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Prey naiveté—the failure of prey to recognize novel predators as threats—is
thought to exacerbate the impact that exotic predators exert on prey
populations. Prey naiveté varies under the influence of eco-evolutionary
mediating factors, such as biogeographic isolation and prey adaptation,
although an overall quantification of their influence is lacking. We con-
ducted a global meta-analysis to test the effects of several hypothesized
mediating factors on the expression of prey naiveté. Prey were overall
naive towards exotic predators in marine and freshwater systems but not
in terrestrial systems. Prey naiveté was most pronounced towards exotic
predators that did not have native congeneric relatives in the recipient com-
munity. Time since introductionwas relevant, as prey naiveté declinedwith
the number of generations since introduction; on average, around 200 gen-
erations may be required to erode naiveté sufficiently for prey to display
antipredator behaviour towards exotic predators. Given that exotic preda-
tors are a major cause of extinction, the global predictors and trends of
prey naiveté presented here can inform efforts to meet conservation targets.
1. Introduction
The introduction of exotic species can cause substantial impacts on biodiversity
and ecosystems [1–3], and such impacts are likely to exacerbate as rates of
species introduction continue to increase [4,5]. Exotic predators are arguably
the most disruptive group of introduced species [2,6], as they often exert
impacts on native species far greater than those attributed to their native
counterparts [7–9] and they are implicated in the extinction of hundreds of
native species [1,2]. For instance, the accidental introduction of the brown
tree snake (Boiga irregularis) onto the island of Guam, where there are no
native arboreal vertebrate predators, caused the extinction of numerous species
of birds, mammals, and reptiles [6]. The disproportionate impact of exotic pre-
dators on native communities is often attributed to prey naiveté—the failure of
prey to recognize (or respond appropriately) to a novel predator species and/or
the lack of an appropriate defence (sensu [10]). Such prey naiveté towards exotic
predators likely derives from insufficient eco-evolutionary exposure [10–16].
For example, rats introduced to oceanic islands worldwide are implicated in
numerous extinctions of mammals, birds, and reptiles that have no evolution-
ary experience with generalist mammalian nest predators [17]. However, rat
impacts are reduced on islands that possess native rats or functionally similar
land crabs, presumably because fauna on those islands are less naive to the
effects of introduced omnivores [18].

Prey naiveté was originally conceived as a simplistic phenomenon where
native animals become ‘easy prey’ to exotic predators owing to naive behaviour
[11]. However, prey naiveté is now recognized as a more complex phenomenon
and four levels of prey naiveté have been proposed [15,16,19]. Level-1 naive
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prey do not recognize the exotic predator as a threat, which
precludes any antipredator behavioural responses [19].
Native animals experience level-2 naiveté if they recognize
the exotic predator but show inappropriate antipredator be-
haviour [19]. Level-3 naive prey display an appropriate but
ineffective behavioural response towards an exotic predator
[19]. Lastly, level-4 naive prey over-respond to the exotic
predator after experiencing excessive sublethal costs of preda-
tion [16]. In addition to exhibiting inadequate antipredator
behaviour, prey species that lack evolutionary experience to
exotic predation may also possess other morphological or
physiological traits that make them susceptible to exotic preda-
tors such as insufficient armature, flightlessness, conspicuous
scent, or inadequate camouflage [20]. Although prey naiveté
is a well-accepted phenomenon [16], it varies under the influ-
ence of eco-evolutionary factors [14,15,21] whose relative
importance and generality have yet to be quantified.

