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ABSTRACT 17 

Prey naiveté – the failure of prey to recognize novel predators as threats – is thought to 18 

exacerbate the impact that exotic predators exert on prey populations. Prey naiveté varies under 19 

the influence of eco-evolutionary mediating factors, such as biogeographic isolation and prey 20 

adaptation, although an overall quantification of their influence is lacking. We conducted a 21 

global meta-analysis to test the effects of several hypothesized mediating factors on the 22 

expression of prey naiveté. Prey were overall naïve towards exotic predators in marine and 23 

freshwater systems, but not in terrestrial systems. Prey naiveté was most pronounced toward 24 

exotic predators that did not have native congeneric relatives in the recipient community. Time 25 

since introduction was relevant, as prey naiveté declined with the number of generations since 26 

introduction; on average, around 200 generations may be required to erode naiveté sufficiently 27 

for prey to display antipredator behaviour towards exotic predators. Given that exotic predators 28 

are a major cause of extinction, the global predictors and trends of prey naiveté presented here 29 

can inform efforts to meet conservation targets.  30 

 31 

INTRODUCTION 32 

The introduction of exotic species can cause substantial impacts on biodiversity and 33 

ecosystems [1–3], and such impacts are likely to exacerbate as rates of species introduction 34 

continue to increase [4,5]. Exotic predators are arguably the most disruptive group of introduced 35 

species [2,6], as they often exert impacts on native species far greater than those attributed to 36 

their native counterparts [7–9] and they are implicated in the extinction of hundreds of native 37 

species [1,2]. For instance, the accidental introduction of the brown tree snake (Boiga 38 

irregularis) onto the island of Guam, where there are no native arboreal vertebrate predators, 39 

caused the extinction of numerous species of birds, mammals and reptiles [6]. The 40 

disproportionate impact of exotic predators on native communities is often attributed to prey 41 

naiveté – the failure of prey to recognize (or respond appropriately) to a novel predator species 42 

and/or the lack of an appropriate defense (sensu [10]). Such prey naiveté towards exotic 43 

predators likely derives from insufficient eco-evolutionary exposure [10–16]. For example, rats 44 

introduced to oceanic islands worldwide are implicated in numerous extinctions of mammals, 45 

birds and reptiles that have no evolutionary experience with generalist mammalian nest predators 46 

[17]. However, rat impacts are reduced on islands that possess native rats or functionally-similar 47 
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land crabs, presumably because fauna on those islands are less naïve to the effects of introduced 48 

scavengers [18].  49 

Prey naiveté was originally conceived as a simplistic phenomenon where native animals 50 

become ‘easy prey’ to exotic predators owing to naïve behaviour [11]. However, prey naiveté is 51 

now recognized as a more complex phenomenon and four levels of prey naiveté have been 52 

proposed [15,16,19]. Level-1 naïve prey do not recognize the exotic predator as a threat, which 53 

precludes any antipredator behavioural responses [19]. Native animals experience level-2 naiveté 54 

if they recognize the exotic predator but show an inappropriate antipredator behaviour [19]. 55 

Level-3 naïve prey display an appropriate but ineffective behavioural response towards an exotic 56 

predator [19]. Lastly, level-4 naïve prey over-responds to the exotic predator after experiencing 57 

excessive sublethal costs of predation [16]. In addition to exhibiting inadequate antipredator 58 

behaviour, prey species that lack evolutionary experience to exotic predation may also possess 59 

other morphological or physiological traits that make them susceptible to exotic predators such 60 

as insufficient armature, flightlessness, conspicuous scent, or inadequate camouflage [20]. 61 

Although prey naiveté is a well-accepted phenomenon [16], it varies under the influence of eco-62 

evolutionary factors [14,15,21] whose relative importance and generality have yet to be 63 

quantified. 64 

We hypothesize that the occurrence and strength of prey naiveté stems from several, non-65 

exclusive factors that can be clustered into four themes (Table 1). First, prey naiveté can be 66 

promoted by persistent biogeographic (hence evolutionary) isolation between predator and prey 67 

[13]. The pronounced isolation of freshwater biota has been hypothesized to render prey more 68 

sensitive to introduced predators compared with terrestrial or marine biota [10,22] (Hypothesis 1 69 

in Table 1). Prey naiveté is also presumed to be more prevalent on islands than on mainlands 70 

[23–25], owing to lack of eco-evolutionary experience with exotic predators – or even native 71 

ones on predator-free islands (Hypothesis 2 in Table 1). Likewise, predators introduced to 72 

geographically isolated or species-poor biotas are more likely to represent a novel archetype – 73 

that is, prey will not display antipredator responses towards exotic predators that are unfamiliar, 74 

where a practical proxy for ‘archetype’ distinction has been proposed at the taxonomic level of 75 

genus or family [10,16,26,27] (Hypothesis 3 in Table 1). The introduction of a predator from a 76 

different biogeographic realm enhances the probability that the predator will be distinct from 77 

those of the recipient biota and thus unfamiliar [10] (Hypothesis 4 in Table 1). The second theme 78 
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is related to the way animals acquire antipredator responses (and lose prey naiveté) over time 79 

through adaptation, which could be a function of the number of prey generations since the 80 

introduction of a predator [28–30] (Hypothesis 5 in Table 1). The third theme is related to the 81 

mediating role of latitude on prey naiveté, as novel predator recognition could be higher in low 82 

latitude communities, which generally experience greater and more diverse predation pressure 83 

[31–33] and thus whose prey may display antipredator behaviours to a broader variety of 84 

predator archetypes (Hypothesis 6 in Table 1). Finally, the fourth theme is related to taxonomic 85 

specificity, as the recognition of introduced predators might vary across taxa [34], such that 86 

certain predators are more recognizable than others and certain prey are better adapted to 87 

recognize certain predators or entire suites of predatory taxa (Hypotheses 7 and 8 respectively in 88 

Table 1).  89 

Many case studies suggest that these hypotheses are important predictors of prey naiveté 90 

[10,12,26,30,35,36], but no synthesis of global trends has been conducted. Here we tested the 91 

generality of these eight hypothesized drivers of prey naiveté, with the goal of revealing which of 92 

these drivers can be used to effectively predict prey naiveté and conservation outcomes. 93 

