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Abstract 
Developmental environments play a significant role in shaping animal phenotype, including behavior. Within a species, 
individuals often differ in behavior in a consistent and repeatable way (i.e., demonstrate animal personality). This consistency 
in behavior can be affected by differences in conditions experienced early in life. It is, however, unclear whether effects of 
developmental environments on animal personality are driven by changes in within- or between-individual variation. To 
investigate this, we measured activity, exploration, sociability, and boldness in adult male southern rainforest sunskinks, 
Lampropholis similis, incubated at either 23 °C or 26 °C, and compared behavioral phenotypes between these incubation 
treatments. We also compared the behavior of these incubation groups to a cohort of wild-caught skinks to determine whether 
rearing in captivity also affected the personality of the lizards. Skinks that had been incubated at a higher temperature were 
more explorative and demonstrated personality in a larger suite of traits compared to lizards incubated at a lower temperature 
or caught in the wild. These differences among developmental environment were primarily driven by within-individual 
variation, which tended to be higher among the high incubation treatment. We also found no evidence for a behavioral 
syndrome in either captive- or wild-reared skinks. Our results suggest the potential for greater behavioral plasticity in skinks 
incubated at a higher temperature, which may enable them to cope with environmental change, such as climate warming, in 
the short term. Overall, we show that effects of developmental environment are complex and play a pivotal role in shaping 
animal personality.

Significance statement
Experiences during development are expected to influence how animals develop, including their behavior. We tested early 
environment effects on behavior in adult southern rainforest sunskinks by comparing lizards incubated at different tempera-
tures as well as comparing those reared in the wild with those reared in captive environments. We found that lizards incubated 
at the higher temperature were more exploratory. Furthermore, both incubation temperature and captivity/wild-rearing had 
pronounced effects on the consistency of behavior—in different directions for different traits—demonstrating developmental 
environments have strong effects on animal personality. Such changes in behavioral traits likely have flow-on effects for the 
animal’s fitness and biotic interactions.
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Introduction

In many species, individuals exhibit relatively consistent 
differences in behavior, which has been termed “animal 
personality” (Sih et al. 2004; Réale et al. 2007; Bell et al. 
2009; Moiron et al. 2020). Personality traits have impor-
tant roles in evolutionary and ecological processes, because 
they can correlate with fitness and can impact interactions 
within and among species (Réale et al. 2007; Smith and 
Blumstein 2008; Bolnick et al. 2011; Wolf and Weissing 
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2012). Understanding what causes and maintains variation 
in personality among individuals is therefore of considerable 
interest, particularly as environments are changing rapidly 
as a result of human influence.

Environments experienced during development can have 
significant and long-lasting impacts on phenotype and fitness 
(West-Eberhard 2003) and may be one way in which differ-
ences in personality emerge. Animal personality is quanti-
fied by repeatability, which is the ratio of between-individual 
variance (VID) to phenotypic variance (VID + within-indi-
vidual variance [VR]). Previous studies have found impacts 
of developmental environments on repeatability in behav-
ior. For example, agile frog tadpoles, Rana dalmatina, only 
had significant repeatability in risk-taking behavior when 
reared in an environment containing predator scent (Urszan 
et al. 2015). Similarly, DiRienzo et al. (2015) found that 
early exposure to pathogens resulted in lower repeatability 
in some boldness measures in field crickets, Gryllus integer. 
Changes in repeatability can be due to shifts in between- 
or within-individual variation, increasing when between-
individual variance increases and decreasing when within-
individual variance increases. For example, crickets, G. 
bimaculatus, reared at a high temperature had increased both 
within- and between-individual variation (Niemelä et al. 
2019. Together, these studies demonstrate a clear role for 
early environments in affecting personality. However, it is 
largely unknown whether this is driven by changes in within- 
or between-individual variation, despite increasing interest 
in quantifying these two components of repeatability.

