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Abstract 
The introduction of species outside their native range is an insidious form of human-induced environmental change, with 
mounting evidence that behaviour, either through plastic behavioural responses or adaptive changes, can play a vital role 
in mediating invasion success. In particular, when species invade non-native habitats, they often leave behind native preda-
tors. Altered predator assemblages may then result in changes to antipredator responses overtime. Here, we capitalise on 
the well-characterised invasion history of an Australian reptile, the delicate skink, Lampropholis delicata, to investigate 
differences in antipredator responses between an invasive island population (Lord Howe Island) and its original mainland 
source (Coffs Harbour) following 40 generations of isolation. Specifically, we examined the responses of invasive and native 
skinks to scent cues taken from huntsman spiders, Heteropoda sp., a predator present in both populations, and red-bellied 
black snakes, Pseudechis porphyriacus, a predator absent from the invasive range. We measured the time skinks took to 
emerge from a shelter site and subsequent basking and foraging behaviours in the absence and presence of each predator 
scent. We did not detect any differences in responses between native and invasive skinks, although predator scent affected 
foraging behaviour. In a separate experiment, lizards were faced with a simulated bird strike and had the choice of retreating 
under a snake-scented or unscented shelter. When faced with such a threat, we found that skinks did not avoid snake-scented 
shelters. We also measured the activity and exploratory behaviour of each skink prior to exposure to predator cues, finding 
that increased activity and exploration appears to be linked to reduced antipredator behaviour for invasive but not native 
skinks. Contrary to our initial predictions, our results suggest that the relaxation of pressure from native predators may not 
necessarily translate to changes in key antipredator responses in invasive species, even after 40 generations of isolation.

Significance statement
Human movement introduce species into novel areas, where they are confronted with a suite of ecological challenges that must 
be navigated, including changes to predator assemblages, in order to successfully establish and become invasive. Altered predator 
assemblages encountered by invasive species may, in turn, result in changes to, or loss of, antipredator responses over time. We 
studied such a scenario in the delicate skink, an Australian lizard that has been repeatedly introduced to new areas. We compared 
the antipredator behaviour of skinks from an invasive island population to skinks from their original mainland source. We found that 
despite 40 generations of isolation, invasive skinks do not differ from native skinks in their antipredator behaviour. However, we found 
that greater activity and exploration levels had become linked to reduced antipredator behaviour in invasive but not native skinks.
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Introduction

Antipredator behaviours can confer significant fitness ben-
efits but can also be costly to perform (Lima and Dill 1990; 
Zanette and Clinchy 2020). For many prey species, the time 
and effort individuals spend in predator detection and avoid-
ance can often come at the expense of other traits, such as 
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foraging behaviour (Downes 2001; Stapley and Keogh 2004) 
and reproductive success (Hua et al. 2014; Dillon and Con-
way 2018; Dulude-de Broin et al. 2020). Not surprisingly, 
it is well established that prey species respond adaptively 
to the presence of predatory threats and often adjust their 
behaviours accordingly to mitigate the risk of being captured 
and eaten (Atkins et al. 2019; Gaynor et al. 2019; Jolly et al. 
2021). For example, in many species, vigilance is typically 
heightened in situations of greater predation risk (Elgar 
1989; Zanette and Clinchy 2020). Prey species may also 
exhibit different antipredator responses when confronted 
with different kinds of predators and/or prioritise avoidance 
of certain predators over others depending on the different 
levels of threat these predators pose (Downes and Adams 
2001; Head et al. 2002; Stapley 2004). For instance, Stapley 
(2003) found that southern grass skinks, Pseudemoia entre-
casteauxii, were able to discriminate and preferentially avoid 
species of snakes that posed the greatest predation risk.

