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Abstract

The prey naivety hypothesis posits that prey are vulnerable to introduced predators because
many generations in slow gradual coevolution are needed for appropriate avoidance
responses to develop. It predicts that prey will be more responsive to native than intro-
duced predators and less responsive to introduced predators that differ substantially from
native predators and from those newly established. To test these predictions, we conducted
a global meta-analysis of studies that measured the wariness responses of small mammals
to the scent of sympatric mammalian mesopredators. We identified 26 studies that met our
selection criteria. These studies comprised 134 experiments reporting on the responses
of 36 small mammal species to the scent of six introduced mesopredators and 12 native
mesopredators. For each introduced mesopredator, we measured their phylogenetic and
functional distance to local native mesopredators and the number of years sympatric with
their prey. We used predator and prey body mass as a measure of predation risk. Globally,
small mammals were similarly wary of the scent of native and introduced mesopredators;
phylogenetic and functional distance between introduced mesopredators and closest native
mesopredators had no effect on wariness; and wariness was unrelated to the number of
prey generations, or years, since first contact with introduced mesopredators. Small mam-
mal wariness was associated with predator-prey body mass ratio, regardless of the nativity.
The one thing animals do not seem to recognize is whether their predators are native.
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Resumen

La hipótesis de la ingenuidad de la presa plantea que ésta es vulnerable a los depredadores
introducidos porque se requiere que muchas generaciones atraviesen una coevolución lenta
y gradual para que se desarrollen las respuestas de evasión adecuadas. La hipótesis supone
que la presa será más sensible a los depredadores introducidos que difieren notoriamente
de los nativos y de aquellos recién establecidos. Realizamos un metaanálisis global de estu-
dios que midieron las respuestas cautelosas de mamíferos pequeños ante el rastro de meso
depredadores simpátricos para probar estas suposiciones. Identificamos 26 estudios que
cumplieron con nuestro criterio de selección. Estos estudios estuvieron conformados por
134 experimentos que reportaban las respuestas de 36 especies de mamíferos pequeños
ante el rastro de seis meso depredadores introducidos y 12 nativos. Medimos la distancia
funcional y filogenética entre cada meso depredador introducido y los meso depredadores
locales nativos y el número de años simpátricos con su presa. Usamos la masa corpo-
ral del depredador y la presa como medida del riesgo de depredación. A nivel mundial,
los mamíferos pequeños compartieron la cautela ante el rastro de los meso depredadores
nativos e introducidos; la distancia funcional y la filogenética entre los meso depredadores
introducidos y el meso depredador nativo más cercano no tuvieron efecto sobre la cautela;
y la cautela no estuvo relacionada con el número de generaciones de la presa, o años, desde
el primer contacto con los meso depredadores introducidos. La cautela de los mamíferos
pequeños estuvo asociada con las proporciones de masa corporal entre el depredador y
la presa, sin importar el origen. Lo único que los animales parecen no reconocer es si el
depredador es nativo o no.

PALABRAS CLAVE

biología de la invasión, características funcionales, ingenuidad, mamífero pequeño, meso depredador
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INTRODUCTION

Invasion biology is founded on the idea that slow and grad-
ual reciprocal adaptation is necessary to enable stable species
interactions. Introduced species are considered “disruptive”
of “co-evolved” ecological communities and processes, that
“damage” native species because of their “lack of evolution-
ary adaptations” to “aliens” (Paolucci et al., 2013). Introduced
mammalian mesopredators in particular are regarded as “agents

of extinction” and “the most damaging group of alien animal
species for global biodiversity” (Doherty et al., 2016). They are
said to “inflict severe impacts” whether their populations are
high or low due to the “sensitivity” of native prey (Legge et al.,
2017).

There are two main reasons for this dire assessment.
First, introduced predators hunt native animals, including
threatened species (Bonnaud et al., 2011; Johnson & Isaac,
2009). Second, the introduction, rise, and fall of introduced
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mammalian mesopredators correlate in some cases with the
fates of native animals they prey on. For example, in Australia,
several small mammals declined and went extinct after meso-
predator introductions (Johnson, 2006); others persisted where
these mesopredators had yet to establish (Legge et al., 2018);
and some increased after they were suppressed by conservation
killing programs (Hunter et al., 2018). These lines of evidence
converge to point toward predation by introduced mammalian
mesopredators as a plausible contributor to extinction.