Like most phenotypic traits, behaviors are not expressed 
in isolation but are correlated with a range of traits, includ-
ing other behaviors (Sih et al. 2004). Developmental envi-
ronment effects may therefore extend to, or be constrained 
by, the stability of these correlations. Suites of behaviors 
correlated across time and contexts are termed “behavioral 
syndromes” (Sih et al. 2004) and are found in many species, 
including spiders (Johnson and Sih 2007), fish (Bell and Sih 
2007; Norton et al. 2011), lizards (Michelangeli et al. 2019), 
birds (Carere et al. 2005; Dingemanse et al. 2012), and mam-
mals (Dingemanse and Réale 2005). Whether these correla-
tions constrain the effects of developmental environments 
may depend on whether they reflect fundamental genetic 
constraints or arise due to independent but correlated plastic 
responses to the environment. It is still unclear which is the 
predominant mechanism (Bell 2005), with evidence for both 
hypotheses. For example, work on Drosophila (Sokolowski 
2001), zebrafish, Danio rerio (Norton et al. 2011), and big-
horn ewes, Ovis canadensis (Dingemanse and Réale 2005), 
support a strong genetic basis for behavioral syndromes. In 
contrast, support for environmental effects and instability 
within short time periods has been seen in agile frog tad-
poles, R. dalmatina (Urszan et al. 2015) and three-spined 
sticklebacks, Gasterosteus aculeatus (Bell and Sih 2007; 

Dingemanse et al. 2007). If the latter is the case, it would 
suggest that developmental environments could shape these 
between-individual correlations, although our understand-
ing of how these early environments affect behavioral syn-
dromes is still limited (Han and Dingemanse 2015; Royauté 
and Dochtermann 2017).

In our study, we investigated whether developmental 
environment affects animal personality using a small lizard 
species. Developmental temperature plays an important role 
in the development of many species, particularly for taxa 
such as reptiles, where many traits are affected by incuba-
tion temperature (Noble et al. 2018). These effects may be 
driven by different costs of development (Marshall et al. 
2020) or expression of hormones, such as in leopard geckos, 
Eublepharis macularius (Rhen et al. 2005), which can then 
affect phenotypic plasticity (Dufty et al. 2002). Lizards from 
the Lampropholis genus are regularly used in studies inves-
tigating animal personality (e.g., Michelangeli et al. 2016a, 
2018; Goulet et al. 2021) as well as effects of incubation 
temperature on physiology and behavior (e.g., Downes and 
Shine 1999; Llewelyn et al. 2018; Kar et al. 2022). Accord-
ingly, we used a species of Lampropholis skink to investigate 
the impacts of incubation temperature on animal personal-
ity. Southern rainforest sunskinks, L. similis (also known as 
southern Wet Tropics sunskinks), are small diurnal skinks 
(adult snout-vent length (SVL) ~ 45 mm) endemic to the wet 
tropics of Queensland’s north-east (Wilson and Swan 2021). 
In this species, incubation temperature was found to affect 
dessication rate and short-term critical thermal minima 
(Llewelyn et al. 2018), but effects of incubation tempera-
ture on behavior have not yet been investigated. Further-
more, while no behavioral syndrome has yet been found in 
captive-reared southern rainforest sunskinks (Goulet et al. 
2021), previous studies have suggested that natural environ-
ments may be necessary to generate and maintain repeatabil-
ity in, and correlations between, behavioral traits (Wilson 
et al. 1994; Urszan et al. 2015). As such, a secondary aim of 
our study was to investigate if skinks that had developed in 
captivity differed in animal personality from those that had 
developed in the wild.