Within a species’ range, different populations often co-
occur with different predator assemblages. In this regard, 
the history of coexistence between predator and prey can act 
as a powerful selective force shaping the nature and extent 
of antipredator responses observed. For example, in velvet 
geckoes, Oedura lesueurii, populations that co-occur with 
broad-headed snakes, Hoplocephalus bungaroides, and 
exhibit stronger antipredator responses to the presence of 
snake odour cues compared to gecko populations that do 
not co-occur with broad-headed snakes (Downes and Adams 
2001). In common wall lizards, Podarcis muralis, loss of 
antipredatory responses to snake cues was documented after 
several hundred years of geographic isolation (Durand et al. 
2012). Indeed, a framework has been established by Carthey 
and Blumstein (2018) to predict how ecological and evolu-
tionary interaction with predators can impact prey naiveté. 
This framework predicts that–in some scenarios–where an 
animal has previously shared evolutionary history with a 
specific predator but is no longer in current contact, the abil-
ity to discriminate the cues of that predator can be lost. In 
support of this, a number of studies have shown that anti-
predator responses can be rapidly lost or modified in prey 
species following isolation from predators, as in macropods 
living on islands with few or no predators (Blumstein et al. 
2004; see also ‘island syndromes’, sensu Adler and Levins 
1994), New Zealand robins, Petroica australis australis, 
housed in predator-free sanctuaries (Muralidhar et al. 2019), 
and garden skinks, Lampropholis guichenoti, reared in the 
absence of snakes (Downes 2001).

Individual personality differences mediate ecologi-
cal interactions, which can, in turn, affect antipredator 
behaviour. Researchers have shown that animals can differ 
consistently in specific behavioural traits, including anti-
predator behaviour. For example, in convict cichlids, Amatit-
lania nigrofasciata, Jones and Godin (2010) found a strong 

association between individuals’ exploratory tendencies and 
their reaction to a novel threat, with more exploratory fish 
being slower to respond to a predator model. Similarly, in 
the chaffinch, Fringilla coelebs, more voracious feeders also 
respond more effectively to a model predator, even though 
foraging behaviour reduces time spent vigilant (Cresswell 
et al. 2003). Indeed, exposure to predation can generate cor-
related personality traits, shown in three-spined sticklebacks, 
Gasterosteus aculeatus (Bell and Sih 2007). These findings 
underscore the importance of considering personality as a 
factor when studying antipredator responses.

Here, we investigated the impact of altered predator 
assemblage on the behaviour of the invasive delicate skink, 
Lampropholis delicata, and the role of personality in mediating 
such responses. The delicate skink is a reptile native to 
mainland eastern Australia but has been accidentally introduced 
via movement of cargo to several Pacific islands, where it has 
successfully established and become invasive (Chapple et al. 
2013; Moule et al. 2015; Tingley et al. 2016; Miller et al. 2017). 
Within its native range, the delicate skink is preyed upon by 
a variety of predators, including lizard-eating snakes, birds, 
and invertebrates (Cogger 2014). By contrast, snake predators 
are absent from some of the species’ introduced range. The 
invasion history of the delicate skink, and the different predator 
assemblages encountered by source and invasive populations, 
provides an opportunity to investigate how recent release from 
certain predators (i.e. snakes) following the skink’s introduction 
into novel island habitats might affect their behavioural 
responses when confronted with familiar versus unfamiliar 
predatory threats. Given that prey species are often confronted 
with a suite of different predatory threats in the wild, we were 
also interested in examining how such antipredator responses 
might be adjusted when skinks encounter multiple predatory 
threats simultaneously. Importantly, previous research has also 
found evidence of personality types in the delicate skinks being 
linked to different behavioural traits (Michelangeli et al. 2016, 
2019), which provides a foundation for us to examine the effect 
of personality on antipredator responses, as well as potential 
insights into our understanding of the role of behaviour and 
behavioural variation in mediating the success of biological 
invasions.

On Lord Howe Island, lizards from the northern end of 
the island have a single source population from the Coffs 
Harbour region of northern New South Wales, Australia 
(Chapple et al. 2013; Moule et al. 2015), from which they 
arrived on the island in the late 1980s (Chapple et al. 2014). 
The delicate skink is likely to have arrived on Lord Howe 
Island as stowaways in a shipment of freight and cargo. In 
contrast to Coffs Harbour, snakes are absent on Lord Howe 
Island, but there are abundant avifauna and spiders that prey 
on delicate skinks in both the native and invaded populations 
(McCormick and Polis 1982; Marchant et al. 2006). Accord-
ingly, we sought to test whether delicate skinks from the 
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invasive Lord Howe Island population respond to predators 
in the same way as skinks from the native Coffs Harbour 
source population.