 94 

MATERIALS AND METHODS 95 

We performed a search on May 1st 2019 following the guidelines of PRISMA (preferred 96 

reporting items for meta-analyses; [37]; electronic supplementary material, table S1). We entered 97 

the following terms in the Web of Science using the Advanced Search option: TS=(prey naiveté 98 

OR prey naïveté OR prey naivety OR naïve prey OR lack of predator recognition OR anti-99 

predator behavio*) AND TS=(exotic OR invasive OR alien OR non-native), which produced 199 100 

publications (electronic supplementary material, table S1). We also added 12 additional studies 101 

that were identified suitable by the authors by examining the references of papers focused on 102 

prey naiveté (electronic supplementary material, table S1).   103 

Studies were included if they met the following criteria. First, each study empirically 104 

compared – in field or laboratory experiments – the behavioural response of prey to an exotic 105 

and a native predator. In this study we only evaluated evidence of predator recognition (Level-1 106 

prey naiveté [19]), which has been proposed as the most fundamental form of prey naiveté [38]. 107 

Second, the studies quantified behavioural responses and reported the mean, some form of 108 

variance (standard deviation, standard error or confidence interval) and the sample size. Third, 109 
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experiments within published articles were included as individual observations (i.e., number of 110 

rows on the database) if: (1) investigators used different species of prey, native predator, and/or 111 

exotic predator; (2) experiments were performed with individuals from different locations, and; 112 

(3) studies provided measurements for distinct behavioural responses to the same set of species 113 

of predators and prey because antipredator responses can be contrasting (e.g., prey might reduce 114 

activity in the presence of an exotic predator but not alter refuge use). Finally, to avoid temporal 115 

pseudoreplication, if a study measured a behavioural response through time (e.g., longitudinal 116 

studies), then the mean response over time was calculated. This criterion was adopted to better 117 

represent the generality of the behavioral responses.  118 

The effect size g was calculated as follows [39]: 119 

g = (𝑋𝐸  - 𝑋𝐶) J / 𝑆𝐷𝑝𝑜𝑜𝑙𝑒𝑑  120 

where XE and XC are the mean of the experimental (exotic predator) and control groups (native 121 

predator), respectively.  J corrects for bias because of different sample sizes by differentially 122 

weighing studies as follows [40]: 123 

J = 1 – (3 / (4 (𝑁𝐸  + 𝑁𝐶 − 2) − 1))  124 

One can think of the effect size g as the difference in prey behaviour when in the 125 

presence of an exotic versus a native predator. Careful consideration was given when obtaining 126 

data from different metrics of predator avoidance, because the direction of the response variable 127 

depends on the specific behavioural response quantified. For instance, prey activity is a common 128 

metric of predator avoidance and decreases with increasing perception of risk, because prey are 129 

usually less active in the presence of a predator. On the other hand, refuge use – another common 130 

metric of anti-predator behaviour – increases with increasing perception of risk. In order to 131 

standardize the direction of our metrics on anti-predator behaviour, the data obtained from 132 

metrics that increased with increasing perception of risk were not changed and data obtained 133 

from metrics that decreased with increasing perception of risk were transformed to negative 134 

numbers (a negative symbol was added to the raw values for XE and XC). Therefore, g values 135 

near zero indicated predator recognition (e.g., prey respond similarly to an exotic and native 136 

predator), whereas values less than zero suggested prey naiveté (e.g., less perception of risk of 137 

the exotic predator than to the native predator), and positive values indicated prey perceiving an 138 

exotic predator to be more risky than a native predator. We obtained data from the text or tables 139 

of the studies or extracted measurements from figures in digital PDFs using ImageJ. 140 
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The pooled standard deviation (SD pooled) was calculated as [40,41]: 141 

𝑆𝐷𝑝𝑜𝑜𝑙𝑒𝑑  = √((𝑁𝐸  –  1)(𝑆𝐷𝐸)2  +  (𝑁𝐶  –  1)(𝑆𝐷𝐶)2)/ (𝑁𝐸  +  𝑁𝐶  −  2 )   142 

where SD is the standard deviation of the experimental or control group and N is the sample size. 143 

When the standard error (SE) or the confidence interval (CI) was reported, the standard deviation 144 

was calculated. We weighted the effect sizes to account for inequality in study variance by using 145 

the inverse of the sampling variance, in which the variance for each effect size (Vg) was [40]: 146 

𝑉𝑔 = (( 𝑁𝐸 + 𝑁𝐶 ) / ( 𝑁𝐸  𝑁𝐶 )) + ( 𝑔2 / (2 ( 𝑁𝐸 + 𝑁𝐶 )))   147 

There were four studies (see electronic supplementary material, table S2) that compared 148 

the behavioural response of an exotic prey to native and exotic predators and the native predators 149 

were considered to be the novel consumers of the exotic prey, therefore qualifying as tests of 150 

prey naiveté. Three papers that investigate anti-predatory responses to the exotic green crab 151 

Carcinus maenas in the North-Western Atlantic [42–44] were not included in the meta-analysis 152 

because the native prey Nucella lapillus is sympatric with C. maenas in the North-Eastern 153 

Atlantic (the native range of the green crab), and, hence, did not meet our criteria. 154 

In addition to the effect size, we recorded from each study the following factors: (1) 155 

ecosystem type (whether the exotic predator was introduced in a terrestrial, freshwater or marine 156 

system); (2) insularity (whether the introduction was on an island or on a continental mainland 157 

including only data from terrestrial systems; Australia was considered a continental mainland, 158 

following [45]); (3) biogeographic realm difference (whether or not the location of introduction 159 

and the native range of the exotic species occupy the same biogeographic realm; terrestrial and 160 

freshwater systems were assigned to one of 11 biogeographic realms and marine ecosystems to 1 161 

of 12 - see electronic supplementary material, table S3); (4) taxonomic distinctiveness of the 162 

exotic predator (presence/absence of native predators in the introduced biogeographic region that 163 

belong to the same genus as the exotic predator); (5) the exotic predator taxonomic group (a 164 

posteriori categorized as six levels: fish, mammal, crustacean, herpetofauna, insect and 165 

echinoderm); (6) the taxonomic group of the native prey (a posteriori categorized in six levels: 166 

fish, mammal, crustacean, herpetofauna, insect and mollusc); (7) the number of prey generations 167 

since introduction (calculated by dividing the time passed since the exotic species was first 168 

recorded in the exotic region by the generation time of the prey species); and (8) the absolute 169 

latitude of the introduction of the novel predator measured in decimal degrees. We used the point 170 

of introduction instead of other potential spatial proxies – for instance the midpoint of the full 171 
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range of predator introduction – because the distributions of exotic predators and their native 172 

prey are usually patchy and often times unknown, and, more importantly, because many 173 

researchers used the patchiness of predator distributions to define the area of study (based on the 174 

presence or absence of the exotic predator). 175 

 176 

Statistical meta-analyses 177 

Meta-analyses were performed using the metafor package for R [46]. Treatments with ≤ 178 