We first compared four behavioral traits (activity, explora-
tion, sociability, and boldness) of lizards incubated at 23 °C 
and 26 °C to examine how incubation temperature affected 
mean behavior, repeatability, within- and between-individual 
variation, and correlations among traits. We predicted that 
mean behavior would differ among treatments, and, given 
that Niemelä et al. 2019) found higher within- and between-
individual variation in crickets developing under hotter tem-
peratures, we predicted rainforest sunskinks incubated at the 
hotter temperature would also have higher estimates for both 
variance components. We then examined whether there were 
any differences in the same behavioral measures between 
the behavior of both incubation temperature groups to that 
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of their fathers, who had been captured from a wild popula-
tion. We focused on only males, and hence fathers rather 
than mothers, as there is evidence for limited sex-specific 
personality in Lampropholis skinks (Michelangeli et al. 
2016a; Goulet et al. 2021), as well as to exclude reproductive 
state as a confounding factor. Repeatability was expected to 
be higher in the wild-reared skinks, which may be due to 
past exposure to factors such as predation, as in agile frog 
tadpoles (Urszan et al. 2015), or due to greater varation in 
natural environments allowing populations to express greater 
between-individual variation (Bell et al. 2009).

Methods

Capture, housing, and breeding

Adult skinks were hand-captured from a population in 
Hervey Range (19.362° S, 146.4767° E), located at the 
southern end of the Wet Tropics of north-east Queensland, 
Australia, between June 2013 and January 2014. Hand-
capture of Lampropholis skink species samples a range of 
behavioral types (Michelangeli et al. 2016b), thus mitigat-
ing the likelihood of capture bias. Skinks were transported 
to James Cook University in Townsville where they were 
housed individually in plastic tubs (340 × 120 × 160 mm) 
for 6 months before mating pairs were established as part 
of another experiment (Llewelyn et al. 2017, 2018). Mat-
ing tubs were checked daily for eggs, and, if no fertile eggs 
were laid within 2 months, mating partners were swapped. 
Individual eggs were placed into 84-mL air-tight containers 
containing moist vermiculite (50:50 vermiculite to water by 
weight) and incubated at either 23 °C or 26 °C. The incu-
bators were checked daily and, once hatched, the skinks 
were housed individually and given a unique toe clip for 
identification. Skinks were housed in small groups when 
they reached adult size (> 0.75 g). Hatching took place over 
the course of approximately one year, between January 
2014 and March 2015. The parents were also transferred to 
small, single sex groups following breeding, and the males 
later formed the wild-reared group in our study (hereaf-
ter fathers). In 2015, the fathers, low incubation, and high 
incubation groups were transported to Monash University, 
Clayton, and housed in same-sex groups of six in plastic 
containers (300 × 230 × 370 mm) in temperature-controlled 
rooms (~ 22 °C). The containers were lined with newspaper 
and contained moist Sphagnum moss and a terracotta saucer 
with a heat lamp to create a basking site. Lights were on 
between 07:00 and 19:00, following a 12:12 day:night cycle, 
and were supplemented with ultraviolet lighting. Water was 
provided ad libitum, and the skinks were fed live crickets, 
Acheta domesticus, dusted in calcium and vitamin powders 
three times per week.

Experimental design

Over the 2016/2017 Austral summer, adult male skinks, 
including the fathers (n = 21) and those from the low incu-
bation (23 °C: n = 11) and high incubation (26 °C: n = 10) 
treatments, underwent separate assays to measure activ-
ity, exploration, sociability, and boldness behaviors. At 
the beginning of the experiments, the youngest lab-born 
skink was 781 days old. As Lampropholis lizards mature 
after 1 year under optimal conditions, all our experimen-
tal animals were therefore mature adults. The individuals 
selected for the study from the two incubation temperature 
treatments were unrelated, i.e., no siblings or half-siblings.