We first looked at activity and exploratory behaviour in 
the absence of predators to quantify individual personality. 
Secondly, we examined the response of lizards to predatory 
chemical cues from the huntsman spider, Heteropoda sp., 
and red-bellied black snake, Pseudechis porphyriacus. The 
former is present in the ranges of both native and introduced 
populations and is known to prey on lizards (McCormick 
and Polis 1982). The red-bellied black snake, by contrast, 
is absent from Lord Howe Island but is abundant across the 
native range of the delicate skink, with skinks comprising up 
to one-third of the snake’s diet (Cogger 2014). Thirdly, we 
simulated a scenario where lizards were subject to a strike 
from a model of a bird and were then given a choice between 
two shelter sites. One site was marked with snake scent cues, 
while the other was left unscented. The bird strike was simu-
lated because birds are a key predator of the delicate skink 
across all ranges (Marchant et al. 2006) and the ability to 
respond to simultaneous predator threats has important 
implications for fitness (Head et al. 2002; Stapley 2004).

We expect that activity and exploration levels may dif-
fer between native and invasive skinks because of the role 
that activity and exploratory behaviour may play in aiding 
the establishment of a population in new areas (Chapple 
et al. 2012). Given the differences in predator assemblages 
between invasive and native ranges, when testing the behav-
ioural responses of lizards to predator chemical cues, we pre-
dicted that both populations would respond to spider scent 
but that only the native range population would respond to 
snake scent. Snake-specific antipredator behaviours were 
expected to have been lost in Lord Howe Island skinks 
following ~ 40 generations without exposure to predatory 
snakes (e.g. Downes 2001; Blumstein et al. 2004; Muralid-
har et al. 2019). In our multi-predator experiment, when 
confronted with the choice between retreat sites to avoid a 
simulated bird strike, lizards from the native population were 
expected to show a stronger preference for sheltering under 
the unscented shelter compared to the invasive population. 
Lastly, we hypothesised that personality would mediate anti-
predatory responses of lizards, with more active and explora-
tory individuals showing bolder traits when exposed to pred-
ator cues and more likely to lose snake-specific responses 
on Lord Howe Island.

Materials and methods

Animal collection and husbandry

We collected adult male skinks by hand from the North Bay 
region of Lord Howe Island (n = 36, 31°30 S, 159°03 E), 

which our previous molecular work (Chapple et al. 2013; 
Moule et al. 2015) has shown to have a single native range 
source region (Coffs Harbour: n = 44, 30°21 S, 153°05 E). 
A previous study has shown that hand capture of delicate 
skinks does not result in a biased sample of personality 
types (Michelangeli et al. 2016). Only males were used in 
this study because gravidity status can affect female behav-
iour, and it was not possible to determine the gravidity of 
field-collected females. Skinks from both populations were 
transported back to animal housing facilities at Monash Uni-
versity, Victoria, Australia, and individually marked with 
different colour combinations of visual implant elastomer 
(Northwest Marine Technology, Shaw Island, WA, USA; 
Michelangeli et al. 2019). The snout-vent length (SVL) of 
each individual was measured using digital callipers.

We housed skinks in groups of five to seven individuals 
in plastic containers (floor dimensions of 300 × 370 mm). 
This group size was chosen to emulate the high population 
densities the species is observed in the wild. Skinks were 
housed in temperature-controlled rooms (22–23 °C). At one 
end of each housing container, we provided a basking area 
using heat tape under a terracotta tile; this created a thermal 
gradient (22–32 °C) within the housing tub, allowing skinks 
to thermoregulate from 0800 to 1700 h, during which time 
UV lighting was activated above each housing container. 
Plastic pots and newspapers were added to provide shelter. 
The room was lit between 0700 and 2000 h daily. Skinks 
were given a constant water supply in a petri dish and fed a 
diet of crickets, Acheta domestica, dusted in a vitamin sup-
plement (Reptivite) three times a week.

Experimental procedure

Skinks were housed in the laboratory for 4–6 weeks before 
the commencement of behavioural trials. To standardise for 
hunger levels, we fasted skinks for 24 h before each experi-
ment. All trials were conducted in temperature-controlled 
rooms at 22 °C and recorded using JVC Everio GZ-E100 
video cameras, then saved for later playback using BORIS 
(Friard and Gamba 2016). When these video recordings 
were scored, the researcher was blind to the treatment 
(i.e. origin and predator type). Equipment was thoroughly 
washed between trials with scentless non-toxic detergent to 
prevent scent contamination. An overview of our experimen-
tal protocol is provided in Fig. 1a.

