. 679 

Cons. 31 (10), 2870–2882. https://doi:10.1002/aqc.3669   680 

Landi, P., McCoy, M. W. and Vonesh, J. R. (2022) Predicting Invasive Predator Impact via the 681 

Comparative Functional Response Approach: Linking Application to Ecological Theory. 682 

Research Square  683 

Layman, C. A., Jud, Z. R. and Nichols, P. (2014) Lionfish alter benthic invertebrate assemblages in 684 

patch habitats of a subtropical estuary. Mar Biol 161: 2179–2182 685 

Leung, M. R., Padilla, D., Song, B., Kang, Y., Shemer, N. and Vinagera, J. (2015) A symmetric 686 

intraguild predation model for the invasive lionfish and native grouper. Commun. Math. Biol. 687 

Neurosci. 24.  688 

Liao, S., Amcoff, M. and Nässel, D. R. (2021) Impact of high-fat diet on lifespan, metabolism, 689 

fecundity and behavioural senescence in Drosophila. Insect Biochemistry and Molecular Biology, 690 

133, 103495, https://doi.org/10.1016/j.ibmb.2020.103495  691 

Linzmaier, S. M. and Jeschke, J. M. (2020) Towards a mechanistic understanding of individual-level 692 

functional responses: Invasive crayfish as model organisms, Freshwater Biology, 65:657-673 693 

Lopez, D. P., Jungman, A. A. and Rehage, J. S. (2012) Nonnative African jewelfish are more fit but 694 

not bolder at the invasion front: a trait comparison across an Everglades range expansion. 695 

Biological Invasions 14, 2159–2174. https://doi.org/10.1007/s10530-012-0221-1   696 

Matos, R. J. and McGregor, P. K. (2002). The effect of the sex of an audience on male-male displays 697 

of Siamese fighting fish (Betta splendens). Behaviour, 139: 1211-1221. 698 

https://doi.org/10.1163/15685390260437344   699 

McCard, M., South, J., Cuthbert, R. N., Dickey, J. W. E., McCard, N. and Dick, J. T. A. (2021). 700 

Pushing the switch: functional responses and prey switching by invasive lionfish may mediate 701 

their ecological impact. Biological invasions. https://doi.org/10.1007/s10530-021-02487-7     702 

McCard, M., McCard, N., Coughlan, N. E., South, J., Kregting, L. and Dick, J. T. A. (2024) 703 

Functional response metrics explain and predict high but differing ecological impacts of juvenile 704 

and adult lionfish. R. Soc. Open Sci. 11: 240855. https://doi.org/10.1098/rsos.240855 705 

McCard, M., Alujevic, K., McCard, N., Arnott, G., Kregting, L., Dick, J. T. A. and South J. (2025) 706 

Personality, predation, and group size: Unravelling behavioural drivers of lionfish (Pterois 707 

volitans) invasion success, Dryad, Dataset, 708 

https://datadryad.org/dataset/doi:10.5061/dryad.0p2ngf2cw 709 

https://doi.org/10.1016/s0003-3472(89)80088-0
about:blank
https://doi.org/10.1016/j.ibmb.2020.103495
https://doi.org/10.1007/s10530-012-0221-1
https://doi.org/10.1163/15685390260437344
https://doi.org/10.1007/s10530-021-02487-7
https://doi.org/10.1098/rsos.240855
https://datadryad.org/dataset/doi:10.5061/dryad.0p2ngf2cw


McGlade, C., Dickey, J., Kennedy, R., Donnelly, S., Nelson, C., Dick, J. and Arnott, G. (2022). 710 

Behavioural traits of rainbow trout and brown trout may help explain their differing invasion 711 

success and impacts. Scientific Reports, 12(1).  712 

McGregor, P. K. and Peake, T. (2000). Communication networks: Social environments for receiving 713 

and signalling behaviour. Acta Ethologica, 2: 71-81. https://doi.org/10.1007/s102110000015   714 