Because predation is foundational to life (Bengtson, 2002)
and most animals evolved with a wide range of predators and
predatory behaviors, the sweeping claim that animals are unusu-
ally vulnerable to introduced predators requires a biological
mechanism. It has been proposed that the hunting abilities of
introduced mesopredators may be “superior” (Bannister et al.,
2018) or that the avoidance skill of native prey may be “inferior”
(Garland et al., 1988). Evidence has not emerged that intro-
duced mesopredators are exceptional hunters. It also appears
that most native prey are physically capable of escaping intro-
duced predators (Garland et al., 1988), with some notable
exceptions (Wright et al., 2016). Instead, the primary avenue of
research has focused on the prey’s wariness responses to intro-
duced predators. Invasion biology’s proposed mechanism for
the assertion that introduced predators have greater effects on
their prey than native predators, termed the prey naivety hypoth-
esis, is that native prey fail to recognize or respond appropriately
to predators with whom they have shared a relatively brief evo-
lutionary history (Anton et al., 2020; Carthey & Banks, 2014;
Paolucci et al., 2013). Significant attention has been devoted
to testing this hypothesis, starting at least four decades ago
and continuing to this day (e.g., Dickman & Doncaster, 1984;
Steindler & Letnic, 2021).

The proposition that coevolution, developing over many gen-
erations, is needed for prey to respond effectively (i.e., with
savviness) to their predators is persuasive. It is founded on
the idea of evolution as a gradual and slow process (Carroll
et al., 2007). Populations isolated from predators on islands have
offered the clearest examples of naivety (Blumstein & Daniel,
2005; Cooper Jr et al. 2014). Charles Darwin famously described
the “very silly birds” that were easily approached and hunted
on a previously human-free island (Darwin, 1840). Animals
raised in captivity show similar vulnerabilities. When released,
they are often rapidly hunted by introduced predators (Moseby
et al., 2011), but also by native predators (Berger-Tal et al.,
2020; Heezik et al., 1999). Wild animals can be similarly unre-
sponsive to predators they have little or no experience with. In
North America, moose (Alces alces) are less responsive to the
sounds and scents of decades-long extinct wolves (C. lupus) and
brown bears (Ursus arctos) and initially more vulnerable to pre-
dation when these predators recolonized (Berger et al., 2001).
Female elk (Cervus elaphus) and bison (Bison bison) are less vigi-
lant where wolves have been extinct for decades compared with
those in areas where wolves have recolonized (Laundré et al.,
2001). It is fair to conclude that short-term naivety to unfamil-
iar predators, native and not, is well supported and provides
a reasonable starting point for considering why animals might
be particularly vulnerable to introduced predators. Yet, most

extant animals have been living with introduced predators for
generations, attesting to their prowess and that of their ances-
tors who survived first contact. Invasion biology proposes that
heightened vulnerability to introduced predators is persistent
despite lived experience and ongoing selection pressure across
generations (Anton et al., 2020). This is the claim we sought to
address.

Although many traits evolve slowly, others evolve at an eco-
logical pace that enables rapid adaptation to novel organisms
(Carroll et al., 2007). Learning and teaching also play impor-
tant roles in individual and social adaptation (e.g., Thornton
& McAuliffe, 2006). There is evidence that this capacity for
flexible adaptation and learning occurs in prey responding to
introduced predators. In a striking parallel, comparisons of
red fox (Vulpes vulpes) abundance on either side of the Israel-
Jordan border (foxes native) (Shapira et al., 2008) and on either
side of the Dingo Barrier Fence (foxes introduced) (Letnic &
Dworjanyn, 2011) showed there is less small mammal forag-
ing where foxes are more common. Similarly, a meta-analysis
showed that Australian native mammals respond to the
cues of introduced predators as strongly as to native preda-
tors (Banks et al., 2018). In support of the view that naivety
is not immutable, but rather is a function of experience, north-
ern brown bandicoots (Isoodon macrourus) are more responsive
to the scent of introduced red foxes where the two species are
sympatric compared with where they are allopatric (Bytheway &
Banks, 2019). The important questions for conservation, how-
ever, are whether such rapid adaptation is common or rare and
how long it takes to develop.