Experiment 1: activity‑exploration test

We used a protocol based on previously published studies 
(Goulet et al. 2017; Michelangeli et al. 2019, 2020) to meas-
ure activity and exploratory tendencies. Specifically, skinks 
were placed in an experimental arena (floor dimensions of 
550 × 320 mm) marked with 20 equal grid squares. Skinks 



 Behavioral Ecology and Sociobiology          (2021) 75:131 

1 3

  131  Page 4 of 11

were acclimated in the arena under a clear container for 
10 min, and then, once the container was lifted, skinks were 
allowed to move freely throughout the arena for 20 min. We 
scored activity exploration as the number of transitions the 
skink made over the grid squares during this period. Previ-
ous studies have shown this measure to be repeatable and 
strongly correlated with exploratory behaviour among geo-
graphically distinct populations of the delicate skink (Goulet 
et al. 2017; Michelangeli et al. 2019, 2020). Therefore, this 
measurement was regarded as an accurate proxy for estimat-
ing both non-directed activity and exploratory behaviour, as 
outlined in Michelangeli et al. (2020).

Experiment 2: antipredator behaviour

Encounters with predators can elicit risk-averse behaviour. 
To measure how personality and invasion history can affect 
this response, we designed an experiment to test native and 
invasive lizards’ response to huntsman spiders, predators 
they had previously encountered, and red-bellied black 
snakes, predators that the invasive population had not been 
exposed to for approximately 40 generations.

Predator scent collection

We collected scent cues from two different predator species 
of the delicate skink: the red-bellied black snake and the 
huntsman spider. We took scent from three individual 
snakes, housed by a private keeper and maintained on 
a diet of day-old chickens. We collected snake scent by 

placing grade 1 qualitative filter paper in each snake’s 
shelter for 14 days until the evening before each snake 
cue experiment. This method allows for the scent to 
transfer via physical contact onto an absorbent surface. 
We presented scents from all three snakes together in 
each snake scent trial to control for between-individual 
differences in scent or contact. We purchased five 
adult huntsman from Minibeast Wildlife (Kuranda, 
Queensland). The huntsman were individually housed in 
clear plastic containers throughout these experiments and 
fed crickets twice a week. We collected huntsman scent 
by placing grade 1 qualitative filter paper in each spider’s 
container for 14 days, removing it the night before each 
experiment. We combined scents from all five spiders 
for each spider cue presentation. Skinks in the subfamily 
Eugongylinae, including Lampropholis, are able to 
discern between predator scent cues (i.e. spiders, snakes) 
and controls, with previous research showing that predator 
cues (delivered via bedding, as in our study) are sufficient 
to elicit drastic changes in a range of behavioural and life 
history traits across a myriad of contexts, from basking 
and foraging to sociality and predator avoidance (Downes 
and Shine 1999, 2001; Downes 2001, 2002; Downes and 
Hoefer 2004; Head et al. 2002; Monks et al. 2019).

Antipredator assay

This assay was designed to measure antipredator behav-
iour in skinks when faced with a predator cue and valuable 
resources (a basking site and food object). The experimental 

Fig. 1  a An overview of the experimental protocol and timing used 
in the study for delicate skinks (Lampropholis delicata) from Coffs 
Harbour and Lord Howe Island. b Arenas used for the snake-spider 
antipredator behaviour assays were fitted with a shelter site at one end 
and a basking site at the other. A cue (either unscented control, snake, 
or spider) was placed in the centre of the arena. After 10 min, a door 