10 observations were dropped from the analyses to improve statistical robustness, which only 179 

included the removal of exotic echinoderms and insects (3 and 4 observations, respectively) from 180 

the analysis (see electronic supplementary material, Table S4). We ran six independent mixed-181 

effect models with different fixed predictors and in which “study ID” and “experiment ID” were 182 

always included as nested random factors, to account for multiple observations attained from the 183 

same study and experiment. In addition, the number of generations since introduction was added 184 

in each of the six models as a covariate to account for the potential effects of adaptation on prey 185 

naiveté through time. These six independent models included the following fixed, categorical 186 

predictors: 1) the system type of the introduction (with three levels: terrestrial, freshwater or 187 

marine); 2) insularity (with two levels: mainland or island); 3) taxonomic distinctiveness of the 188 

introduced predator (with two levels: yes or no); 4) difference in biogeographic realm (with two 189 

levels: same or different if the biogeographic realm of the exotic predator was the same or 190 

different than the biogeographic realm of the introduction); 5) the taxonomic group of the exotic 191 

predator (with 4 levels: fish, mammal, crustacean, and herpetofauna; insect and echinoderm were 192 

excluded because they had  ≤10 replicates); and 6) the taxonomic group of the native prey (with 193 

6 levels: fish, mammal, crustacean, herpetofauna, insect and mollusc; some important taxa (e.g., 194 

birds) were not included as no publications were found that met our criteria for comparing the 195 

response of these groups towards native and exotic predators). Effect sizes were considered 196 

significant if the 95% CIs did not overlap with zero. We also ran two further independent mixed-197 

effects models with the nested random factors described above and a continuous fixed factor: the 198 

number of prey generations since the introduction of the novel predator, and the absolute latitude 199 

of introduction. For these models with continuous predictors, their significance was determined 200 

by the p-value of the moderator [46].  201 
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Publication bias can distort the results in a meta-analysis [40] by, for instance, 202 

overestimating prey naiveté towards exotic species. The functions regtest and trimfill are not 203 

implemented in the metafor package for mixed effects models. Therefore, potential publication 204 

bias was evaluated using Egger's regression test [47] by running models that included the 205 

standard error of the effect sizes (included as the square root of the variance) as a moderator 206 

[48]; bias was determined when the intercept of the model was different from zero at p-values ≤ 207 

0.05. In addition, we examined the data for potential outliers by looking at the effect sizes with 208 

standardized residual values exceeding the absolute value of three [49] using the rstandard 209 

function in R. Adjusting for publication bias did not change the outcome of the analyses (by 210 

comparing fitted random-effects models with and without the influence of the potential outliers; 211 

electronic supplementary material, table S4), indicating minimal influence of potential outliers. 212 

 213 

RESULTS 214 

We found 40 studies that met our criteria to be included in the final dataset (electronic 215 

supplementary material, table S2), which comprised a total of 214 observations. The studies were 216 

published between 1993 and 2018 (electronic supplementary material, table S2), and included 47 217 

unique study locations of introduction (electronic supplementary material, figure S1). Overall, 218 

we included reports assessing prey naiveté in 61 species of prey, with 38 species of exotic 219 

predators and 57 of native predators (electronic supplementary material, table S2). The majority 220 

of species of introduced predators in our study were from freshwater systems (54.6%; 117 221 

observations out of 214) as compared to terrestrial (33.6%; 72 observations) and marine systems 222 

(11.7%; 25 observations). The models that included ‘number of prey generations’ had lower 223 

AICs than those that excluded this variable, so the variable was kept in the models, regardless of 224 

its significance. 225 

Naiveté was found to be significantly pronounced in animals from marine and freshwater 226 

systems (mean Hedge’s g ± 95% CI = -0.79±0.38 and -0.32±0.25, p <0.001, and p = 0.013, 227 

respectively; figure 1a) but not significant in terrestrial systems (g = -0.35±0.42, p = 0.107; 228 

figure 1a). Likewise, significant levels of prey naiveté were exhibited by prey on islands  (g = -229 

0.31±0.18, p = 0.001; figure 1b), but not in animals in terrestrial continents (g = -0.02±0.15, p = 230 

0.789; figure 1b). Prey naiveté was significant only when the original biogeographic realm of the 231 

exotic predator differed from the realm in which it was introduced (g = -0.47±0.20, p <0.001; 232 



  9  
 

figure 1c), but not if the introduction occurred within the same biogeographic realm (g = -233 

0.30±0.42, p = 0.165; figure 1c). Similarly, the taxonomic distinctiveness of the exotic predator 234 

in the introduced realm also predicted prey naiveté, as native prey were significantly naïve to 235 

distinct exotic genera (g = -0.47±0.21; p <0.001; figure 1d), but not towards introduced species 236 

with a sympatric species in the same genus (g = -0.35±0.37, p = 0.087; figure 1d).  237 

We found significant evidence that two taxa of exotic predators (fish and herpetofauna – 238 

e.g., amphibians and reptiles) were not recognized by the native prey (g = -0.57±0.23, and -239 

0.53±0.39, p = <0.001, and p = 0.007, respectively; figure 1e), whereas exotic mammals and 240 

crustaceans were recognised similarly to native predators (g = -0.25±0.37, and 0.008±0.35, p = 241 

0.193, and 0.962, respectively; figure 1e). We found significant evidence supporting that two 242 

taxa of native prey, herpetofauna and fish (g = -0.37±0.34 and -0.60±0.36, p = 0.036, and 243 

<0.001, respectively; figure 1f) were prone to be naïve towards exotic predators, whereas species 244 

from four taxa (insects, molluscs, crustaceans and mammals) did not exhibit overall prey naiveté 245 