Inexperienced prey can learn and adapt to new predators
rapidly. In central Australia, one group of semicaptive burrow-
ing bettongs (Bettongia lesueur) exposed to introduced cats (Felis

silvestris catus) increased wariness behaviors within 18 months
(West et al., 2018); became larger and faster within 4 years (Tay
et al., 2021); and were responsive to the scent of cats, unlike
inexperienced bettongs (Saxon-Mills et al., 2018). Similarly,
predator-inexperienced brushtail possums (Trichosurus vulpecula)
avoid introduced cat urine 12 months after release (Bannister
et al., 2018). These cases parallel observations of prey rapidly
learning to respond to native predators that they had been iso-
lated from (e.g., Berger et al., 2001; Cunningham et al., 2019;
Laundré et al., 2001; Zidon et al., 2009). Whether inexperienced
prey become familiar with native predators more quickly than
with introduced predators has not been tested.

Just as naivety can be rapidly overcome with experience,
isolation from both native and introduced predators can turn
once-savvy prey naïve. Northern quolls (Dasyurus hallucatus)
isolated from (native) dingoes (Canis dingo) and (introduced)
cats on an Australian island for 13 years were less respon-
sive to the scent of both predators compared with mainland
quolls (Jolly et al., 2018); animal populations in close con-
tact with humans (where some predators are less common)
reduce antipredator behaviors within 20 generations on aver-
age (Geffroy et al., 2020); Gulf Island raccoons (Procyon lotor)
lost the fear of cougars extirpated in the 20th century (Suraci
et al., 2017); brushtail possums isolated from introduced mam-
malian predators for 15 years spend more time on the ground
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compared with predator-experienced possums (Bannister et al.,
2018); and tammar wallabies (Macropus eugenii) introduced to
New Zealand and isolated from predators for 130 years do not
adopt antipredator vigilance behaviors relative to group size,
unlike predator-experienced Australian populations (Blumstein
et al., 2004).

Because the prey naivety hypothesis is based on the idea
that prey responses evolve over many generations, some have
logically predicted that prey should be particularly naïve to
introduced predators that are phylogenetically or functionally
distant from native predators (Anton et al., 2020; Banks et al.,
2018; Ehlman et al., 2019; Ricciardi & Atkinson, 2004; Sih
et al., 2010). In Australia, Carthey and Banks (2012) found
that bandicoots (Perameles nasuta) forage less in residential yards
that contain dogs (C. familiaris) compared with those with cats,
an observation they attribute to bandicoot’s relative familiarity
with dogs, which are closely related to native dingoes. However,
they acknowledge that the difference in antipredator behaviors
could also reflect differences in predation risk. Similarly, Cre-
mona et al. (2014) found that rock rats (Zyzomys spp) are more
responsive to northern quolls than to dingoes, which could be
attributed to the longer history they share with quolls or to
differences in predation risk. In fact, the role of relative preda-
tion risk in behavioral responses to introduced compared with
native predators has not been assessed. Previous meta-analyses
showed limited support for the prey naivety hypothesis (Anton
et al., 2020; Banks et al., 2018), possibly due to the mixing of
studies involving predator-experienced and inexperienced prey
and of low- and high-risk predators.

Due to the importance of the prey naivety hypothesis to
invasion biology, we conducted a global meta-analysis of stud-
ies focused on predator-experienced animals (small mammals)
responding to the cues of high-risk predators (mammalian
mesopredators) that have long coevolved with them (native)
or were recently introduced to them (introduced). By focusing
on this cohort, we were able to test the prey naivety hypoth-
esis where it is most relevant to conservation: predator–prey
interactions predicted to lead to extinctions. We tested four key
predictions made by the prey naivety hypothesis: prey will be
warier of native than introduced predators; prey will be least
wary of introduced predators that are phylogenetically and func-
tionally distinct from native predators; prey will be warier of
introduced predators they have co-occurred with the longest;
and prey wariness will increase as predation risk increases, but
only when the predator is native. The prey naivety hypothesis is
supported if any one of these predictions is met.