was removed from the shelter, and the skink was allowed to roam 
freely in the arena. c The arenas for the shelter discrimination assays 
were fitted with two shelters, with one at each end. One shelter was 
scented with a snake cue and the other with an unscented control. We 
simulated a predator attack by releasing a bird’s head model to swoop 
towards the skink
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setup was adapted from previous similar studies (Downes 
2001; Stapley 2004). We constructed experimental arenas 
(floor dimensions of 300 × 370 mm) with a shelter site at one 
end and a basking site at the other (Fig. 1b). In the middle 
of each arena, we placed either spider scent, snake scent, 
or an unscented piece of grade 1 qualitative filter paper as 
a control. The arena’s layout meant that a skink would need 
to encounter the scent cue to pass from shelter to the bask-
ing site. Skinks were placed in shelters immediately before 
each assay. Each shelter was fitted with a door made from 
modelling clay, which prevented the skink from leaving the 
shelter and exploring the arena. After 10 min of acclima-
tion within the shelter, an experimenter removed the door. 
Skinks were then allowed to move freely around the arena 
for 40 min, during which time we recorded latency to emerge 
from shelter and basking behaviour. To ensure that bask-
ing was measured independently of time spent sheltering, 
basking was calculated as the proportion of time each skink 
spent basking while out of the shelter for each trial. At the 
40-min mark, a single cricket was placed into the centre of 
the arena, and we recorded foraging speed as the time taken 
for each skink to catch the cricket. This assay was repeated 
three times for each skink, once for every condition (control, 
spider, and snake). We presented unscented control first to 
gain a baseline measure of behaviour. We then presented 
the two different predator scents (i.e. snake or spider) in a 
random order in either the second or third trial.

Experiment 3: simultaneous predator threats

We carried out a separate experiment to investigate how 
isolation from snake predators on Lord Howe Island may 
influence how native range and introduced skinks respond 
to snake cues when simultaneously confronted with a 
threat by an avian predator (Stapley 2003). We used test 
arenas with two shelter sites at opposite ends (floor area 
of 300 × 370 mm, Fig. 1c). One shelter site was scented 
with a snake cue, as per experiment 2, and the other with 
an unscented control (sides were randomised to prevent 
a direction bias from influencing results). We rigged a 
large model of a bird to descend quickly into the arena, 
imitating a swoop attack. We placed skinks into a clear 
plastic acclimation chamber in the centre of the arena 
for 10 min. After 10 min, we removed the acclimation 
chamber and immediately released the bird model, which 
stopped approximately 5  cm above the skink’s body. 
After this scare, we recorded each skink’s time to enter a 
shelter and whether the safe or predator-scented shelter 
was chosen.

After the completion of experiments, all skinks were 
retained for future (unrelated) research.

Statistical analyses

All data were analysed using R (RStudio Version 1.1.463), 
with significance set to α = 0.05. We first constructed a linear 
model to test for population differences in activity-explora-
tion scores, and these scores were used as our personality 
variable in later analyses.

To investigate the effect of personality and population on 
antipredator behaviour, we used linear mixed-effects models 
to analyse basking behaviour, and then Cox proportional 
hazards tests for both latency to emerge from shelter and 
foraging speed due to the right-censored nature of these 
data (Therneau et al. 2003). Mixed-effects models were 
constructed using the lme4 package (Bates et al. 2015) with 
Gaussian error distributions and survival analyses with mul-
tilevel Cox proportional hazards mixed effect models (pack-
age coxme, Therneau et al. 2003). All models contained fixed 
effects of population, treatment, activity-exploration score, 
SVL, and treatment presentation order. Interactions between 
population, treatment, and activity-exploration score were 
also included. Individual skink ID was included as a random 
effect to account for the repeated measures design. Models 
with and without interaction terms were compared using 
likelihood ratio tests. The best models for each response 
were retained based on Akaike information criteria (AIC) 
values. There was a significant interaction between popula-
tion and activity-exploration score for latency to emerge and 
basking behaviour, so data were subset and models repeated 
for each population. As such, all discussion of population 
differences in latency to emerge and basking behaviour is 
based upon a comparison of separate models and is not sta-
tistically computed.

To analyse the effect of personality and population on the 
ability to balance simultaneous predator threats, we used 
survival analysis to measure latency to enter the shelter and 
a binomial generalised linear model to measure whether the 
safe or predator-scented shelter was chosen. Survival analy-
ses were performed using Cox proportional hazards models. 
We included the fixed effects of population and activity-
exploration score for both models and tested for an interac-
tion between them.

Results

Experiment 1: activity‑exploration test

We found that skinks from the invasive population had 
a significantly lower activity-exploration score than the 
native Coffs Harbour source population (t =  − 3.68, df = 1, 
p < 0.001).