Michelangeli, M., Goulet, C. T., Kang, H. S., Wong, B. B. M. and Chapple, D. G. (2018). Integrating 715 

thermal physiology within a syndrome: Locomotion, personality, and habitat selection in an 716 

ectotherm. Functional Ecology, 32(4), 970–981. https://doi:10.1111/1365-2435.13034  717 

Michelangeli, M., Cote, J., Chapple, D., Sih, A., Brodin, T., Fogarty, S., Bertram, M., Eades, J. and 718 

Wong, B. (2020). Sex-dependent personality in two invasive species of mosquitofish. Biological 719 

Invasions, 22(4), pp.1353-1364. 720 

Montroy, K., Loranger, M. J. and Bertram, S. M. (2016). Male crickets adjust their aggressive 721 

behaviour when a female is present. Behavioural Processes, 124: 108-114. 722 

https://doi.org/10.1016/j.beproc.2015.11.003   723 

Nakagawa, S. and Schielzeth, H. (2010). Repeatability for Gaussian and non‐Gaussian data: a 724 

practical guide for biologists. Biology Reviews. 85(4), 935–956. 725 

Nawa, N., South, J., Ellender, B. R., Pegg, J., Madzivanzira, T. C. and Wasserman, R. J. (2024) 726 

Complex selection processes on invasive crayfish phenotype at the invasion front of the Zambezi 727 

floodplains ecoregion. Freshwater Biology, 69 (9) pages 1322-1337 728 

https://doi.org/10.1111/fwb.14308  729 

Olafsdottir, G. A. and Magellan, K. (2016) Interactions between boldness, foraging performance and 730 

behavioural plasticity across social contexts, Behaviour in Ecology and Sociobiology. 70: 1879–731 

1889.  732 

Ortiz, M., Rodriguez-Zaragoza, F., Hermosillo-Nunez, B. and Jordan, F. (2015) Control strategy 733 

scenarios for the alien lionfish Pterois volitans in Chinchorro Bank (Mexican Caribbean): Based 734 

on semi-quantitative loop analysis. PLoS ONE 10: 0130261. 735 

https://doi.org/10.1371/journal.pone.0130261   736 

Overduin-de Vries, A. M., Massen, J. J. M., Spruijt, B. M. and Sterck, E. H. M. (2012). Sneaky 737 

monkeys: An audience effect of male rhesus macaques (Macaca mulatta) on sexual behaviour. 738 

American Journal of Primatology, 74(3): 217-228. https://doi.org/10.1002/ajp.21988   739 

Pili, A. N. et al (2024) Forecasting potential invaders to prevent future biological invasions 740 

worldwide. Global Change Biology, 30 (7), e17399. https://doi.org/10.1111/gcb.17399 741 

Pusack T. J., Benkwitt C., Cure K. and Kindinger T. L. (2016) Invasive red lionfish (Pterois volitans) 742 

grow faster in the Atlantic Ocean than in their native Pacific range. Environ. Biol. Fishes, 99, pp. 743 

571-579, https://doi.org/10.1007/s10641-016-0499-4  744 

https://doi.org/10.1007/s102110000015
about:blank
https://doi.org/10.1016/j.beproc.2015.11.003
https://doi.org/10.1111/fwb.14308
https://doi.org/10.1371/journal.pone.0130261
https://doi.org/10.1002/ajp.21988
https://doi.org/10.1111/gcb.17399
https://doi.org/10.1007/s10641-016-0499-4


Quell, F., Schratzberger, M., Beauchard, O. et al. (2021) Biological trait profiles discriminate between 745 

native and non-indigenous marine invertebrates. Aquatic Invasions, 16 (4). pp. 571-600. ISSN 746 

1798-6540  747 

R Core Development Team (2018) R: a language and environment for statistical computing. R 748 

foundation for statistical computing, Vienna, Austria. 749 

Réale, D., Reader, S. M., Sol, D., McDougall, P. T., & Dingemanse, N. J. (2007). Integrating animal 750 

temperament within ecology and evolution. Biological Reviews, 82(2), 291–318. 751 

https://doi.org/10.1111/j.1469-185X.2007.00010.x  752 

Rogers, D. (1972). Random search and insect population models. Journal of Animal Ecology, 41: 753 