METHODS

We conducted a literature search for predation risk experiments
in Google Scholar, Web of Science, and Scopus with combina-
tions of the search terms “naivety” and “predator,” for the prey
naivety hypothesis; “giving up density,” for a method commonly
used to assess prey perception of predation risk (Verdolin,
2006); “scent,” for a predator cue that is species-specific and
commonly used (Carthey & Banks, 2014); and “Vulpes,” “Felis,”

“Mustela,” and “Herpestes,” for introduced mesopredators con-
sidered most likely to cause extinctions (Doherty et al., 2016).
We also searched through the literature lists of, and citations to,
relevant studies. Detailed search methods are in Appendix S1.

To focus on predator–prey interactions most strongly asso-
ciated with extinctions and to reduce confounding variables,
we filtered the selection to studies of small mammals (<5 kg)
responding to the scent of a larger mammalian mesopredator
(1–14 kg). We chose these body mass ranges to focus on high-
risk predation (i.e., prey responding to their main predators)
(Cohen et al., 1993; Cruz & Pires, 2022; Tucker & Rogers, 2014).
To test for naivety in populations of predator-experienced ani-
mals, we filtered the studies further to include only experiments
conducted under free-ranging conditions, where the predator
was sympatric, and on animals that had been born locally (or
had immigrated independently). We, therefore, excluded studies
conducted in labs, enclosures, exclosures, and human dwellings
and studies of captive-born or translocated animals. Finally, we
excluded studies examining small mammal responses to native
mesopredators introduced to a region where the predator and
prey were previously allopatric (e.g., native mesopredator intro-
duced to the offshore island) because these relationships do not
fit into a native or introduced category unambiguously. Studies
were also included only if the necessary data could be extracted
(mean, a measure of variance, and sample size). Data collection
ended in January 2022. Details on the literature filtering and
selection process are in Appendix S1.

The final data set included 26 studies composed of 134
experiments (Appendix S2). These studies reported on the
responses of 36 small mammal species (∼10–2000 g) to the
scent of six introduced mesopredators (one canid, one felid,
two dasyurids, and two mustelids) and 12 native mesopredators
(five canids, two felids, two dasyurids, two mustelids, and one
euplerid). No experiments involving other cue types other than
scent (e.g., sound) were found. The studies were geographically
widespread (all continents other than Antarctica). Most studies
of introduced pairs were conducted in Australia (nine stud-
ies); studies of native pairs were more equally distributed (top
3: six in Australia, six in North America, and four in Europe)
(Appendix S3). The search was conducted only in English, and
only publications in English were found.

All experiments compared small mammal wariness responses
to the scent of a mesopredator compared with a control scent.
Weaker wariness responses of prey to introduced predators
compared with native predators was interpreted as evidence of
long-term naivety (Carthey & Banks, 2014). Overall, the selected
studies used four experiment types––giving up density, trap-
ping, flight initiation distance, and activity––that measured four
main responses by small mammals to mesopredator scent rel-
ative to a control: foraging, wariness behaviors, activity rates,
and stress hormones. We included all behavior data that were
clearly defined by the study authors as wariness responses (e.g.,
vigilance) and excluded behavior data that were not defined
as wariness (e.g., walking). Predator scents applied were scats,
urine, and the whole body. The controls were odorless, herbi-
vore scent, or a novel chemical scent. Some studies included
more than one control type; in which case, we chose the
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odorless control. We excluded comparisons with the scent of
the small mammal being tested because this scent can act as an
attractant.

To test whether prey are warier of native compared with
introduced predators, we categorized the relationship between
the small mammal and mesopredator as either native or intro-
duced based on whether they co-occurred before the onset
of humanity’s last major global expansion (∼500 years ago).
Predator–prey pairs that were locally introduced but sympatric
in their native range were considered native pairs (e.g., Euro-
pean rabbit [Oryctolagus cuniculus] and red fox in Australia). In the
final data set, all introduced predator–prey pairs in the selected
studies shared <200 years of sympatry.