 Behavioral Ecology and Sociobiology          (2021) 75:131 

1 3

  131  Page 6 of 11

Experiment 2: antipredator behaviour

Latency to emerge

We found a significant interaction between activity-explo-
ration score and population (df = 2, p = 0.006, Fig. 2a). As 
such, we analysed latency to emerge for each population 
separately. Lizards from Coffs Harbour exhibited no signifi-
cant changes in latency to emerge in response either preda-
tor cues (snake z = 0.16, df = 2, p = 0.870, spider z = 1.57, 
df = 2, p = 0.120) or activity-exploration score (z = 0.16, 
df = 1, p = 0.345). However, skinks from the invasive pop-
ulation with higher activity-exploration scores emerged 
sooner (z = 1.28, df = 1, p = 003). Skinks from the invasive 

population also showed an effect of presentation order, and 
took longer to emerge from shelter if first presented with 
a snake cue as opposed to a spider cue (estimate =  − 0.77, 
z =  − 2.32, df = 1, p = 0.020).

Basking

We found evidence of a significant interaction between 
activity-exploration score and population (df = 2, p = 0.009, 
Fig. 2b), suggesting population-level differences in the asso-
ciation between personality types and basking. To disentan-
gle this interaction, we explored each population separately. 
Lizards from Coffs Harbour did not differ in their basking 
behaviour when presented with snake or spider cues (snake 

Fig. 2  The interaction between 
population and activity-explora-
tion score in the delicate skink 
(Lampropholis delicata) for 
(a) latency to emerge and (b) 
basking behaviour. Grey areas 
around the trendlines denote a 
95% confidence interval
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t =  − 0.10, spider t = 0.82, df = 2, p = 0.605) and there was 
no effect of activity-exploration score on basking behav-
iour (t = 0.01, df = 1, p = 0.988). However, in the invasive 
population, basking was significantly associated with the 
activity-exploration score: more active-exploratory skinks 
also spent a greater proportion of time basking in the arena 
(t = 2.89, df = 1, p = 0.004). We found no effect of preda-
tor cues on basking behaviour in Lord Howe Island skinks 
(snake t = 1.05, spider t = 0.36, df = 2, p = 0.567).

Foraging speed

There was no interaction effect between population and 
activity-exploration score (z = 0.50, df = 1, p = 0.391). We 
found no evidence of population differences (z =  − 1.05, 
df = 1, p = 0.863), or effects of activity-exploratory score 
(z = 0.79, df = 1, p = 0.104) on foraging speed. Rather, skinks 
caught food items faster under both of the predator cue treat-
ments, spider and snake scent, compared to control condi-
tions (snake z = 0.53, spider z = 0.43, df = 2, p = 0.023).

Experiment 3: simultaneous predator threats

Latency to take shelter

When presented with multiple simultaneous predator 
threats, we found no difference between native and inva-
sive skinks in their latency to take shelter (z =  − 0.85, df = 1, 
p = 0.138). We also found no effect of activity-exploration 
score (z = 0.87, df = 1, p = 0.203), or an interaction between 
population and activity-exploration score (z = 0.01, df = 1, 
p = 0.995).

Choosing a safe shelter

Overall, skinks chose the snake-scented shelter in 46.25% of 
trials, and the unscented shelter in 36.25% of trials, leaving 
17.5% of trials where neither shelter was entered. We found 
no evidence of an interaction between population and activ-
ity-exploration score in choosing a safe shelter (z = 0.59, 
df = 1, p = 0.552). Neither population (z =  − 0.83, df = 1, 
p = 0.546) nor activity-exploration score (z =  − 0.24, df = 1, 
p = 0.855) had a significant effect on whether a skink chose 
the safe shelter over the one containing the predator scent.

Discussion

We found limited evidence for differences in antipredator 
behaviour between invasive skinks from Lord Howe Island, 
that have lived without snake predators for 40 generations, 
and skinks from their native Australian source population, 
where there is ongoing predation from snakes. Specifically, 

in our study, we found that native skinks from Coffs Har-
bour and invasive skinks from Lord Howe Island do not 
alter their basking behaviour in response to either snake or 
spider cues. However, invasive skinks were more likely to 
modify their antipredator behaviour in response to the order 
of predator cues presented; they emerged slower from the 
shelter if first presented with a snake cue rather than a spi-
der cue, suggesting invasive skinks may be more context-
sensitive in their antipredator responses. We also did not 
find any differences in foraging latency between the native 
and introduced skinks. However, both populations for-
aged at a faster rate in the presence of predatory cues. We 
found that invasive skinks were significantly less active and 
exploratory than native skinks, and the association between 
activity-exploration score and antipredator behaviour also 
differed between the two populations. Specifically, we found 
that invasive skinks with higher activity-exploration scores 
exhibited riskier behaviour through increased basking and 
shorter emergence times in the presence of a predator cue. 
In contrast, there was no such relationship between activity-
exploration score and antipredator behaviour in the native 
population. Lastly, we found no difference in the response 
of native and invasive skinks when presented with preda-
tor threats simultaneously, with no difference in either the 
latency for skinks to take shelter following a simulated bird 
strike or the likelihood of entering a snake-scented shelter.