369–383. https://doi.org/10.2307/3474 754 

Schröder, A., Kalinkat, G. and Arlinghaus, R. (2016) Individual variation in functional response 755 

parameters is explained by body size but not by behavioural types in a poeciliid fish. Oecologia, 756 

182:1129-1140  757 

Seebens, H., Bacher, S., Blackburn, T., Capinha, C., Dawson, W., Dullinger, S., Genovesi, P., Hulme, 758 

P., Kleunen, M., Kühn, I., Jeschke, J., Lenzner, B., Liebhold, A., Pattison, Z., Pergl, J., Pyšek, P., 759 

Winter, M. and Essl, F., (2021). Projecting the continental accumulation of alien species through 760 

to 2050. Global Change Biology, 27 (5): 970-982. 761 

Sih, A., Bell, A. and Johnson, J. C. and Ziemba, R.E. (2004). Behavioural syndromes: an ecological 762 

and evolutionary overview. Trends in Ecology and Evolution, 19, 372-378.   763 

Soares, M. O., Feitosa, C. V., Garcia, T. M., Cottens, K., Vinicius, B., Paiva, S. V., Duarte, O., 764 

Gurjao, L., et al., (2022). Lionfish on the loose: Pterois invade shallow habitats in the tropical 765 

southwestern Atlantic. Front. Mar. Sci. https://doi.org/10.3389/fmars.2022.956848    766 

Sousa, R., Nogueira, J. G. and Padilha, J. (2024) Moving from the species to the population level in 767 

biological invasions. Global Change Biology, 30, e17396. https://doi.org/10.1111/gcb.17396  768 

South, J., Dick, J. T. A., McCard, M., Barrios-O’Neill, D. and Anton, A. (2017). Predicting predatory 769 

impact of juvenile invasive lionfish (Pterois volitans) on a crustacean prey using functional 770 

response analysis: effects of temperature, habitat complexity and light regimes. Environmental 771 

Biology of Fishes, 100: 1155-1165. https://doi.org/10.1007/s10641-017-0633-y    772 

Stanley, C. R., Mettke-Hofmann, C. and Preziosi, R. F. (2017) Personality in the cockroach 773 

Diploptera punctata: Evidence for stability across developmental stages despite age effects on 774 

boldness. PLoS One 12: 1–23.  775 

Tabachnick, B. G., Fidell, L. S. and Ullman, J. B. (2007). Using multivariate statistics (Vol. 5). 776 

Pearson Boston, MA. 777 

Tamburello, N. and Côté, I. M. (2015) Movement ecology of Indo-Pacific lionfish on Caribbean coral 778 

reefs and its implications for invasion dynamics. Biological Invasions 17, 1639–1653. 779 

https://doi.org/10.1007/s10530-014-0822-y 780 

https://doi.org/10.1111/j.1469-185X.2007.00010.x
https://doi.org/10.2307/3474
https://doi.org/10.2307/3474
https://doi.org/10.3389/fmars.2022.956848
https://doi.org/10.1111/gcb.17396
https://doi.org/10.1007/s10641-017-0633-y
https://doi.org/10.1007/s10530-014-0822-y


Thorlacius, M., Hellstrom, G. and Brodin, T. (2015) Behavioural dependent dispersal in the invasive 781 

round goby Neogobius melanostomus depends on population age. Current Zoology, 61 (3): 529–782 

542 783 

Toscano, B. J., Gownaris, N. J., Heerhartz, S. M. and Monaco, C. J. (2016) Personality, foraging 784 

behaviour and specialization: integrating behavioural and food web ecology at the individual 785 

level. Oecologia. https://doi:10.1007/s00442-016-3648-8   786 

Wilson, D. S., Coleman, K., Clark, A. B. and Biederman, L. (1993) The shy-bold continuum in 787 

pumpkinseed sunfish (Lepomis gibbosus): an ecological study of a psychological trait. Journal of 788 