(g = -0.42±0.92, -0.32±0.49, -0.41±0.51, and -0.44±0.46, p = 0.370, 0.202, 0.108, and 0.06, 246 

respectively; figure 1f).  247 

The probability of individuals expressing prey naiveté significantly decreased with the 248 

number of prey generations since introduction (QM = 4.332, p = 0.037; figure 2a). Prey species 249 

recognized novel predators as threatening as native predators after existing with the novel 250 

predators for an average of 215 prey generations, which coincided with the predicted 95% CI of 251 

the effect size overlapping with zero (figure 2a). The latitude of the introduction did not 252 

influence predator avoidance behaviour of prey to novel predators (QM = 0.287, p = 0.592; 253 

figure 2b). 254 

 255 

DISCUSSION 256 

Our meta-analysis supports the generality of some, but not all of our hypotheses 257 

concerning invasions, and yields some novel insights (Table 1). As postulated, we found that 258 

prey naiveté was pronounced in freshwater systems but not in terrestrial systems. In concordance 259 

with the aquatic-terrestrial dichotomy hypothesis, terrestrial animals were rarely naïve towards 260 

exotic predators. This phenomenon in terrestrial systems has been attributed to the homogenizing 261 

effects of historical biotic interchanges across land masses, whereas the persistent isolation of 262 

freshwater systems might have rendered them less experienced to a broader suite of predatory 263 
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archetypes [10]. Unexpectedly, marine environments appeared to be the most susceptible to 264 

introduced predators, contrary to the expectation that they are similar to terrestrial continents in 265 

terms of biotic connectivity [10]. Reports of prey naiveté in marine systems are rare and we 266 

gathered information from seven publications that compared anti-predator responses to exotic 267 

and native marine predators. Four of these studies investigated fish naiveté to the exotic lionfish 268 

Pterois volitans in the Caribbean, reporting consistent naïve fish behaviour. Two other studies 269 

[50,51] investigated the exotic marine green crab Carcinus maenas, which found support for 270 

predator recognition by native crabs and gastropods. The other marine study [52] reported a 271 

pronounced degree of prey naiveté towards the exotic seastar Asterias amurensis by native 272 

scallops in Australia. Therefore, although exotic lionfish might have skewed our overall findings 273 

on marine prey naiveté, results from the exotic A. amurensis support this trend and suggest that 274 

exotic predation threats in marine systems might have been underestimated by conventional 275 

wisdom as opposed to actual data.   276 

Evidence from this study supports the hypothesis that terrestrial animals on islands are 277 

generally naïve towards exotic predators, representing the first global quantification of prey 278 

naiveté on islands. When isolated from predators, prey on islands can experience a rapid loss of 279 

no longer functional antipredator behaviour through relaxed selection [53–56]. Indeed, some 280 

prey species lack predators in the isolated Galapagos Islands, which are often described as being 281 

naïve to predatory risk [57]. Similar examples exist on less remote islands, such as snake-free 282 

Balearic Islands in the Mediterranean, where wall-lizards show a lack of antipredator behaviours 283 

such as tail-waiving or slow-motion movement when exposed to introduced snakes [58]. Prey 284 

naiveté is a primary explanation for the more devastating impacts of introduced predators on 285 

oceanic islands compared with continental terrestrial systems [10]. However, only three studies 286 

in our database addressed prey naiveté on islands and two of those were coastal islands (the 287 

exception was New Zealand). We hypothesize that the degree of prey naiveté on remote oceanic 288 

islands likely exceeds that reported in this meta-analysis. Australia was included as a continental 289 

mainland in our study owing to its large size; we performed an additional test by including 290 

Australia in the island category, which did not change our findings (g = -0.16.±0.15.; p=0.039 291 

and g = -0.04±0.15; p=0.853 for island and mainland respectively), suggesting that our results 292 

robustly support the hypothesis that terrestrial species on islands display pronounced levels of 293 

prey naiveté. 294 
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 Prey species adapt to predators by accumulating eco-evolutionary experience [21] that 295 

familiarizes them with a particular species or archetype – a set of predatory species that have 296 

similar morphological and/or behavioural adaptations to obtain prey [10]. Recognition of a novel 297 

predation threat by a native prey species depends in part on the degree of similarity between the 298 

exotic predator and native predators present in the invaded community [14,16]. Hence, 299 

differences in predator archetypes between the area of origin and the area of introduction of an 300 

exotic species can profoundly influence the degree of prey naiveté. In the present study, we 301 

tested two proxies of distinctive predator archetype (allopatric origin and generic distinctiveness 302 

of the exotic predator [59] and both were related to prey naiveté. The response towards exotic 303 

predators was limited when the introduced predator belonged to a novel genus in the invaded 304 

community or originated in a different biogeographic realm. Our results support the hypothesis 305 

that predator archetypes might be limited to congeneric species, as suggested previously [27,35], 306 

but phylogenetic analyses assessing evolutionary distance between predator species would be 307 

warranted to test this hypothesis. These results also substantiate a statistical synthesis [59] 308 

showing that high-impact invaders, including predators, are likely to belong to genera not present 309 

in the invaded community, which expectedly occurs more frequently if the predator is native to a 310 

foreign biogeographic realm.   311 

Native prey appeared more likely to be naïve towards reptile and fish predators. Indeed, 312 

many species from these groups have been implicated in extirpations and extinctions [60], 313 

although most attention has been given to iconic cases such as the Nile perch Lates niloticus [61] 314 

and the brown tree snake Boiga irregularis [6]. Native amphibians appeared to be sensitive to the 315 

introduction of predatory herpetofauna– mainly freshwater turtles and frogs (92% of the 24 316 

observations) - where the majority of prey species were frogs (83% of 24 observations). On the 317 

other hand, exotic predatory fishes were represented broadly (17 freshwater and 1 marine exotic 318 

fish species with 78% and 22% of the 78 total observations, respectively) and their prey belong 319 

to four taxonomic groups (insects, fishes, herpetofauna, crustaceans), suggesting that the 320 

identification of exotic fish as a predation threat might be generally elusive. We performed an 321 

additional analysis to ascertain whether the high probability of herpetofauna and fish to 322 

encounter naïve prey was due to taxonomic affiliation and not simply driven by ecosystem type 323 