Does the delicate skink alter its antipredator 
behaviour in its invasive range?

Invasive skinks on Lord Howe Island were less active and 
exploratory compared to skinks from their native source 
population. We had predicted that invasive skinks would 
be more active and explorative as this may help them dis-
perse into new habitats (Chapple et al. 2012). In this regard, 
increased exploratory behaviour has previously been shown 
in cane toads, Rhinella marina, where toads descending 
from range front individuals were also found to be more 
exploratory and bold than toads from the range core (Gruber 
et al. 2017). Further, invasive wall lizards, Podarcis spp. are 
more exploratory than their noninvasive congeners (Damas-
Moreira et al. 2019). It is possible that different selection 
pressures on Lord Howe Island, other than differences in 
predator regimes, may have resulted in decreased activity 
and exploration in this population. For instance, reduced 
interspecific competition may have reduced the need for high 
activity levels and exploratory behaviours that may other-
wise provide a selective advantage for individuals to find 
food or microhabitats. It is also likely that island effects have 
reduced selection for high levels of activity and exploration 
in the introduced Lord Howe Island population. Activity 
and exploration are traits associated with both predator-
avoidance and dispersal, which can be selected against in 
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island ecosystems due to reduced predation pressure and the 
challenges of dispersal from the Island (e.g. see Roff 1990; 
Wright et al. 2016). So, whilst invasions on mainland areas 
might select for activity and exploratory behaviour (Gruber 
et al. 2017; Damas-Moreira et al. 2019), it may be the oppo-
site in the case of invasions to small, oceanic islands.

We found differences in the relationship between activity-
exploration score and antipredator between the two popula-
tions. In the invasive population, skinks with higher activity-
exploration scores spent more time basking and emerged 
from shelter sooner than their counterparts when presented 
with a predator cue. However, there was no relationship 
between activity-exploration score and any other trait for 
skinks taken from the native population. We expected to 
find differences in the association between personality and 
antipredator behaviour between the two populations (Ding-
emanse et al. 2007; Dingemanse and Wolf 2013; Lapiedra 
et al. 2017). Indeed, other studies have reported differences 
in both the presence, and direction, of relationships between 
activity, exploration, and boldness amongst native delicate 
skink populations (Michelangeli et al. 2019). Michelangeli 
et al. (2019) previously identified a positive correlation 
between activity, exploration, and boldness in delicate skinks 
from the Coffs Harbour region, which was also sampled in 
this study. However, we did not find any evidence of a link 
between these traits in our study. One potential source of this 
difference is that the cue used in Michelangeli et al. (2019) 
was a physically simulated predator attack using a rod, in 
contrast to the predator scent used here. The emergence of 
correlated traits, like those found in invasive Lord Howe 
Island skinks, has also been shown in other invasive species. 
In fish, invasive Xiphophorus helleri-maculatus hybrids have 
developed correlations between aggression and exploratory 
behaviours after invading (D'Amore et al. 2019). Such cor-
relation of potentially advantageous traits may form the basis 
of an ‘invasion syndrome’, which has been suggested to aid 
invasive species’ establishment in novel areas (Chapple et al. 
2012). Further studies could identify whether the correlated 
traits identified in this study have become correlated geneti-
cally (Mueller et al. 2017) or purely as a context-dependent 
phenotype, such as has been observed in other systems 
(Dingemanse and de Goede 2004; van Oers et al. 2005).