Competition Psychology 107: 250–260 789 

Závorka, L., Lang, I., Raffard, A., Evangelista, C., Britton, J. R., Olden, J. D. and Cucherousset, J. 790 

(2018). Importance of harvest-driven trait changes for the management of invasive 791 

species. Frontiers in Ecology and the Environment, 16 (6): 317-318. 792 

Závorka, L., Lassus, R., Britton, R. J. and Cucherousse, J. (2020) Phenotypic responses of invasive 793 

species to removals affect ecosystem functioning and restoration: implications for invasion 794 

management. Global Change, 26 (10): 5693-5704. https://doi.org/10.1111/gcb.15271 795 

Zhou, L., Liu, K., Zhao, Y., Cui, L., Dong, C. and Wang, Z. (2022) Increasing salinization of 796 

freshwater limits invasiveness of a live-bearing fish: Insights from behavioural and life-history 797 

traits. Environmental Pollution, 308: 119658, https://doi.org/10.1016/j.envpol.2022.119658  798 

 799 
 800 
 801 
 802 
 803 
 804 
 805 
 806 
 807 
 808 
 809 
 810 
 811 
 812 
 813 
 814 
 815 
 816 
 817 
 818 
 819 
 820 
 821 
 822 

about:blank
https://doi.org/10.1111/gcb.15271
https://doi.org/10.1016/j.envpol.2022.119658


 823 
 824 
 825 
 826 
 827 
 828 
 829 
Table 1: Ethogram showing behaviours measured (in seconds) for all lionfish during the novel object 830 
experiments. 831 

Behaviour Number Description  

Contacting the 

object 

1 Latency to contact the object (time taken to touch the object) 

Hits of the object 2 How many times the object was touched (either part of the 

lionfish body or fins) 

Shelter time 3 Time spent in the shelter (duration of time where the body 

of lionfish is fully in the shelter) 

Times at shelter 4 Number of times the lionfish went to the shelter  

 832 
 833 
 834 
 835 
 836 
 837 
 838 
Table 2: Definition with associated description of boldness and shyness used in this study. 839 

Category Description 

Boldness Where the lionfish spends a longer period of time at the novel object 
with minimal time spent in the shelter. 

Shyness This is indicated by the lionfish having spent no time at the novel object 
and most of the time spent in the shelter. 

 840 
 841 
 842 
 843 
 844 
 845 
 846 
 847 
 848 



 849 
 850 
 851 
 852 
 853 
 854 
Table 3: First order terms, functional response (FR) types, FR parameter estimates (a, h, and 1/h) 855 
with associated p values, and standard error (se) results for both attack rate (a) and handling time (h) 856 
estimates for all prey species treatments for individual juvenile lionfish (J1-J8) Pterois volitans in 857 
which there were eight individual lionfish in total. 858 

Lionfish Prey Type First 
order 
terms 

Second 
order 
term 

Attack Rate, 
a, 95% 

CIs 

Handling 
Time, h, 
95% CIs 

b, 95% 
CIs 

c, 95% 
CIs 

Maximum 
Feeding 

Rate (1/h) 
J1 G. 