We hypothesize that the occurrence and strength of prey
naiveté stems from several, non-exclusive factors that can be
clustered into four themes (table 1). First, prey naiveté can be
promoted by persistent biogeographic (hence evolutionary)
isolation between predator and prey [13]. The pronounced
isolation of freshwater biota has been hypothesized to
render prey more sensitive to introduced predators compared
with terrestrial or marine biota [10,22] (Hypothesis 1 in
table 1). Prey naiveté is also presumed to be more prevalent
on islands than on mainlands [23–25], owing to lack of eco-
evolutionary experience with exotic predators—or even
native ones on predator-free islands (Hypothesis 2 in
table 1). Likewise, predators introduced to geographically
isolated or species-poor biotas are more likely to represent a
novel archetype—that is, prey will not display antipredator
responses towards exotic predators that are unfamiliar,
where a practical proxy for ‘archetype’ distinction has been
proposed at the taxonomic level of genus or family
[10,16,26,27] (Hypothesis 3 in table 1). The introduction of a
predator from a different biogeographic realm enhances the
probability that the predator will be distinct from those of
the recipient biota and thus unfamiliar [10] (Hypothesis 4
in table 1). The second theme is related to the way animals
acquire antipredator responses (and lose prey naiveté) over
time through adaptation, which could be a function of the
number of prey generations since the introduction of a pred-
ator [28–30] (Hypothesis 5 in table 1). The third theme is
related to the mediating role of latitude on prey naiveté, as
novel predator recognition could be higher in low latitude
communities, which generally experience greater and more
diverse predation pressure [31–33] and thus whose prey
may display antipredator behaviours to a broader variety of
predator archetypes (Hypothesis 6 in table 1). Finally, the
fourth theme is related to taxonomic specificity, as the recog-
nition of introduced predators might vary across taxa [34],
such that certain predators are more recognizable than
others and certain prey are better adapted to recognize certain
predators or entire suites of predatory taxa (Hypotheses 7 and
8, respectively, in table 1).

Many case studies suggest that these hypotheses are
important predictors of prey naiveté [10,12,26,30,35,36], but
no synthesis of global trends has been conducted. Here, we
tested the generality of these eight hypothesized drivers of
prey naiveté, with the goal of revealing which of these dri-
vers can be used to effectively predict prey naiveté and
conservation outcomes.
2. Materials and methods
We performed a search on 1 May 2019 following the guidelines
of PRISMA (preferred reporting items for meta-analyses; [37];
electronic supplementary material, table S1). We entered the fol-
lowing terms in the Web of Science using the Advanced Search
option: TS = (prey naiveté OR prey naivety OR naive prey OR
lack of predator recognition OR antipredator behavio*) AND
TS = (exotic OR invasive OR alien OR non-native), which pro-
duced 199 publications (electronic supplementary material,
table S1). We also added 12 additional studies by examining
the references of papers focused on prey naiveté (electronic
supplementary material, table S1).

Studies were included if they met the following criteria. First,
each study empirically compared—in field or laboratory exper-
iments—the behavioural response of prey to an exotic and a
native predator. In this study, we only evaluated evidence of
predator recognition (Level-1 prey naiveté [19]), which has
been proposed as the most fundamental form of prey naiveté
[38]. Second, the studies quantified behavioural responses and
reported the mean, some form of variance (standard deviation,
standard error, or confidence interval) and the sample size.
Third, experiments within published articles were included as
individual observations (i.e. number of rows on the database) if
(1) investigators used different species of prey, native predator,
and/or exotic predator, (2) experiments were performed with
individuals from different locations, and (3) studies provided
measurements for distinct behavioural responses to the same
set of species of predators and prey because antipredator
responses can be contrasting (e.g. prey might reduce activity in
the presence of an exotic predator but not alter refuge use).
Finally, to avoid temporal pseudoreplication, if a study measured
a behavioural response through time (e.g. longitudinal studies),
then the mean response over time was calculated. This criterion
was adopted to better represent the generality of the behavioural
responses.

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

g ¼ ðXE � XCÞ J
SDpooled

,

where XE and XC are the mean of the experimental (exotic pred-
ator) and control groups (native predator), respectively. J corrects
for bias because of different sample sizes by differentially weigh-
ing studies as follows [40]:

J ¼ 1–
3

ð4ðNE þNC � 2Þ � 1Þ
� �

:

One can think of the effect size g as the difference in prey be-
haviour when in the presence of an exotic versus a native
predator. Careful consideration was given when obtaining data
from different metrics of predator avoidance, because the direc-
tion of the response variable depends on the specific
behavioural response quantified. For instance, prey activity is a
common metric of predator avoidance and decreases with
increasing perception of risk, because prey are usually less
active in the presence of a predator. On the other hand, refuge
use—another common metric of antipredator behaviour—
increases with increasing perception of risk. In order to standar-
dize the direction of our metrics on antipredator behaviour, the
data obtained from metrics that increased with increasing per-
ception of risk were not changed and data obtained from
metrics that decreased with increasing perception of risk were
transformed to negative numbers (a negative symbol was
added to the raw values for XE and XC). Therefore, g values
near zero indicated predator recognition (e.g. prey respond simi-
larly to an exotic and native predator), whereas values less than
zero suggested prey naiveté (e.g. less perception of risk of the



Table 1. Determinants of prey naiveté and the eight hypotheses tested in this study.