We found that invasive skinks in our study did not differ 
from native skinks in their response to either spider or snake 
scent. This was expected for the spider scent due to ongoing 
predation from spiders in both populations (McCormick and 
Polis 1982). However, the lack of difference in native and 
invasive lizard responses to the snake scent was unexpected, 
especially given the ~ 40 generations in which invasive 
skinks have been freed from snake predation (Carthey and 
Blumstein 2018). A possible explanation is that the response 
to snake cues has been retained by the invasive population 
(Lahti et al. 2009). This could arise if there is little cost 

associated with retaining such responses and/or because not 
enough generations have elapsed for the responses to have 
been lost. Another possibility is that the novel snake scent may 
have triggered a general neophobic response in invasive skinks 
unrelated to the snake scent's status as a predatory cue (Mettke-
Hofmann et al. 2002). It is also possible that invasive skinks 
may have exhibited a more generalised antipredator response 
due to continued predator encounters on Lord Howe Island, 
and this enabled them to respond in the same way to spider 
and snake predator scents (Blumstein 2006). The predator 
community on Lord Howe Island has not been characterised 
in detail (e.g. distribution and relative density across the island; 
Chapple et al. 2014); however, we observed multiple predation 
attempts from Lord Howe Island currawongs and woodhens, 
and there is a high density of spiders on the island (ACN, 
personal observation). Thus, this high predator density on 
Lord Howe Island may have influenced our results. Lastly, it 
is important to acknowledge that other predator cues in nature, 
besides scent, may also be important in mediating adaptive 
prey responses (e.g. auditory, visual, and tactile). Future 
studies may therefore wish to explore how such cues, both in 
isolation and in combination with scent, might influence the 
behaviour of native and invasive skinks.

Response of the delicate skink to simultaneous 
predatory threats

We found no differences in our study between native and 
introduced skinks in their ability to balance simultaneous 
predator threats. Specifically, we found that when threatened by 
the imminent danger of a striking bird, there was no significant 
difference in the time taken for native and introduced skinks 
to enter a shelter or whether skinks selected the snake scented 
shelter over the unscented control. Here, we may have expected 
that if native range populations had recognised the cues of 
predatory snakes, they might have shown a stronger bias for, 
and preferentially selected, the unscented control shelter over 
the snake-scented shelter compared to the snake naïve Lord 
Howe Island skinks. Loss of snake antipredator behaviour 
following a period of naivety has been demonstrated in other 
lizard species (Downes 2001; Durand et al. 2012). Instead, the 
lack of difference in response between native and introduced 
skinks would suggest that the threat of a striking bird may have 
been prioritised over any potential risk that may have otherwise 
been posed by entering a shelter site containing snake cues 
and that this was the case even if skinks had recognised the 
snake cue as a potential threat. In that regard, our findings 
are comparable to those reported in another species of lizard, 
the southern grass skink (Stapley 2004). In that study, lizards 
were presented with the choice of retreat sites treated with 
the odour cues of two sympatric snake predators and were 
found to preferentially avoid the odour cues of the predator 
that posed the greater threat. Taken together, such findings 
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suggest that, when confronted with conflicting avoidance 
responses, prey may be flexibly prioritising avoidance 
of the more dangerous and imminent threat posed by the 
striking bird, irrespective of whether or not they recognise 
an alternative predatory threat.

Conclusions

In summary, we found that despite 40 generations in an envi-
ronment with a reduced suite of predators, invasive skinks 
on Lord Howe Island do not appear to differ from native 
source skinks in their response to snake or spider cues, nor 
in their response to multiple simultaneous predator threats. 
We are unable to rule out the possibility that differences in 
behaviour initially existed following the colonisation of Lord 
Howe Island, and that these differences have eroded over 
generations through changes in selection pressure. Indeed, 
in the introductions in Hawaii and New Zealand, there is 
evidence for temporal shifts in behaviour (ACN et al. unpub-
lished data), which could provide a promising springboard 
for further research. In the present study, native and invasive 
populations exhibited similar foraging behaviour, highlight-
ing the importance of intraspecific competition in mediat-
ing foraging speed. Both populations caught prey quicker 
in the presence of predator cues and responded in the same 
way when presented with multiple simultaneous predator 
threats. Additionally, we found the island-dwelling invasive 
population to be less active-exploratory than its source, and 
we found individual levels of activity and exploration to 
predict some antipredator behaviour in invasive skinks but 
not native counterparts. This study suggests that changes to 
predator assemblages following the human-mediated intro-
duction of species outside their native range do not neces-
sarily result in changes to antipredator behaviour.
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