To test whether small mammals were least wary of introduced
predators that differed substantially from their native preda-
tors, we first identified all native mammalian mesopredators that
overlapped with each prey. Given the range contraction of some
mesopredators, we used PHYLACINE 1.2, which estimates dis-
tributions in the absence of historic and prehistoric extirpations
(Faurby & Svenning, 2015). We then analyzed small mammal
wariness responses to the scent of introduced mesopredators
relative to phylogenetic and functional distance from the most
similar native mesopredator.

We used the phylogeny provided by PHYLACINE 1.2 and
the function cophenetic.phylo in the R package ape (Paradis &
Schliep, 2019) to calculate the phylogenetic distance between
each introduced mesopredator and all overlapping native meso-
predators. We then used the closest phylogenetic distance with
a native mesopredator as the predictor of prey wariness.

To quantify functional distance, we first compiled a data
set of functional traits of each introduced mesopredator and
all overlapping native mesopredators. We selected six preda-
tor traits that we considered of particular relevance to prey:
body mass, diet, hunting habitat, daily activity patterns, hunting
locomotion, and cooperative hunting (Appendix S4). Preda-
tor body mass and diet (percent vertebrate, invertebrate, and
plant) influence prey selection and hunting pressure; hunting
habitat (terrestrial, arboreal, and fossorial) and daily activity
patterns (crepuscular, diurnal, and nocturnal) determine spa-
tiotemporal overlap with prey; and evading predators requires
adaptation to differences in hunting styles (locomotion, e.g.,
ambush vs. cursorial and cooperative vs. solitary). We then used
these functional traits to calculate the Gower distance between
introduced mesopredators and the overlapping native meso-
predators with the R package FD (Laliberté et al., 2014). Gower
distance is a flexible distance-based metric that can handle
mixed data types and describes the overall pairwise functional
dissimilarity between species. We then used the closest Gower
distance with a native mesopredator as the predictor of prey
wariness.

To test the prediction that prey will be warier of longer-
established introduced predators, we analyzed wariness to
introduced mesopredator scent relative to the number of years
and the number of small mammal generations since first con-
tact. The number of years since first contact was calculated
from the estimated year the introduced mesopredator estab-
lished in the study site to the year the study was conducted, or

if not stated, to the year the study was submitted to the publish-
ing journal. The number of small mammal generations shared
with introduced mesopredators was calculated by dividing the
number of years since first contact by the small mammal’s
estimated generation length. Generation length has several def-
initions and methods of calculation. We relied on Pacifici et al.
(2013), who calculated generation length for all mammals with
the International Union for the Conservation of Nature Red
List Guidelines’ equation, which incorporates age at first repro-
duction with reproductive lifespan accounting for estimates of
survivorship and fecundity over time. For mammals without
detailed life-history data, Pacifici et al. (2013) made assessments,
for example, based on the life history of congenerics.

To test the prediction that prey wariness increases with pre-
dation risk––only when the predator is native––we determined
whether small mammal wariness to mesopredator scent var-
ied according to small mammal body mass (Appendix S3)
and according to the ratio of small mammal body mass to
mesopredator body mass (Appendix S4). We used body mass
metrics because they are fundamental predictors of predation
risk and because information on local predation rates was
not available. Within terrestrial mammals, larger predators tend
to hunt larger prey (Cohen et al., 1993; Tucker & Rogers,
2014). Among Neotropical Carnivora, the relationship between
predation rate and predator-prey body mass ratios follows a
bell-shaped curve, and prey <5% of the predator’s body mass
are most often hunted (Cruz & Pires, 2022). To determine
whether small mammals were more responsive to variations in
predation risk by native mesopredators, we compared the wari-
ness of predator scent relative with these predation risk metrics
(prey body mass and predator-prey body mass ratio) between
native and introduced mesopredators.

We extracted the mean and error of treatment and control
with ImageJ and calculated the effect size of small mammal
wariness. We used Hedges’ g (Equation 1), a valueless mea-
sure that describes differences between control and treatments
within a study, standardized by study sample size and variance.
Hedges’ g can accept negative values unlike other commonly
used effect size estimators (e.g., a log-transformed ratio of
means). Hedges’ g was calculated in R package (4.0.3) metafor
(2.4-0) after converting all measures of the error to standard
deviation. The results from each study and experiment are in
Appendix S2. Typically, Hedges’ g effect values are considered
small at ∼0.2, medium at ∼0.5, and large at ∼0.8 (Cohen,
1992).

g =
Mpredator − Mcontrol√(

npredator −1
)
× SD2

predator+ (ncontrol−1)× SD2
control(

npredator + ncontrol − 2
)

, (1)

where M is the group mean, n is the sample size, and SD
is the standard deviation for each experimental treatment
(mesopredator scent vs. control scent).