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 naive to novel

terrestrial 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 naive prey

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

geographical

scale

H4: The geographical 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

recognize novel predators

better than others

[34] yes
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exotic predator than to the native predator), and positive values
indicated prey perceiving an exotic predator to be more risky
than a native predator. We obtained data from the text or
tables of the studies or extracted measurements from figures in
digital PDFs using ImageJ.

The pooled standard deviation (SDpooled) was calculated as
[40,41]

SDpooled ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðNE–1ÞðSDEÞ2 þ ðNC–1ÞðSDCÞ2

NE þNC � 2

s
,

where SD is the standard deviation of the experimental or control
group and N is the sample size. When the standard error (SE) or
the confidence interval (CI) was reported, the standard deviation
was calculated. We weighted the effect sizes to account for
inequality in study variance by using the inverse of the sampling
variance, in which the variance for each effect size (Vg) was [40]

Vg ¼ NE þNC

NENC

� �
þ g2

2ðNE þNCÞ
� �

:

There were four studies (see electronic supplementary
material, table S2) that compared the behavioural response of
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an exotic prey to native and exotic predators and the native pre-
dators were considered to be the novel consumers of the exotic
prey, therefore qualifying as tests of prey naiveté. Three papers
that investigated antipredator responses to the exotic green
crab Carcinus maenas in the North-Western Atlantic [42–44]
were not included in the meta-analysis because the native prey
Nucella lapillus is sympatric with C. maenas in the North-Eastern
Atlantic (the native range of the green crab), and, hence, did not
meet our criteria.

In addition to the effect size, we recorded from each study
the following factors: (1) ecosystem type (whether the exotic
predator was introduced in a terrestrial, freshwater, or marine
system), (2) insularity (whether the introduction was on an
island or on a continental mainland including only data from ter-
restrial systems; Australia was considered a continental
mainland, following [45]), (3) biogeographic realm difference
(whether or not the location of introduction and the native
range of the exotic species occupy the same biogeographic
realm; terrestrial and freshwater systems were assigned to one
of 11 biogeographic realms and marine ecosystems to 1 of 12—
see electronic supplementary material, table S3), (4) taxonomic
distinctiveness of the exotic predator (presence/absence of
native predators in the introduced biogeographic region that
belong to the same genus as the exotic predator), (5) the exotic
predator taxonomic group (a posteriori categorized as six levels:
fish, mammal, crustacean, herpetofauna, insect, and echino-
derm), (6) the taxonomic group of the native prey (a posteriori
categorized in six levels: fish, mammal, crustacean, herpeto-
fauna, insect, and mollusc), (7) the number of prey generations
since introduction (calculated by dividing the time passed since
the exotic species was first recorded in the exotic region by the
generation time of the prey species), and (8) the absolute latitude
of the introduction of the novel predator measured in decimal
degrees. We used the point of introduction instead of other
potential spatial proxies—for instance, the midpoint of the full
range of predator introduction—because the distributions of
exotic predators and their native prey are usually patchy and
often times unknown, and, more importantly, because many
researchers used the patchiness of predator distributions to
define the area of study (based on the presence or absence of
the exotic predator).
(a) Statistical meta-analyses
Meta-analyses were performed using the metafor package for R
[46]. Treatments with less than or equal to 10 observations
were dropped from the analyses to improve statistical robustness,
which only included the removal of exotic echinoderms and
insects (3 and 4 observations, respectively) from the analysis
(see electronic supplementary material, table S4). We ran six
independent mixed-effect models with different fixed predictors
and in which ‘study ID’ and ‘experiment ID’ were always
included as nested random factors, to account for multiple obser-
vations attained from the same study and experiment. In
addition, the number of generations since introduction was
added in each of the six models as a covariate to account for
the potential effects of adaptation on prey naiveté through
time. These six independent models included the following
fixed, categorical predictors: (1) the system type of the introduc-
tion (with three levels: terrestrial, freshwater, or marine),
(2) insularity (with two levels: mainland or island), (3) taxonomic
distinctiveness of the introduced predator (with two levels: yes or
no), (4) difference in biogeographic realm (with two levels: same
or different if the biogeographic realm of the exotic predator was
the same or different than the biogeographic realm of the intro-
duction), (5) the taxonomic group of the exotic predator (with
four levels: fish, mammal, crustacean, and herpetofauna; insect
and echinoderm were excluded because they had ≤10 replicates),
and (6) the taxonomic group of the native prey (with six levels:
fish, mammal, crustacean, herpetofauna, insect, and mollusc;
some important taxa (e.g. birds) were not included as no publi-
cations were found that met our criteria for comparing the
response of these groups towards native and exotic predators).
Effect sizes were considered significant if the 95% CIs did not
overlap with zero. We also ran two further independent
mixed-effects models with the nested random factors described
above and a continuous fixed factor: the number of prey gener-
ations since the introduction of the novel predator, and the
absolute latitude of introduction. For these models with continu-
ous predictors, their significance was determined by the p-value
of the moderator [46].