oceanicus 
II -0.086, 

<0.001 
 12.231, 8.475 

– 23.250 
0.028, 0.027 

– 0.030 
  35.71 

J2 G. 
oceanicus 

II -0.085, 
<0.001 

 9.282, 6.080 – 
18.655 

0.030, 0.028 
– 0.033 

  33.33 

J3 G. 
oceanicus 

II -0.074, 
<0.001 

 9.733, 7.062 – 
14.213 

0.033, 0.031 
– 0.034 

  30.30 

J4 G. 
oceanicus 

II -0.067, 
<0.001 

 7.350, 5.341 – 
10.137 

0.039, 0.038 
– 0.041 

  25.64 

J5 G. 
oceanicus 

II -0.079, 
<0.001 

 9.601, 7.022 – 
14.178 

0.029, 0.027 
– 0.031 

  34.48 

J6 G. 
oceanicus 

II -0.080, 
<0.001 

 11.596, 8.080 
– 18.691 

0.033, 0.032 
– 0.035 

  30.30 

J7 G. 
oceanicus 

II -0.078, 
<0.001 

 8.572, 6.371 – 
11.857 

0.032, 0.031 
– 0.034 

  31.25 

J8 G. 
oceanicus 

II -0.076, 
<0.001 

 9.760, 6.749 – 
17.243 

0.035, 0.034 
– 0.038 

  28.57 

J1 P. varians II -0.104, 
<0.001 

 23.051, 15.547 
– 44.163 

0.028, 0.027 
– 0.029 

  35.71 

J2 P. varians II -0.091, 
<0.001 

 13.181, 8.743 
– 26.098 

0.028, 0.027 
– 0.030 

  35.71 

J3 P. varians II -0.083, 
<0.001 

 11.185, 7.757 
– 17.376 

0.030, 0.028 
– 0.031 

  33.33 

J4 P. varians II -0.066, 
<0.001 

 7.742, 5.533 – 
11.439 

0.044, 0.042 
– 0.047 

  22.73 

J5 P. varians II -0.091, 
<0.001 

 13.462, 8.933 
– 41.382 

0.028, 0.026 
– 0.030 

  35.71 

J6 P. varians II -0.086, 
<0.001 

 11.274, 7.794 
– 20.958 

0.030, 0.029 
– 0.033 

  33.33 

J7 P. varians II -0.080, 
<0.001 

 11.131, 7.333 
– 18.233 

0.031, 0.028 
– 0.033 

  32.26 

J8 P. varians II -0.079, 
<0.001 

 11.222, 7.774 
– 20.152 

0.035, 0.033 
– 0.037 

  28.57 

J1 A. salina III 0.192, 
<0.001 

-0.002 
<0.001 

- 0.028, 0.026 
– 0.030 

0.409, 
0.400 – 
0.421 

0.029, 
0.020 – 
0.031 

83.33 

J2 A. salina II -0.120, 
<0.001 

 8.754, 6.359 – 
12.358 

0.015, 0.013 
– 0.017 

  66.67 

J3 A. salina II -0.094, 
<0.001 

 7.065, 5.353 – 
9.623 

0.013, 0.010 
– 0.015 

  76.92 

J4 A. salina II -0.102, 
<0.001 

 10.321, 7.562 
– 16.166 

0.024, 0.022 
– 0.026 

  41.67 

J5 A. salina II -0.120, 
<0.001 

 8.880, 6.120 – 
13.604 

0.013, 0.001 
– 0.016 

  76.92 



J6 A. salina II -0.108, 
<0.001 

 7.782, 5.752 – 
10.836 

0.015, 0.013 
– 0.017 

  66.67 

J7 A. salina II -0.108, 
<0.001 

 9.956, 7.313 – 
14.142 

0.020, 0.019 
– 0.022 

  50 

J8 A. salina II -0.106, 
<0.001 

 7.792, 6.008 – 
10.386 

0.020, 0.018 
– 0.022 

  50 

 859 

Table 4: First order terms, functional response (FR) types, FR parameter estimates (a, h and 1/h) with 860 
associated p values, and standard error (se) results for both attack rate (a) and handling time (h) 861 
estimates for all prey species treatments for individual adult (A1-A8) lionfish Pterois volitans. 862 
 863 
Lionfish Prey Type First order 