We then constructed successive meta-regression models to
test each hypothesis with the function rma.mv in the R pack-
age metafor. These models weight the influence of each data
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point by the inverse of the sampling variance and the amount of
heterogeneity captured by random effects (Viechtbauer, 2010),
thus accounting for discrepancies in study strength. Given the
large number of potential random effects that could influence
the results, we formulated 24 biologically defensible random
error structures. These included different nested and crossed
combinations of the reference identification, prey and preda-
tor species, study site, continent, and the climate zone of the
study site (Köppen-Geiger zones, from Beck et al. [2018]). We
then used a cross-validation approach to select the best ran-
dom effect structure for each model. We did this by randomly
resampling 70% of the data set over 1000 iterations per poten-
tial random effect structure. On each iteration, we compared
the predicted effect sizes for the remaining 30% of data with
the observed effect sizes and calculated the absolute deviation
between predicted and observed values (how inaccurate the
model predictions were). We selected the model with the least
mean absolute deviation after excluding models with random
error sigmas (variance) of 0, indicating overfitting and conver-
gence problems. Final model specifications are in Appendix S5;
cross-validation results are in Appendix S6; and data and cus-
tom scripts are available on Figshar https://doi.org/10.6084/
m9.figshare.21194971.

RESULTS

Small mammal wariness response strength to the scent of both
native and introduced mesopredators was medium to large
(introduced: Hedges’ g = 0.6, 95% confidence interval [CI]
0.3−0.9, p = 0.0006; native: g = 0.6, 95% CI 0.3−0.9, p <

0.0001) (Figure 1 & Appendix S5). There was no difference
in response based on nativity (p = 0.81). The strength of
wariness responses to introduced mesopredator scent was unaf-
fected by phylogenetic or functional distance from the most
similar native mammalian mesopredator (phylogenetic distance:
coefficient = 0.3, 95% CI −0.6 to 1.2, p = 0.49; functional
distance: coefficient = 1.3, 95% CI −0.9 to 3.4, p = 0.25)
(Figure 2 & Appendix S5). Wariness was also unrelated to the
number of years (coefficient = 0.002, 95% CI −0.01 to 0.01,
p = 0.7) (Appendix S5) or the number of small mammal gen-
erations (coefficient = 0.003, 95% CI −0.008 to 0.014, p =

0.62) (Figure 3 & Appendix S5) since the estimated year of first
contact with introduced mesopredators.

Wariness responses to native and introduced mesopreda-
tor scent were positively correlated with small mammal body
mass (coefficient = 0.54, 95% CI 0.2−0.9, p = 0.001) and
with predator-prey body mass ratio (coefficient = 0.43, 95%
CI = 0.1−0.7, p = 0.008) (Figure 4 & Appendix S5). This
relationship was similar for both introduced and native small
mammals (p = 0.39−0.43) (Figure 4 & Appendix S5).

DISCUSSION

We tested the prey naivety hypothesis where it matters most
to conservation: the responses of predator-experienced prey to

introduced predators attributed with causing extinctions. We
found that small mammals were wary of mesopredator scent
regardless of nativity and of how phylogenetically and function-
ally distant introduced mammalian mesopredators were from
native mammalian mesopredators; naivety was undetectable in
the wild within the shortest period research had documented;
and small mammals were responsive to (a metric of) predation
risk posed by introduced and native mesopredators alike. Inva-
sion biology’s fundamental claim that long-term coevolution
is necessary for prey to recognize their predators is, therefore,
unsupported by available evidence.