Publication bias can distort the results in a meta-analysis [40]
by, for instance, overestimating prey naiveté towards exotic
species. The functions regtest and trimfill are not implemented
in the metafor package for mixed-effects models. Therefore,
potential publication bias was evaluated using Egger’s regression
test [47] by running models that included the standard error of
the effect sizes (included as the square root of the variance) as
a moderator [48]; bias was determined when the intercept of
the model was different from zero at p-values≤ 0.05. In addition,
we examined the data for potential outliers by looking at the
effect sizes with standardized residual values exceeding the
absolute value of three [49] using the rstandard function in
R. Adjusting for publication bias did not change the outcome
of the analyses (by comparing fitted random-effects models
with and without the influence of the potential outliers; elec-
tronic supplementary material, table S4), indicating minimal
influence of potential outliers.
3. Results
We found 40 studies that met our criteria to be included in the
final dataset (electronic supplementary material, table S2),
which comprised a total of 214 observations. The studies
were published between 1993 and 2018 (electronic sup-
plementary material, table S2) and included 47 unique
study locations of introduction (electronic supplementary
material, figure S1). Overall, we included reports assessing
prey naiveté in 61 species of prey, with 38 species of exotic
predators and 57 species of native predators (electronic
supplementary material, table S2). The majority of species
of introduced predators in our study were from freshwater
systems (54.6%; 117 observations out of 214) when compared
with terrestrial (33.6%; 72 observations) and marine systems
(11.7%; 25 observations). The models that included ‘number
of prey generations’ had a lower Akaike’s Information Cri-
terion (AIC) than those that excluded this variable, so the
variable was kept in the models, regardless of its significance.

Naiveté was found to be significantly pronounced in ani-
mals from marine and freshwater systems (mean Hedge’s
g ± 95%CI =−0.79 ± 0.38 and −0.32 ± 0.25, p < 0.001, and
p = 0.013, respectively; figure 1a) but not significant in terres-
trial systems (g =−0.35 ± 0.42, p = 0.107; figure 1a). Likewise,
significant levels of prey naiveté were exhibited by prey on
islands (g =−0.31 ± 0.18, p = 0.001; figure 1b), but not by ani-
mals in terrestrial continents (g =−0.02 ± 0.15, p = 0.789;
figure 1b). Prey naiveté was significant only when the original
biogeographic realm of the exotic predator differed from the
realm in which it was introduced (g =−0.47 ± 0.20, p < 0.001;
figure 1c), but not if the introduction occurred within the
same biogeographic realm (g =−0.30 ± 0.42, p = 0.165;
figure 1c). Similarly, the taxonomic distinctiveness of the
exotic predator in the introduced realm also predicted prey
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(72)

(117)*
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(190)***

(24)no

yes
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exotic predator taxa(e)

(66)