terms 
Attack Rate, a, 

95% CIs 
Handling 

Time, h, 95% 
CIs 

Maximum 
Feeding 

Rate (1/h) 
A1 G. oceanicus II -0.003, <0.001 11.11, 6.720 – 

22.898 
0.006, 0.006 – 

0.007 
166.67 

A2 G. oceanicus II -0.003, <0.001 14.25, 9.494 – 
19.906 

0.002, 0.002 – 
0.003 

500.00 

A3 G. oceanicus II -0.003, <0.001 21.92, 10.570 – 
38.507 

0.003, 0.003 – 
0.004 

333.33 

A4 G. oceanicus II -0.003, <0.001 16.99, 9.473 – 
29.292 

0.003, 0.003 – 
0.003 

333.33 

A5 G. oceanicus II -0.003, <0.001 12.83, 7.070 – 
27.925 

0.006, 0.006 – 
0.007 

166.67 

A6 G. oceanicus II -0.003, <0.001 11.29, 8.640 – 
18.826 

0.003, 0.003 – 
0.004 

333.33 

A7 G. oceanicus II -0.003, <0.001 9.69, 7.177 – 
13.244 

0.004, 0.004 – 
0.005 

250.00 

A8 G. oceanicus II -0.003, <0.001 12.28, 6.922 – 
25.114 

0.005, 0.005 – 
0.006 

200.00 

A1 P. varians II -0.003, <0.001 10.37, 6.325 – 
18.743 

0.006, 0.006 – 
0.007 

166.67 

A2 P. varians II -0.004, <0.001 12.58, 8.831 – 
18.326 

0.002, 0.002 – 
0.003 

500.00 

A3 P. varians II -0.003, <0.001 13.99, 8.738 – 
20.922 

0.003, 0.003 – 
0.003 

333.33 

A4 P. varians II -0.003, <0.001 16.53, 9.659 – 
27.895 

0.003, 0.003 – 
0.003 

333.33 

A5 P. varians II -0.003, <0.001 15.80, 8.368 – 
29.934 

0.006, 0.006 – 
0.006 

166.67 

A6 P. varians II -0.003, <0.001 19.31, 11.744 – 
218.21 

0.003, 0.003 – 
0.004 

333.33 

A7 P. varians II -0.003, <0.001 11.68, 8.333 – 
16.677 

0.004, 0.004 – 
0.005 

250.00 

A8 P. varians II -0.003, <0.001 8.58, 6.071 – 
12.013 

0.005, 0.005 – 
0.006 

200.00 

A1 A. salina II -0.003, <0.001 16.87, 10.661 – 
26.089 

0.002, 0.002 – 
0.003 

500.00 

A2 A. salina II -0.008, <0.001 11.06, 8.340 – 
14.039 

0.001, 0.001 – 
0.001 

1250.00 

A3 A. salina II -0.010, <0.001 22.43, 11.876 – 
30.684 

0.001, 0.001 – 
0.002  

1000.00 

A4 A. salina II -0.011, <0.001 30.51, 13.596 – 
50.512 

0.001, 0.001 – 
0.002  

1000.00 

A5 A. salina II -0.003, <0.001 18.99, 9.833 – 
195.687 

0.003, 0.003 – 
0.003  

333.33 



A6 A. salina II -0.006, <0.001 17.00, 11.752 – 
37.074 

0.001, 0.001 – 
0.002  

1000.00 

A7 A. salina II -0.004, <0.001 13.14, 9.483 – 
20.397 

0.002, 0.002 – 
0.002  

500.00 

A8 A. salina II -0.004, <0.001 12.25, 8.969 – 
15.890 

0.002, 0.002 – 
0.002  

500.00 

 864 

Table 5. Repeatability estimates (R) and standard errors (SE) for inter-individual variation in lionfish 865 
feeding responses (FR) and personality trait responses when faced with novel objects (NO). 866 
Repeatability estimates are reported in the range from 0 to 1, where 0 represents no repeatability and 1 867 
represents complete repeatability.  868 

 Test Trait R 95% CI lower 95% CI upper 

   
  S

in
gl

e 
fis

h 

NO Time to reach object 0.957 0.896 0.983 

NO Time spent in shelter 0.960 0.903 0.985 

NO Number of times at shelter 0.434 0.159 0.596 

NO Number of hits of object 0.859 0.581 0.963 

   
   

G
ro

up
s 

NO Time to reach object 0.808 0.602 0.918 

NO Time spent in shelter 0.991 0.978 0.996 

NO Number of times at shelter 0.338 0.005 0.527 

NO Number of hits of object 0.517 0.222 0.660 

 FR Maximum feeding rate 0.283 0.000 0.606 

 FR Reaction time (at highest prey density) 0.947 0.877 0.978 

 869 

 870 

 871 

 872 

 873 

 874 

 875 

 876 

 877 

 878 



 879 

 880 

 881 

Table 6. Component loadings of personality traits observed on two orthogonally rotated principal 882 
components (PC1 and PC2). Values highlighted in bold indicate behaviours that were considered to 883 
contribute to a component (loading of at least 0.4).  884 