(freshwater, terrestrial, marine). We found similar results for these two taxonomic groups, 324 

regardless of the ecosystem type (g = -0.39±0.27; p=0.005 and g = -1.07±0.44; p<0.001 for 325 
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freshwater and marine fishes, respectively, and g = -0.39±0.41; p=0.060 and g = -1.29±1.11; 326 

p=0.022 for freshwater and terrestrial herpetofauna, respectively), supporting our findings of 327 

likelihood of prey naiveté towards fish and herpetofauna. A surprising result was that prey 328 

recognize exotic carnivorous mammals as a predation threat, despite that their exacerbated 329 

impacts have been commonly attributed to prey naiveté [23]. Similarly, a recent meta-analysis 330 

investigating prey naiveté towards exotic mammals in Australia found high-risk aversion 331 

towards canids: the European red fox Vulpes vulpes and the dingo/dog Canis lupus 332 

dingo/familiaris [38]. The majority (62%) of observations in our dataset involving exotic 333 

mammalian predators were for canids. When we re-ran our analysis excluding canids, prey were 334 

marginally naïve to carnivorous mammals (g = -0.42±0.49; p=0.09). Thus, we speculate that the 335 

canid family, which has long been present in most continents (including Australia, where Canis 336 

lupus dingo was introduced 4000 years ago [62], represents a predator archetype that could be 337 

more broadly recognized than many other archetypes, perhaps because of extensive evolutionary 338 

exposure associated with human domestication.  339 

Our findings suggest that fish, amphibians and reptiles are generally more naïve to exotic 340 

predators than mammals and invertebrates (crustaceans, insects and molluscs), and thus likely 341 

more sensitive to the introduction of predators. Exotic species have been identified as the number 342 

one threat associated with the extinctions of herpetofauna worldwide according to the 343 

International Union for Conservation of Nature (IUCN) Red List [63], but the extent to which 344 

prey naiveté drove these extinctions remains to be determined in many cases. We did not find 345 

significant levels of naiveté for mammalian prey in general, although exotic species are also the 346 

most frequent threat recorded for their extinctions [63]. Similar to our findings, a recent meta-347 

analysis indicates that mammals in Australia identify exotic foxes and cats as a predation threat 348 

[38]. The authors argue, that despite this lack of prey naiveté (level 1 sensu [19]), the rampant 349 

decline of prey by exotic mammals in Australia [64] might still be driven by inappropriate or 350 

ineffective prey responses (levels 2 and 3 naiveté sensu [19]), which are rarely quantified. 351 

Remarkably, although prey naiveté is invoked as responsible for the strong ecological impacts of 352 

exotic species on birds [2,6,65,66], we did not find any papers that met our criteria for 353 

quantifying prey naiveté in birds, mainly because the few studies addressing prey naiveté on 354 

birds lack of a comparative treatment with a native predator. Finally, fish do not appear to 355 
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respond to the risk of predation by novel fish. Collectively, these findings suggest global patterns 356 

that could strengthen predictions concerning evolutionary exposure. 357 

The antipredator response of native prey to novel predators can evolve through time, if 358 

predation selects for predator recognition and avoidance behaviour [28]. Behaviours that 359 

determine the survival of individuals facing a novel predation threat can be subject to strong 360 

selection in the persistent presence of a predator [67]. If extinction is averted, evolutionary 361 

adaptation can be achieved in a small number of generations. For instance, the fence lizard 362 

Sceloporus undulatus acquired the capacity to avoid exotic predatory red fire ants Solenopsis 363 

invicta in North America within 40 generations [36]. Our meta-analysis shows that naiveté 364 

erodes with the number of prey generations following predator introduction, indicating a 365 

generalized pattern of adaptation [30,68]. Averaged across the various taxa in our study, ~200 366 

generations are required for native prey to acquire antipredator response towards exotic predators 367 

in the same manner as native predators. This phenomenon could explain, in part, the observed 368 

declines in negative ecological impacts of exotic predators over time. For example, the 369 

ecological impacts of the brown trout Salmo trutta - an exotic predator intentionally introduced 370 

globally – decreased linearly with time since introduction [69]. This reduction in the negative 371 

ecological impacts occurs circa one century after the introduction of the brown trout and it was 372 

hypothesized to result from either rapid evolutionary adaptation or prompt local extinction of 373 

native prey [69]. The capacity of prey to recognize exotic predators is conditional on the native 374 

prey averting extinction that often occurs before prey naiveté is assessed [1,2]. Our study might 375 

have underestimated the generation time required for predator recognition by omitting prey 376 

species that can never adapt or learn how to recognize exotic predators. We are aware of at least 377 

one extreme case in our dataset: several fishes exhibit limited antipredator behaviour in the 378 

presence of the exotic lionfish Pterois volitans in the Caribbean [35,70], where strong reductions 379 

[71,72] and even local extirpations [73] of fish populations have been reported.  380 

We also predicted that prey at lower latitudes would be less naïve towards novel 381 

predators owing to the large suite of predatory species and relative high intensity of predation in 382 

the tropics [32,33]. Although our results suggest that novel predator recognition is not influenced 383 

by latitude, data from the tropics were limited – perhaps reflecting actual low numbers of 384 

successful introduced predators [74] or historical low sampling effort of non-native species in the 385 

tropics [75].   386 
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There are several potential limitations to the data included in this meta-analysis. First, 387 

studies were excluded unless they met several criteria, with the disadvantage of not considering 388 

the totality of evidence generated globally on prey naiveté. We only considered experimental 389 

designs that included empirical comparisons between native and exotic predators, to ensure a 390 

direct and consistent way to quantify the perceived risk threat of an exotic predator. 391 

Consequently, we excluded studies with controls such as ‘absence of exotic predator’, as those 392 

comparisons often require cautious interpretation (e.g., does the behavioural response of prey 393 

towards the exotic predator as compared with an empty control indicate predator recognition or 394 

simply a response to the presence of an organism, regardless of if it is perceived as a predatory 395 

threat?). Second, our study only included measurements of level-1 prey naiveté (sensu [16,19]), 396 

which interprets a lack of response to an exotic predator (as compared to a native predator) as a 397 

lack of recognition of the exotic predator as a threat. However, native animals experience 398 

additional levels of naiveté (level-2, -3, and -4), which relate to appropriate, effective and/or 399 

commensurate responses to exotic predators, respectively. Therefore, wildlife might still 400 

experience heavy predation by exotic predators despite low level-1 naiveté. By focusing on 401 

level-1 naiveté, our study did not consider physiological responses to the presence of predators 402 