(24)**
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(39)crustacean

fish

herpetofauna

mammal

−2 −1 0 1 2

native prey taxa( f )

(56)
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(16)
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(11)insect

mollusc
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−2 −1 0 1 2
effect size g effect size g

Figure 1. Determinants of prey naiveté. Influence of (a) system type, (b) insularity on terrestrial systems, (c) distinctiveness of the biogeographic realm, (d ) taxo-
nomic distinctiveness of the exotic predator (i.e. a congeneric species of the exotic predator does not exist within the recipient community), (e) exotic predator taxa,
and ( f ) native prey taxa, which was assessed by comparing the behavioural response of native prey towards native and novel predators. Points indicate the mean
effect sizes bracketed by 95% CIs estimated using mixed-effects models. Effect sizes less than zero indicate less antipredator response to a novel predator than to a
native predator, and the opposite for effect sizes higher than zero. Effect sizes are considered significant if their 95% CIs do not overlap with zero. Number of
observations used to calculate the effect sizes are indicated in parentheses.
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naiveté, as native prey were significantly naive to distinct
exotic genera (g =−0.47 ± 0.21; p < 0.001; figure 1d ), but not
towards introduced species with a sympatric species in the
same genus (g =−0.35 ± 0.37, p = 0.087; figure 1d ).

We found significant evidence that two taxa of exotic
predators (fish and herpetofauna—e.g. amphibians and rep-
tiles) were not recognized by the native prey (g =−0.57 ±
0.23, and −0.53 ± 0.39, p = less than 0.001, and p = 0.007,
respectively; figure 1e), whereas exotic mammals and crus-
taceans were recognized similar to native predators
(g =−0.25 ± 0.37, and 0.008 ± 0.35, p = 0.193, and 0.962,
respectively; figure 1e). We found significant evidence
supporting that two taxa of native prey, herpetofauna and
fish (g =−0.37 ± 0.34 and −0.60 ± 0.36, p = 0.036, and less
than 0.001, respectively; figure 1f ) were prone to be naive
towards exotic predators, whereas species from four taxa
(insects, molluscs, crustaceans, and mammals) did not exhibit
overall prey naiveté (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,
respectively; figure 1f ).

The probability of individuals expressing prey naiveté
significantly decreased with the number of prey generations
since introduction ((Q-test of the moderator (QM) = 4.332,
p = 0.037; figure 2a). Prey species recognized novel predators
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Figure 2. Determinants of prey naiveté. Influence of two continuous predictors: (a) number of prey generations and (b) absolute latitude of the introduction on prey
naiveté. Solid line indicates the mean predicted effect sizes bracketed by 95% CIs (dashed lines) estimated using mixed-effects models.
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as threatening as native predators after existing with the
novel predators for an average of 215 prey generations,
which coincided with the predicted 95% CI of the effect
size overlapping with zero (figure 2a). The latitude of the
introduction did not influence predator avoidance behaviour
of prey to novel predators (QM= 0.287, p = 0.592; figure 2b).

4. Discussion
Our meta-analysis supports the generality of some, but not all
of our hypotheses concerning invasions, and yields some
novel insights (table 1). As postulated, we found that prey
naiveté was pronounced in freshwater systems but not in ter-
restrial systems. In concordance with the aquatic-terrestrial
dichotomy hypothesis, terrestrial animals were rarely naive
towards exotic predators. This phenomenon in terrestrial sys-
tems has been attributed to the homogenizing effects of
historical biotic interchanges across land masses, whereas
the persistent isolation of freshwater systems might have ren-
dered them less experienced to a broader suite of predatory
archetypes [10]. Unexpectedly, marine environments
appeared to be the most susceptible to introduced predators,
contrary to the expectation that they are similar to terrestrial
continents in terms of biotic connectivity [10]. Reports of prey
naiveté in marine systems are rare and we gathered infor-
mation from seven publications that compared antipredator
responses with exotic and native marine predators. Four of
these studies investigated fish naiveté to the exotic lionfish
Pterois volitans in the Caribbean, reporting consistent naive
fish behaviour. Two other studies [50,51] investigated the
exotic marine green crab C. maenas, which found support
for predator recognition by native crabs and gastropods.
The other marine study [52] reported a pronounced degree
of prey naiveté towards the exotic seastar Asterias amurensis
by native scallops in Australia. Therefore, although exotic
lionfish might have skewed our overall findings on marine
prey naiveté, results from the exotic A. amurensis support
this trend and suggest that exotic predation threats in marine
systems might have been underestimated by conventional
wisdom as opposed to actual data.