Assays were carried out in a fixed order to reduce pos-
sible carry over effects, with those expected to have the 
greatest influence on subsequent behavior completed last 
(Bell 2012). Each behavior was measured three times 
before moving on to the next. Activity was measured first, 
followed by exploration, sociability, and then boldness. 
Each replicate was conducted at least four days apart to 
further minimize potential carryover effects (Bell 2012), 
with a minimum of four days also between different behav-
ioral assays. We did not provide food in the 24 h prior to 
testing to standardize digestion levels, as feeding is known 
to alter the behavior of Lampropholis skinks (Shine 2003). 
To assess possible body size effects on behavior, snout-
vent length (SVL; mm) and mass (g) were measured before 
experimentation.

Trials were carried out in opaque plastic contain-
ers (~ 55 × 32 × 24 cm) in temperature-controlled rooms 
(~ 22 °C). We used a video camera to record trials, rather 
than direct observation, to avoid observer-induced distur-
bance. Focal skinks were individually acclimated to the 
experimental area for 10 min under a clear plastic container, 
which was removed at the start of each trial. To prevent scent 
contamination between trials, following each test the equip-
ment was washed with scentless detergent and thoroughly 
dried (Downes and Shine 1998). Each behavioral assay was 
conducted three times per individual to measure repeatabil-
ity (Nakagawa and Schielzeth 2010; Wolak et al. 2012). At 
the conclusion of all assays, behaviors were scored from the 
video recordings using the program JWatcher (Blumstein 
et al. 2006). Scoring was performed blind to incubation tem-
perature treatment, but not to captive or wild origin.

Activity

To measure activity, we observed the distance individual 
skinks moved in an open-field arena marked with 20 equal 
grid squares. We recorded a count of the number of times a 
focal skink crossed from one square into another over 45 min 
(Chapple et al. 2011; Michelangeli et al. 2016b).
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Exploration

To measure propensity to explore, we observed individuals’ 
tendency to traverse an obstacle to find an essential resource, 
a basking site (Chapple et al. 2011; Goulet et al. 2017). We 
created an obstacle using an opaque barrier (10 cm high) 
with a polyvinyl chloride (PVC) tube (4-cm diameter, 10 cm 
in length) running through the middle of the barrier, located 
approximately 1.5 cm from the ground level. The barrier 
spanned the width of an arena and divided it into two com-
partments; one which contained a basking site constructed 
from a terracotta saucer and heat lamp, and the other where 
skinks began the experiment. The only way that skinks could 
reach the basking site was by finding their way through the 
PVC tube. We measured the time spent inspecting the barrier 
(a novel object as it is not present in skinks’ home cages) and 
latency to reach the basking site within 45 min.

Sociability

To determine sociability, we presented individual skinks 
with a choice between basking with conspecifics or alone 
(Chapple et al. 2011; Michelangeli et al. 2016a, b; Goulet 
et al. 2017). Two basking sites were placed at either end 
of the arena, each divided by clear Perspex™ barriers that 
spanned the width of the arena and enabled basking on both 
sides of the barriers. This created three areas in the arena; 
one containing three male southern rainforest sunskinks that 
had been born in captivity but were not part of any experi-
mental treatment to simulate a social group, a central area 
containing the focal skink, and a third that remained empty. 
The central area was then further divided into three using 
black marker with zones designated as “social,” “no-choice,” 
and “asocial” with increasing distance from the area contain-
ing the social group. Both the “social” and “asocial’ zones 
contained basking sites as they were adjacent to the Per-
spex™ barriers. Heat lamps raised the temperatures at the 
basking sites to ~ 35 °C, prompting the focal skink to select 
a basking site either in the “social” or “asocial” zone. We 
measured the time spent basking in the ‘social’ zone over a 
45 min period.

Boldness

We measured boldness by observing the latency of indi-
vidual skinks to emerge from shelter and subsequently bask 
after a simulated predator attack (Michelangeli et al. 2016b). 
The arena contained a basking site at one end and shelter at 
the other. We simulated predator attacks by using a small 
paintbrush to tap the skinks at the base of their tail until they 
fled into the shelter. We recorded their latency to emerge 
from shelter, with a maximum time allowed of 25 min and 
then the amount of time basking over an additional 10 min 

after emergence. For skinks that did not emerge, an emer-
gence time of 25 min and a basking score of 0 min was 
given.