[76], which can be considered another important form of prey naiveté. Finally, our dataset did 403 

not include a random subset of all exotic predators, which might have biased our results towards 404 

the most notorious (and presumably detrimental) of exotic species. 405 

Our meta-analysis identifies some global drivers of prey naiveté, paving the way for 406 

testing these drivers in different contexts. Assuming that prey naiveté results in increased 407 

mortality [14], our results point to several animal groups as being disproportionately sensitive to 408 

introduced predators. Some of these vulnerable cases were expected, such insular terrestrial and 409 

freshwater fauna; whereas other case were unpredicted, such as the high susceptibility of native 410 

prey to exotic predators in marine systems, or the vulnerability of specific prey taxa, including 411 

fishes and amphibians. The relationship between overall prey naiveté and the number of prey 412 

generations suggests that long-lived species could be particularly vulnerable to introduced 413 

predators. It remains to be determined how other eco-evolutionary factors influence the loss of 414 

prey naiveté through time – e.g., how does this rate differ across taxa groups and ecosystem 415 

types? Additionally, the most damaging groups of exotic predators were found to be animals that 416 

originate from a foreign biogeographical realm or that represent a new generic archetype. 417 
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Particular attention should be given to the introduction of predatory fishes, reptiles and mammals 418 

(perhaps with the exception of canids). This information could guide efforts to prioritize invasion 419 

threats to biodiversity and inform risk assessments of conservation schemes involving assisted 420 

colonization. Finally, we identified several areas in which the quantification of prey naiveté is 421 

notably scant (e.g., marine ecosystems, remote oceanic islands, and many taxa of prey species) 422 

and these should be prioritized to clarify predictive patterns of prey naiveté. 423 

Our results support the view that prey naiveté is shaped by multiple eco-evolutionary 424 

factors [16,19,21,38]. The phenomenon is of increasing relevance to conservation, given that 425 

species introductions to novel ecosystems are accelerating globally [4], along with other forms of 426 

global change that might promote ‘disturbed predator-prey interactions’ (sensu [16]). For 427 

example, the northward migration of species driven by changing isotherms [77], including the 428 

imminent arrival of unique shell-breaking predators in Antarctica [78]. will add novel predator-429 

prey interactions even into historically isolated regions Therefore, we recommend that factors 430 

influencing prey naiveté be given explicit consideration in biodiversity risk assessments. 431 
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Table 1. Determinants of prey naiveté and the eight hypotheses tested in this study.   627 

Eco-evolutionary 

theme 

Potential 

determinants of 

prey naiveté  

Hypotheses tested Predictions 

References 

supporting 

predictions 

Did findings 

support 

predictions? 

Biogeographic 

isolation 

System type 

H1: Prey naiveté 

differs among system 

types (e.g., terrestrial, 
freshwater, or marine) 

Freshwater systems will 

experience higher levels 

of prey naiveté than 

terrestrial or marine 
systems, owing to higher 

biogeographic isolation 

[13,22] Partially 

Insularity 

H2: Prey naiveté 
differs between 

islands and 

continental mainlands  

Prey species on islands 
are more naïve to novel 

predators than on 

continents 

[23–25] Yes 

Archetype 

hypothesis 

H3: Prey recognize 

introduced predators 
that are the same 

archetype as familiar 

local predators 

Predators introduced in 

locations that contain 

native congeners will 

encounter less naïve prey 

[10,16,26,27,59]  Yes 

Geographic scale 

H4: The geographic 

scale of the predator 

introduction mediates  

prey naiveté 

Predators introduced in a 

foreign biogeographic 
realm will encounter prey 

species with higher levels 

of naiveté 

[10] Yes 

Adaptation 
Number of prey 

generations 

H5: Prey naiveté 

varies with time of 

exposure to a novel 

predator 

Prey naiveté will decrease 

with the number of prey 

generations since the 

introduction of a predator 

[28–30] Yes 

Latitude/Biodiversity 
Latitude of the 

introduction 

H6: Prey naiveté 

varies across latitudes 

Prey naiveté is less 

pronounced at low 
latitudes, which are more 

biodiverse and contain a 

broader range of predator 

types.  

[31–33] No 

Taxonomic attribute 

Taxonomic group 

of the predator 

H7: Prey naiveté 

differs among 

predator taxa 

Certain taxa of predators 

will be recognized by 

prey more than others 

[38]  Yes 

Taxonomic group 

of the prey 

H8: Prey naiveté 

differs among prey 

taxa  

Some taxa of prey will 

recongnize novel 

predators better than 
others 

[34] Yes 

  628 
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FIGURE LEGENDS 629 

Figure 1. Determinants of prey naiveté. Influence of a) system type, b) insularity on terrestrial 630 

systems, c) distinctiveness of the biogeographic realm, d) taxonomic distinctiveness of the exotic 631 

predator (i.e., a congeneric species of the exotic predator does not exist within the recipient 632 

community), e) native prey taxa, and f) exotic predator taxa, which was assessed by comparing 633 

the behavioural response of native prey towards native and novel predators. Points indicate the 634 

mean effect sizes bracketed by 95% CIs estimated using mixed-effects models. Effect sizes less 635 

than zero indicate less anti-predator response to a novel predator than to a native predator, and 636 

the opposite for effect sizes higher than zero. Effect sizes are considered significant if their 95% 637 

CIs do not overlap with zero. Number of observations used to calculate the effect sizes are 638 

indicated in parenthesis.  639 

Figure 2. Determinants of prey naiveté. Influence of two continuous predictors a) number of 640 

prey generations and b) absolute latitude of the introduction on prey naiveté. Solid line indicates 641 

the mean predicted effect sizes bracketed by 95% CIs (dash lines) estimated using mixed-effects 642 

models. 643 

 644 

  645 
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Figure 1 646 
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Figure 2 648 
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ELECTRONIC SUPPLEMENTARY MATERIAL 650 

Table S1. Flowchart for the publication selection process based on PRISMA (Preferred 651 

Reporting Items for Meta-Analyses) guidelines. Diagram showing the selection process followed 652 

to include publications in the meta-analysis. Chart format is based on [1]. Search terms for Web 653 

of Science search shown. 654 
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Table S2. Information of the 40 studies included in the meta-analysis to investigate determinants 657 

of prey naiveté. In parentheses, number of experiments (first) and number of observations 658 