Evidence from this study supports the hypothesis that
terrestrial animals on islands are generally naive towards
exotic predators, representing the first global quantification
of prey naiveté on islands. When isolated from predators,
prey on islands can experience a rapid loss of antipredator
behaviour through relaxed selection [53–56]. Indeed, some
prey species lack predators in the isolated Galapagos
Islands, which are often described as being naive to preda-
tory risk [57]. Similar examples exist on less remote islands,
such as snake-free Balearic Islands in the Mediterranean,
where wall-lizards show a lack of antipredator behaviours
such as tail-waving or slow-motion movement when
exposed to introduced snakes [58]. Prey naiveté is a
primary explanation for the more devastating impacts of
introduced predators on oceanic islands compared with
continental terrestrial systems [10]. However, only three
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studies in our database addressed prey naiveté on islands
and two of those were coastal islands (the exception was
New Zealand). We hypothesize that the degree of prey nai-
veté on remote oceanic islands likely exceeds that reported
in this meta-analysis. Australia was included as a continen-
tal mainland in our study owing to its large size; we
performed an additional test by including Australia in the
island category, which did not change our findings (g = −
0.16. ± 0.15.; p = 0.039 and g = −0.04 ± 0.15; p = 0.853 for
island and mainland, respectively), suggesting that our
results robustly support the hypothesis that terrestrial
species on islands display pronounced levels of prey
naiveté.

Prey species adapt to predators by accumulating eco-evol-
utionary experience [21] that familiarizes them with a
particular species or archetype—a set of predatory species
that have similar morphological and/or behavioural adap-
tations to obtain prey [10]. Recognition of a novel predation
threat by a native prey species depends in part on the
degree of similarity between the exotic predator and native
predators present in the invaded community [14,16]. Hence,
differences in predator archetypes between the area of
origin and the area of introduction of an exotic species can
profoundly influence the degree of prey naiveté. In the pre-
sent study, we tested two proxies of distinctive predator
archetype (allopatric origin and generic distinctiveness of
the exotic predator [59]) and both were related to prey nai-
veté. The response towards exotic predators was limited
when the introduced predator belonged to a novel genus in
the invaded community or originated in a different biogeo-
graphic realm. Our results support the hypothesis that
predator archetypes might be limited to congeneric species,
as suggested previously [27,35], but phylogenetic analyses
assessing evolutionary distance between predator species
would be warranted to test this hypothesis. These results
also substantiate a statistical synthesis [59] showing that
high-impact invaders, including predators, are likely to
belong to genera not present in the invaded community,
which expectedly occurs more frequently if the predator is
native to a foreign biogeographic realm.