Our findings reinforce the results of the meta-analysis by
Banks et al. (2018) that Australian small mammals respond with
equal wariness to native and introduced predators and by Anton
et al. (2020), who found no evidence of naivety in terrestrial
animals globally. However, our results contrast with the conclu-
sion of Anton et al. (2020) that prey are naive to introduced
predators which are phylogenetically distinct from native preda-
tors. They found higher prey wariness in response to introduced
predators in the same genus as a local native predator. That
we found no effect of phylogenetic or functional distance of
introduced mesopredators from native mesopredators on small
mammal wariness suggests that prey do not consider introduced
predators aliens. Our results also depart from the conclusion
of Anton et al. (2020) that it should take ∼200 generations to
“erode naiveté.” We found no effect of the number of prey
generations, or of years since first contact, on wariness toward
the introduced mesopredator scent, suggesting that learning
and adaptation occurred before the research was conducted.
One reason for the differences between our findings and that
of previous studies is the inclusion criteria. Previous analy-
ses merged studies of predator-inexperienced and -experienced
prey, low- and high-risk predators, sympatric and allopatric
predators, and a range of taxonomic groups. We focused on
studies most likely to reveal responses of locally born, predator-
experienced prey to high-risk predators in defined taxonomic
groups.

Predator-savvy prey are, by definition, responsive to preda-
tion risk. We were not able to test wariness as a function of
predation rate because the studies did not report this informa-
tion. However, body mass showed a strong explanatory signal.
Strikingly, the association between wariness and body mass was
similar between native and introduced predator–prey pairs, sug-
gesting that what prey recognize is not whether their predator is
native but to what extent their predator is a risk. Specifically, we
found that larger small mammals were warier of mesopredator
scent. It is plausible that in these trophic groups larger prey are
warier of mesopredator scent because their risk of predation is
higher. Our results align with a study of flight initiation distance
in birds. Blumstein (2006) found that larger birds are warier
of humans. Predation risk varies with predator and prey body
masses among native species (Cohen et al., 1993; Cruz & Pires,
2022; Tucker & Rogers, 2014), as it does among introduced
predators and prey. In Australia, it has been suggested that the
relative probability of predation by introduced red foxes and
cats on nonflying native mammals increases up to ∼1 kg (Stobo-
Wilson et al., 2021) and for cats peaks at 0.5 kg (Woolley et al.,
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FIGURE 1 Wariness response of small mammals to the scent of introduced and native mesopredators (light shading, individual experiment effect sizes; circle
size, proportional to data weight in the analyses; dark shading, model estimates of the overall effect of predator scent on native and introduced wariness responses
across studies; error bars, 95% confidence intervals; colored numbers, number of studies and in parentheses number of experiments). Sampling variance is
determined by sample size and error. Native and introduced species are categorized based on the relationship between the prey and the predator being tested, rather
than the species’ relationship to the study site. Excluding the outlier point among introduced pairs did not influence results (introduced wariness without outlier:
estimate = 0.64, z = 4.0, p < 0.0001 vs. with outlier: estimate = 0.65, z = 4.0, p < 0.0001).

2019), which is within the range of body masses we tested for.
To our knowledge, naivety experiments have not considered the
effects of body mass or other functional or life history traits on
responsiveness to introduced predators. Our body mass results
lend support to the methodological rigor of the reviewed stud-
ies. The association between wariness and body mass was strong
despite the noise one would expect from wariness data derived
from an indirect cue of risk (predator scent), across a range of
species and ecosystems, and with wariness interpreted with a
range of behavioral metrics.

The prey naivety hypothesis is not only important to
understanding the effects of introduced predators, but also
foundational to invasion biology, which asserts that intro-
duced species remain non-native in their new homes even after
multiple generations (Davis, 2009). If the prey can adapt to
introduced predators, it seems likely that other types of species
interactions are at least as flexible and adaptive. Indeed, plants
enhance defenses to introduced herbivores (Bailey et al., 2007);
rapid adaptation, including learning, occurs in predators hunting
precarious introduced prey with surprisingly toxic glands (Shine,
2010); introduced species are pulled back into the food chain

as native species adapt to consume them (Carroll et al., 2005;
Lundgren et al., 2022); and new competitors find ways to coexist
(Malo et al., 2016; Reus et al., 2014).