(second) from the study that were included in the meta-analysis 659 

Citation Exotic predator Native predator Native prey System type Location 

Alvarez et al. 2014 (1,4) 
Psetta maxima, Lithobates 

iberica 
Salmo trutta, Cyprinus carpio Baetis rhodani Freshwater Spain 

Anson & Dickman 2013 (2,2) Vulpes vulpes Varanus varius Pseudocheirus peregrinus Terrestrial Australia 

Anton 2013 (2,5) Pterois volitans 

Epinephelus striatus, Ocyurus 

chrysurus, Lutjanus apodus, 

Epinephelus guttatus 

Haemulon plumieri Marine Bahamas 

Barrio et al. 2010 (1,6)* Dasyurus maculatus 
Felis catus, Mustela furo, 

Vulpes vulpes 
Oryctolagus cuniculus Terrestrial Australia 

Black et al. 2014 (2,3) Pterois volitans Synodus intermedius Stegastes leucostictus Marine Jamaica 

Blake & Gabor 2016 (1,2) Fundulus grandis Lepomis cyanellus Gambusia affinis Freshwater USA 

Blake et al. 2015 (1,2) Fundulus grandis Lepomis cyanellus Gambusia geiseri Freshwater USA 

Bourdeau et al. 2013 (1,7) 
Bythotrephes longimanu, 

Cercopagis pengois 

Mysis diluviana, Leptodora 

kindtii, Polyphemus pediculus, 

Perca flavescens 

Daphnia mendotae Freshwater USA 

Brown et al. 2013 (1,3) Oreochromis niloticus Crenicichla macrophthalma Poecilia reticulata Freshwater 
Trinidad y 

Tobago 

Burraco & Gomez-Mestre 2016 

(1,2) 
Procambarus clarkii Dytiscus circumflexus Pelobates cultripes Freshwater Spain 

Carthey & Banks 2016  (2,5) 
Canis lupus familiaris, Felis 

catus, Vulpes Vulpes 
Dasyurus maculatus Rattus fuscipes Terrestrial Australia 

Carthey & Banks 2018  (1,2) Dasyurus maculatus Vulpes vulpes, Felis catus Rattus rattus Terrestrial Australia 

Coverdale et al. 2013 (1,2) Carcinus maenas 
Cancer irroratus, Callinectes 

sapidus 
Sesarma reticulatum Marine USA 

Davis 2018 (1,3) Pterois volitans Cephalopholis cruentata Stegastes partitus Marine Bahamas 

Davis et al. 2012 (1,3) 

Lepomis auritus, Lepomis 

gibbosus, Herichthys 

cyanoguttatus 

Lepomis cyanellus Eurycea nana Freshwater USA 

Dunlop & Rehage 2011 (3,12) Hemichromis letourneuxi Lepomis gulosus 

Gambusia holbrooki, 

Jordanella floridae, 

Palaemonetes paludosus  

Freshwater USA 

Fan & Lin 2017 (2,12) Gambusia affinis Pantala flavescens 

Bufo gararizans, Duttaphrynus 

melanostictus, Rana 

zhenhaiensis, Fejervaya 

multistriata, Microhyla ornate, 

Hoplobatrachus chinensis 

Freshwater China 

Fey et al. 2010 (2,2) Mustela vison Mustela nivalis Microtus agrestis Terrestrial Finland 

Freeman et al. 2013 (3,3) Carcinus maenas Paragrapsus gaimardii Haustrum vinosum Marine Australia 

Garvey et al. 2016 (1,8)* Lycaon pictus Mustela furo, Felis catus Mustela erminea Terrestrial New Zealand 

Geray et al. 2015 (2,5) Oncorhynchus mykiss Hatcheria macraei 

Meridialaris chiloeensis, 

Antarctoperla michaelseni, 

Smicridea annulicornis 

Freshwater Argentina 

Gherardi et al. 2011 (2,4)* 
Cyprinus carpio, Tilapia zillii, 

Squalius cephalus,  
Micropterus salmoides Procambarus clarkii Freshwater Italy/Kenya 

Gomez-Mestre & Diaz-Paniagua 

2011 (1,1) 
Procambarus clarkii Anax imperator Pelophylax perezi Freshwater Spain 

Haddaway et al. 2014 (3,6) Pacifastacus leniusculus 
Gasterosteus aculeatus, 

Austropotamobius pallipes 

Gammarus pulex, 

Potamopyrgus jenkinsi,  
Freshwater 

United 

Kingdom 

Hutson et al. 2005  (3,3) Asterias amurensis Coscinasterias muricata 
Chlamys asperrima, Pecten 

fumatus 
Marine Australia 

Jedrzejewski et al. 1993 (1,18) Nyctereutes procyonoides 

Mustela nivalis, Mustela 

erminea, Mustela putorius, 

Martes foina, Vulpes vulpes, 

Strix aluco 

Clethrionomys glareolus Terrestrial Poland 

Jermacz et al. 2017 (1,2) Pygocentrus nattereri Babka gymnotrachelus 
Pontogammarus robustoides, 

Dikerogammarus villosus 
Freshwater Poland 

Jones et al. 2004 (2,8) Vulpes vulpes, Felis catus 

Tytonovaehollandiae 

castanops, Sarcophilus 

laniarius 

Dasyurus viverrinus Terrestrial Tasmania 

Kovalenco et al. 2010 (1,2) Cichla kelberi Hoplias malabaricus Hemigrammus marginatus Freshwater USA 

Kuehne & Olden 2012 (1,4) Micropterus dolomieu Ptychocheilus oregonensis Oncorhynchus tshawytscha Freshwater Brazil 
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Marsh-Hunkin et al. 2013 (2,6) Pterois volitans Epinephelus striatus 
Coryphopterus glaucofraenum, 

Gnatholepis thompsoni 
Marine Bahamas 

Mella et al. 2015 (1,4)* 
Dasyurus maculatus, Aspidites 

malanocephalus 
Vulpes vulpes, Felis catus Oryctolagus cuniculus Terrestrial Australia 

Murray et al. 2004 (1,4) Rana catesbeiana Thamnophis elegans 

Rana luteiventris, Ambystoma 

macrodactylum, Hyla regilla, 

Tarichia granulosa 

Freshwater USA 

Nunes et al. 2013 (1,18) Procambarus clarkii Aeshna sp. 