Native prey appeared more likely to be naive towards
reptile and fish predators. Indeed, many species from these
groups have been implicated in extirpations and extinctions
[60], although most attention has been given to iconic cases
such as the Nile perch Lates niloticus [61] and the brown
tree snake B. irregularis [6]. Native amphibians appeared to
be sensitive to the introduction of predatory herpeto-
fauna—mainly freshwater turtles and frogs (92% of the 24
observations)—where the majority of prey species were
frogs (83% of 24 observations). On the other hand, exotic
predatory fishes were represented broadly (17 freshwater
and one marine exotic fish species with 78% and 22% of
the 78 total observations, respectively) and their prey
belong to four taxonomic groups (insects, fishes, herpeto-
fauna, crustaceans), suggesting that the identification of
exotic fish as a predation threat might be generally elusive.
We performed an additional analysis to ascertain whether
the high probability of herpetofauna and fish to encounter
naive prey was due to taxonomic affiliation and not simply
driven by ecosystem type (freshwater, terrestrial, marine).
We found similar results for these two taxonomic groups,
regardless of the ecosystem type (g =−0.39 ± 0.27; p = 0.005
and g =−1.07 ± 0.44; p < 0.001 for freshwater and marine
fishes, respectively, and g =−0.39 ± 0.41; p = 0.060 and g =−
1.29 ± 1.11; p = 0.022 for freshwater and terrestrial herpeto-
fauna, respectively), supporting our findings of likelihood
of prey naiveté towards fish and herpetofauna. A surprising
result was that prey recognize exotic carnivorous mammals
as a predation threat, despite that their exacerbated impacts
have been commonly attributed to prey naiveté [23]. Similarly,
a recent meta-analysis investigating prey naiveté towards
exotic mammals in Australia found high-risk aversion towards
canids: the European red fox Vulpes vulpes and the dingo/dog
Canis lupus dingo/familiaris [38]. The majority (62%) of obser-
vations in our dataset involving exotic mammalian predators
were for canids. When we re-ran our analysis excluding
canids, prey were marginally naive to carnivorous mammals
(g =−0.42 ± 0.49; p = 0.09). Thus, we speculate that the canid
family, which has long been present in most continents
(including Australia, where Canis lupus dingo was introduced
4000 years ago [62]), represents a predator archetype that
could be more broadly recognized than many other arche-
types, perhaps because of extensive evolutionary exposure
associated with human domestication.

Our findings suggest that fish, amphibians, and reptiles
are generally more naive to exotic predators than mammals
and invertebrates (crustaceans, insects, and molluscs) and
thus likely more sensitive to the introduction of predators.
Exotic species have been identified as the number one
threat associated with the extinctions of herpetofauna world-
wide according to the International Union for Conservation
of Nature (IUCN) Red List [63], but the extent to which
prey naiveté drove these extinctions remains to be deter-
mined in many cases. We did not find significant levels of
naiveté for mammalian prey in general, although exotic
species are also the most frequent threat recorded for their
extinctions [63]. Similar to our findings, a recent meta-analy-
sis indicates that mammals in Australia identify exotic foxes
and cats as a predation threat [38]. The authors argue that
despite this lack of prey naiveté (level 1 sensu [19]) the ram-
pant decline of prey by exotic mammals in Australia [64]
might still be driven by inappropriate or ineffective prey
responses (levels 2 and 3 naiveté sensu [19]), which are
rarely quantified. Remarkably, although prey naiveté is
invoked as responsible for the strong ecological impacts of
exotic species on birds [2,6,65,66], we did not find any
papers that met our criteria for quantifying prey naiveté in
birds, mainly because the few studies addressing prey nai-
veté in birds lack a comparative treatment with a native
predator. Finally, fish do not appear to respond to the risk
of predation by novel fish. Collectively, these findings suggest
global patterns that could strengthen predictions concerning
evolutionary exposure.

The antipredator response of native prey to novel
predators can evolve through time, if predation selects for
predator recognition and avoidance behaviour [28]. Beha-
viours that determine the survival of individuals facing a
novel predation threat can be subject to strong selection in
the persistent presence of a predator [67]. If extinction is
averted, evolutionary adaptation can be achieved in a small
number of generations. For instance, the fence lizard Scelo-
porus undulatus acquired the capacity to avoid exotic
predatory red fire ants Solenopsis invicta in North America
within 40 generations [36]. Our meta-analysis shows that nai-
veté erodes with the number of prey generations following
predator introduction, indicating a generalized pattern of
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adaptation [30,68]. Averaged across the various taxa in our
study, approximately 200 generations are required for native
prey to acquire an antipredator response towards exotic pre-
dators in the same manner as native predators. This
phenomenon could explain, in part, the observed declines
in negative ecological impacts of exotic predators over time.
For example, the ecological impacts of the brown trout
Salmo trutta—an exotic predator intentionally introduced
globally—decreased linearly with time since introduction
[69]. This reduction in the negative ecological impacts
occurs circa one century after the introduction of the brown
trout and it was hypothesized to result from either rapid
evolutionary adaptation or prompt local extinction of native
prey [69]. The capacity of prey to recognize exotic predators
is conditional on the native prey averting extinction that
often occurs before prey naiveté is assessed [1,2]. Our study
might have underestimated the generation time required for
predator recognition by omitting prey species that can
never adapt or learn how to recognize exotic predators. We
are aware of at least one extreme case in our dataset: several
fishes exhibit limited antipredator behaviour in the presence
of the exotic lionfish P. volitans in the Caribbean [35,70],
where strong reductions [71,72] and even local extirpations
[73] of fish populations have been reported.