Statistical analysis

Data were analyzed using the program R (R Develop-
ment Core Team 2016), with statistical significance set 
to α = 0.05. We tested for age effects on both incubation 
temperature groups, as they had hatched over the course of 
approximately 14 months. As there was no significant effect 
of age on behavior (p > 0.200), we excluded age as a covari-
ate in our models.

To determine whether incubation temperature affected 
mean activity, exploration, sociability, or boldness, and 
to compare these to the wild-reared fathers, we used sepa-
rate mixed-effect models for each behavior. Latency (s) to 
emerge from shelter (boldness) and to reach the goal com-
partment (exploration) were both analyzed using Cox mixed-
effects models (Therneau 2020), activity was analyzed with 
a generalized linear mixed-effects model with a Poisson dis-
tribution, and all other behavioral measures were analyzed 
with linear mixed models fitted with Gaussian error distri-
butions using the lme4 package (Bates et al. 2015). Time 
basking in the social zone and time basking after emerg-
ing from shelter were both square root transformed to meet 
assumptions. Models included lizard ID as a random effect 
to control for repeated measures, and mass (scaled), time 
of day (scaled), trial number, and treatment (fathers, high 
incubation, low incubation) were included as fixed effects. 
We used a combination of Akaike information criteria (AIC) 
and likelihood ratio tests (LRT) to examine whether interac-
tions among fixed effects or, as there were some father and 
son pairs, including family ID as a random effect, improved 
model fit. Interactions that improved model fit were retained 
in the final model, but family ID did not improve the fit for 
any behavioral variable and so was excluded from further 
analysis. Furthermore, we examined whether SVL was a 
better predictor of body size effects on behavior, either as a 
substitution for, or in addition to, mass using AIC and LRTs. 
Mass was the better predictor, or had equal support, com-
pared to SVL (Table S1), and so we controlled for body size 
using mass. When factors with more than three levels were 
significant, we used the emmeans R package (Lenth 2020) 
to perform post hoc pairwise comparisons among groups.

Repeatability estimates (R) and variance components 
(VID and VR) were obtained from Bayesian univariate 
mixed-effects models using the brms package (Burkner 
2017), with repeatability estimated as VID/(VID + VR). Mod-
els were specified with weakly informative priors and ran 
for 10,000 iterations (3000 warmup) with the same error 
distributions, transformations, and fixed and random effect 
structure as above. We calculated repeatability and variance 
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components fitted separately for each group of skinks, and 
so treatment was not included as a fixed effect in these mod-
els. Trace plots were visually inspected to ensure conver-
gence and proper model mixing. To estimate the effect size 
of treatment on the variance components and repeatability 
estimates, we calculated the pairwise difference between 
posterior distributions and used this to estimate the mean 
difference and 95% credible intervals (CrI) (Royauté et al. 
2015; Royauté and Dochtermann 2017). Repeatable behav-
iors were then included in separate multivariate Bayesian 
mixed-effect models for each group to test for the presence 
of behavioral syndromes, with the same priors, error dis-
tributions, transformations, and fixed and random effects 
structure. Inference for all tests was based on means and 
where CrIs did not overlap with zero.

Results

Mean behavioral differences

Activity was affected by the interaction between develop-
mental environment and trial number (Table 1; Fig. 1a). 
Mean activity did not differ among developmental environ-
ments (p > 0.325), but there were differences among groups 
in how activity changed across trials. All groups decreased 
activity from trial one to trial two, but only the wild-caught 
fathers further decreased activity in the third compared to 
second trial (Table S2; Fig. 1a). Mass and time of day also 
had a positive relationship with activity (Table 1).