Although we can confirm that populations that survive first
contact are typically savvy, there is one important limitation to
this conclusion: most studies conducted in the wild focused
on nonthreatened species. The available research, however,
does not show that threatened species are less savvy about
introduced predators. In their meta-analysis, Banks et al. (2018)
found that threatened and nonthreatened Australian mammals
are equally responsive to introduced predators, although their
sample size was low. Our literature search identified only one
study of a threatened species that fit our inclusion criteria:
Steindler and Letnic (2021) found that bilbies (Macrotis lagotis,
vulnerable) respond to the scent of introduced cats. The effect
size of this response was within the range of studies of non-
threatened small mammals (Appendix S2). Similarly, studies of
dusky hopping mouse (Notomys fuscus, vulnerable) predation
responses reinforce the notion that threatened mammals are
wary of introduced mesopredators (Gordon et al., 2015; Letnic
& Dworjanyn, 2011) (not included in our analysis). Naivety
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FIGURE 2 Effects of (a) phylogenetic distance and (b) functional distance to closest native mesopredators on small mammal wariness to the scent of
introduced mesopredators (circles, individual experiments; circle size, proportional to data point weight in the analyses; regression line, model estimates and
confidence intervals). Sampling variance is determined by sample size and variance. Some studies include several experiments. Upper panels provide examples of
high and low novelty (i.e., long and short phylogenic and functional distances).

may play a role in the vulnerability of predator-inexperienced
animals, such as those isolated in captivity, on off-shore islands,
and in fenced reserves. This has given rise to attempts to train
captive animals to recognize predators they are likely to
encounter when released (e.g., native: Heezik et al. [1999]; e.g.,
introduced: Moseby et al. [2012]).

It is possible, however, that naivety contributed to past
extinctions (Blackburn et al., 2004). Although this is of course
untestable and irrevocable, it does have some implications for
conservation. Based on our results, we cannot predict whether
a future predator introduction would result in prey extinction.
In fact, our review of the literature suggests that both reintro-
ductions (of native predators) and introductions (of non-native
predators) can result in heightened predation pressure on inex-
perienced prey. Any introduction or reintroduction is thus likely
to increase the rate of death and injury to prey, at least for
a time, which could lead to extirpation or even global extinc-
tion if their population is small. However, prey that survive first
contact to subsequently co-occur with introduced predators for
several generations, or even just for a few years, should be
savvy.

Animals long thought of as “notably less intelligent” and rel-
atively “simple” (Britannica, 2021) have turned out to be smart
(Todorov et al., 2021), fast (Garland et al., 1988), and savvy
(this study). Where does this leave the notion that introduced
species, particularly predators, are a categorical threat? Our
study does not test the claim that introduced predators might
have stronger suppressive effects on their prey compared with
native predators. An effect can be correctly described, while
the underlying mechanism remains unknown. However, that
decades of research has not yielded evidence for a mechanism
lends support to an alternative view: the native and introduced
categories are artificial constructs (Chew & Hamilton, 2011).
Without an understanding of what makes introduced species a
distinct class, one might be liberated to ask whether they are,
in fact, a distinct class (Pereyra, 2020). It is, for example, plau-
sible that suppressive effects attributed to introduced predators
can be ecologically contextual rather than evolutionarily prede-
termined (Didham et al., 2005; Doherty et al., 2015; Wallach
et al., 2015). If animals do not distinguish between native and
introduced species, perhaps conservationists can let go of this
distinction as well.
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FIGURE 3 Association between small mammal wariness to the scent of introduced mesopredators and the number of prey generations since first contact with
introduced mesopredators (circles, individual experiments; circle size, proportional to data point weight in the analyses, e.g., sampling variance determined by sample
size and error; regression lines, model estimates and confidence intervals). The number of generations is based on generation lengths calculated by Pacifici et al.
(2013). Some studies include several experiments.

FIGURE 4 Effects of (a) prey body mass and (b) ratio of prey mass to predator mass on small mammal wariness to the scent of introduced and native
mesopredators (circles, individual experiments; circle size, data weight in the analyses; regression lines, model estimates and confidence intervals). Sampling variance
is determined by sample size and error. Native and introduced are categorized based on the relationship between the prey and the predator being tested, rather than
the species’ relationship to the study site. Some studies include several experiments.
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