 Behaviour  PC1 PC2 

   
  S

in
gl

e 
fis

h 

Time to reach object  0.810 0.657 

Time spent in shelter  -0.779 0.608 

Number of times at shelter  0.533 0.285 

Number of hits of object  0.509 0.259 

    

% variance explained  45.20 35.29 

Total variance explained  80.49  

     

   
  G

ro
up

 

Time to reach object  -0.381 0.876 

Time spent in shelter  0.894 -0.144 

Number of times at shelter  0.690 0.495 

Number of hits of object  -0.854 -0.141 

% variance explained  53.72 26.33 

Total variance explained  80.05  
 885 

 886 

 887 

 888 

 889 

 890 

 891 

 892 

 893 



 894 

 895 

Table 7. Parameters from the linear model testing for the effect of maximum feeding rate (MFR) and 896 
feeding reaction time (RT) on lionfish behavioural type (PC1). Significant values (p < 0.05) are in bold. 897 

 Predictor β SE DF t-value p-value 

   
  G

. o
ce

an
ic

us
 

Max feeding rate 0.003 0.002 13 1.44 0.173 

Reaction time -0.002 0.001 13 -2.82 0.015 

 898 

P.
 v

ar
ia

ns
 Max feeding rate 0.003 0.002 13 1.51 0.155 

Reaction time -0.002 0.001 13 -2.74 0.017 

 899 

A.
 sa

lin
a Max feeding rate 0.001 0.001 13 1.66 0.122 

Reaction time -0.001 0.001 13 -2.43 0.030 

 900 

 901 

 902 

 903 

 904 

 905 



 906 
Figure 1: Functional Responses showing consumption of prey with Juvenile Pterois volitans (lionfish) 907 
when feeding as individuals (Lionfish 1-8). Towards prey species: a) Gammarus oceanicus, b) 908 
Palaemonetes varians, and c) Artemia salina. Individual lionfish 2-8 produced a Type II functional 909 
response (FR) towards all prey, whereas lionfish 1 produced a Type III FR towards A. salina. Shaded 910 
areas are bootstrapped (n=2000) 95% confidence intervals.  911 
 912 

 913 
Figure 2: Functional Responses showing consumption of prey with Adult Pterois volitans (lionfish) 914 
when feeding as individuals (Lionfish 1-8). Towards prey species: a) Gammarus oceanicus, b) 915 
Palaemonetes varians, and c) Artemia salina. Individual lionfish all produced a Type II functional 916 
response (FR) towards all prey. Shaded areas are bootstrapped (n=2000) 95% confidence intervals. 917 
 918 
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 925 
 926 
Figure 3: Mean (± SE) a) attack rate a, b) handling time h and c) maximum feeding rate 1/h derived 927 
from bootstrapping (n=2000) of both juvenile and adult lionfish feeding towards all three prey types: 928 
Artemia salina (red), Gammarus oceanicus (green) and Palaemonetes varians (blue). 929 
 930 
 931 



 932 
Figure 4: Change in personality traits across scenarios (single animal vs group) during novel object 933 
experiment for a) adult lionfish (Pterois volitans) PC1 and b) adult lionfish PC2 and c) juvenile 934 
lionfish PC1 and d) juvenile lionfish PC2. The eigenvectors represented personality parameters, with 935 
the first principal component (PC1) capturing the primary source of variation in the data, and the 936 
second component (PC2) accounting for an additional, statistically significant dimension of variation. 937 
 938 
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 940 

Figure 5: Correlations between personality traits and feeding reaction time of both juvenile and adult 941 
lionfish (Pterois volitans) towards prey species: a) Gammarus oceanicus, b) Palaemonetes varians, 942 
and c) Artemia salina. 943 
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