We also predicted that prey at lower latitudes would be
less naive towards novel predators owing to the large suite
of predatory species and relative high intensity of predation
in the tropics [32,33]. Although our results suggest that
novel predator recognition is not influenced by latitude,
data from the tropics were limited—perhaps reflecting
actual low numbers of successful introduced predators [74]
or historical low sampling effort of non-native species in
the tropics [75].

There are several potential limitations to the data
included in this meta-analysis. First, studies were excluded
unless they met several criteria, with the disadvantage of
not considering the totality of evidence generated globally
on prey naiveté. We only considered experimental designs
that included empirical comparisons between native and
exotic predators, to ensure a direct and consistent way to
quantify the perceived risk threat of an exotic predator. Con-
sequently, we excluded studies with controls such as ‘absence
of exotic predator’, as those comparisons often require cau-
tious interpretation (e.g. does the behavioural response of
prey towards the exotic predator as compared with an
empty control indicate predator recognition or simply a
response to the presence of an organism, regardless if it is
perceived as a predatory threat?). Second, our study only
included measurements of level-1 prey naiveté (sensu
[16,19]), which interprets a lack of response to an exotic pred-
ator (when compared with a native predator) as a lack of
recognition of the exotic predator as a threat. However,
native animals experience additional levels of naiveté (level-
2, -3, and -4), which relate to appropriate, effective, and/or
commensurate responses to exotic predators, respectively.
Therefore, wildlife might still experience heavy predation
by exotic predators despite low level-1 naiveté. By focusing
on level-1 naiveté, our study did not consider physiological
responses to the presence of predators [76], which can be
considered another important form of prey naiveté. Finally,
our dataset did not include a random subset of all exotic pre-
dators, which might have biased our results towards the most
notorious (and presumably detrimental) of exotic species.
Our meta-analysis identifies some global drivers of prey
naiveté, paving the way for testing these drivers in different
contexts. Assuming that prey naiveté results in increased
mortality [14], our results point to several animal groups as
being disproportionately sensitive to introduced predators.
Some of these vulnerable cases were expected, such as insular
terrestrial and freshwater fauna, whereas other cases were
unpredicted, such as the high susceptibility of native prey
to exotic predators in marine systems, or the vulnerability
of specific prey taxa, including fishes and amphibians. The
relationship between overall prey naiveté and the number
of prey generations suggests that long-lived species could
be particularly vulnerable to introduced predators. It remains
to be determined how other eco-evolutionary factors influ-
ence the loss of prey naiveté through time—e.g. how does
this rate differ across taxonomic groups and ecosystem
types? Additionally, the most damaging groups of exotic pre-
dators were found to be animals that originate from a foreign
biogeographic realm or that represent a new generic arche-
type. Particular attention should be given to the
introduction of predatory fishes, reptiles, and mammals (per-
haps with the exception of canids). This information could
guide efforts to prioritize invasion threats to biodiversity
and inform risk assessments of conservation schemes invol-
ving assisted colonization. Finally, we identified several
areas in which the quantification of prey naiveté is notably
scant (e.g. marine ecosystems, remote oceanic islands, and
many common prey taxa) and these should be prioritized
to clarify predictive patterns of prey naiveté.

Our results support the view that prey naiveté is shaped
by multiple eco-evolutionary factors [16,19,21,38]. The
phenomenon is of increasing relevance to conservation,
given that species introductions to novel ecosystems are accel-
erating globally [4], along with other forms of global change
that might promote ‘disturbed predator-prey interactions’
(sensu [16]). For example, the poleward migration of species
driven by changing isotherms [77], including the imminent
arrival of unique shell-breaking predators in Antarctica [78],
will add novel predator-prey interactions even into histori-
cally isolated regions. Therefore, we recommend that factors
influencing prey naiveté be given explicit consideration in
biodiversity risk assessments.
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