Alytes cisternasii, Bufo bufo, 

Discoglossus galganoi, Hyla 

meridionalis, Hyla arborea, 

Pelobates cultripes, 

Pelophylax perezi, Pelodytes 

ibericus, Bufo calamita 

Freshwater Portugal 

Polo-Cavia et al. 2010 (4,16) 
Trachemys script, Graptemys 

pseudogeographicaa 

Emys orbiculari, Mauremys 

leprosas 

Pelophylax perezi, Pelobates 

cultripes, Bufo calamita, Hyla 

arborea 

Freshwater Spain 

Pujol-Buxo et al. 2013 (1,2) Procambarus clarkii Anax. sp. Pelodytes punctatus Freshwater Spain 

Segev et al. 2017 (1,2) Gambusia affinis 
Barbus paludinosus, 

Pseudocrenilabrus philander 
Culex spp Freshwater South Africa 

Superkar & Gramapurohit 2018 

(1,5) 
Oreochromis mossambicus 

Bradinopyga geminata, 

Clarias batrachus, 

Hoplobatrachus tigerinus, 

Hoplobatrachus crassus, 

Xenochrophis piscator 

Euphlyctis cyanophlyctis Freshwater India 

Thawley & Langklide 2017 (1,4) Solenopsis invicta Dorymyrmex, Pheidole Sceloporus undulatus Terrestrial USA 

Webster et al. 2018 (2,12) Vulpes vulpes, Felis catus 
Canis lupus dingo, Dasyurus 

maculatus, Pseudonaja textilis 

Christinus marmoratus, 

Morethia boulengeri 
Terrestrial Australia 

* Indicates studies where prey naiveté was tested on exotic prey and native and exotic predators for those species of prey.  660 
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Table S3. Table with the biogeographic realms used in this meta-analysis 661 

Biogeographic realm System type Reference 

Nearctic Terrestrial/Freshwater Holt et al. 2013 

Panamanian Terrestrial/Freshwater Holt et al. 2013 

Neotropical Terrestrial/Freshwater Holt et al. 2013 

Palearctic Terrestrial/Freshwater Holt et al. 2013 

Saharo-Arabian Terrestrial/Freshwater Holt et al. 2013 

Afrotropical Terrestrial/Freshwater Holt et al. 2013 

Sino-Japanese Terrestrial/Freshwater Holt et al. 2013 

Oriental Terrestrial/Freshwater Holt et al. 2013 

Madagascan Terrestrial/Freshwater Holt et al. 2013 

Australian Terrestrial/Freshwater Holt et al. 2013 

Oceanian Terrestrial/Freshwater Holt et al. 2013 

Arctic Marine Spalding et al. 2007 

Temperate Northern Pacific Marine Spalding et al. 2007 

Temperate Northern Atlantic Marine Spalding et al. 2007 

Eastern Northern Pacific Marine Spalding et al. 2007 

Tropical Eastern Pacific Marine Spalding et al. 2007 

Tropical Atlantic Marine Spalding et al. 2007 

Western Indo-Pacific Marine Spalding et al. 2007 

Central Indo-Pacific Marine Spalding et al. 2007 

Temperate South America Marine Spalding et al. 2007 

Temperate Southern Africa Marine Spalding et al. 2007 

Temperate Australasia Marine Spalding et al. 2007 

Southern Ocean Marine Spalding et al. 2007 
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Table S4. Regression tests for sensitivity analyses associated to Figure 1. Treatments with ≤10 663 

replicates were not included in the analyses and are indicated with NA. 664 

Effect size 

metric 

Random-effects 

model (before) 

Potential publication 

bias test 
Outliers Random-effects model (after) 

  n g ± 95%CI z-value p-value n n g ± 95%CI Change 

System type (Fig. 1a) 

Terrestrial 72 -0.11±0.1 -0.01 0.995 0 72 -0.11±0.1 No 

Freshwater 117 -0.26±0.24 -0.21 0.249 3 114 -0.26±0.18 No 

Marine 25 -0.83±0.59 0.64 0.175 2 23 -0.55±37 No 

Insularity (Fig. 1b) 

Mainland 54 -0.03±0.11 0.09 0.552 0 54 -0.03±0.11 No 

Island 18 -0.32±0.19 -0.28 0.433 0 18 -0.32±0.19 No 

Biogeographic realm (Fig. 1c) 

Yes 175 -0.39±0.21 0.09 0.524 4 171 -0.35±0.16 No 

No 39 -0.12±0.14 -0.47 0.049 0 39 -0.12±0.14 No 

Taxonomic distinctiveness  (Fig. 1d) 

Yes 24 -0.17±0.16 0.038 0.85 0 24 -0.17±0.16 No 

No 190 -0.37±0.21 -0.21 0.833 5 185 -0.30±0.15 No 

Exotic predator (Fig. 1e) 

Mammal 66 -0.13±0.11 -0.37 0.146 0 66 -0.13±0.11 No 

Herpetofauna 24 -0.46±0.4 0.93 0.111 0 24 -0.46±0.4 No 

Fish 78 -0.56±0.32 0.36 0.148 2 76 -0.51±0.29 No 

Crustacean 39 0.03±0.21 -0.13 0.576 1 38 -0.01±0.19 No 

Echinoderm 3 NA NA NA NA NA NA NA 

Insect 4 NA NA NA NA NA NA NA 

Native prey (Fig. 1f) 

Mammal 56 -0.18±0.12 -0.33 0.194 0 56 -0.18±0.12 No 

Herpetofauna 78 -0.32±0.26 -0.2 0.37 0 78 -0.32±0.26 No 

Fish 38 -0.59±0.38 0.71 0.03 1 37 -0.51±0.30 No 

Crustacean 16 -0.43±0.92 0.39 0.55 0 16 -0.43±0.92 No 

Mollusc 15 -0.19±1.08 -0.81 0.395 2 13 -0.06±0.26 No 

Insect 11 -0.16±0.37 0.41 0.398 1 10 -0.12±0.37 No 
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Figure S1. Global map of the location of the study sites (n = 47) included in the database and 667 

used in the meta-analysis. The histogram of the latitudinal distribution of these study sites is 668 

shown in the right plot.  669 
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