We also found significant effects of developmental envi-
ronment on exploratory behavior (Table 1; Fig.  1b, c). 
Skinks incubated in the high temperature treatment were 
more explorative than both the wild-caught fathers and 
those incubated in the low temperature treatment, as indi-
cated by a higher proportion of individuals reaching the goal 
compartment (Table S2; Fig. 1b) and a greater amount of 
time inspecting the barrier (Table S2; Fig. 1c). In contrast, 
skinks incubated at the low temperature did not differ in 
exploratory behavior from the wild-caught fathers (Table S2; 
Fig. 1b, c). Trial number significantly affected time inspect-
ing the barrier, but not latency to reach the goal compart-
ment (Table 1). Skinks from all developmental environments 
spent less time inspecting the barrier in trial two compared 
to trial one (− 32.15 ± 12.9 SE, p = 0.039), but time spent 
inspecting the barrier did not significantly differ between 
trials two and three (− 26.12 ± 12.8, p = 0.110), or between 
trials one and three (6.03 ± 13.0, p = 0.888). Skinks were 
also more explorative later in the day and when they were 
heavier (Table 1).

Sociability was not significantly affected by develop-
mental environment and was the only behavior not sig-
nificantly affected by mass (Table 1; Fig. 1d). We also 

found some limited effects of developmental environment 
on boldness (Table 1). Developmental environment did 
not have a significant effect on latency to emerge from 
shelter (Table 1; Fig. 1e), but did have a significant effect 
on time basking after emerging from shelter in the main 
model (Table 1). However, post hoc pairwise compari-
sons revealed no significant differences among incubation 
treatments, as well as non-significant decrease in bask-
ing behavior in the wild-caught compared to lab-reared 
skinks (Table S2; Fig. 1f). Mass had a positive relationship 
with boldness, decreasing latency to emerge from shelter 
and increasing time basking after emerging from shelter 
(Table 1).

Table 1   Results of linear mixed-effects models analyzing the effects 
of incubation temperature and rearing in a wild compared to captive 
environment (group) on mean behavior in southern Wet Tropics sun-
skinks. Significance is indicated by bold text

n χ2 df p

Activity 42
  Time of day 24.96 1  < 0.001
  Mass 9.75 1 0.002
  Trial no 54.10 2  < 0.001
  Group 0.15 2 0.927
  Trial no. × group 21.24 4  < 0.001

Exploration: time inspecting barrier 42
  Time of day 5.54 1 0.019
  Mass 4.01 1 0.045
  Trial no 7.08 2 0.029
  Group 8.17 2 0.017

Exploration: latency to reach goal 42
  Time of day 4.14 1 0.042
  Mass 4.87 1 0.027
  Trial no 0.82 2 0.664
  Group 12.31 2 0.002

Sociability 42
  Time of day 2.44 1 0.118
  Mass 0.01 1 0.912
  Trial no 1.84 2 0.396
  Group 0.60 2 0.740
  Trial no. × group 8.93 4 0.063

Boldness: latency to emerge 41
  Time of day 2.31 1 0.128
  Mass 4.38 1 0.036
  Trial no 3.58 2 0.167
  Group 1.01 2 0.602

Boldness: time basking 41
  Time of day 3.77 1 0.052
  Mass 4.28 1 0.039
  Trial no 5.68 2 0.059
  Group 6.91 2 0.032
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Repeatability and variation

Behavioral repeatability differed among developmen-
tal environments and behaviors. Only two behaviors 
were repeatable for skinks from all three developmental 
environments: activity and time inspecting the barrier 
(Table 2). For activity, repeatability was higher in the low 
incubation treatment compared to both the high incuba-
tion treatment and wild-caught fathers (Table S3; Fig. 2a), 
while for time inspecting the barrier the low incubation 
treatment had higher repeatability compared to only the 
high incubation treatment (Table S3; Fig. 2b). In con-
trast to these behaviors, latency to emerge from shelter 
and sociability were only repeatable in skinks incubated 
at the high temperature, and time basking after emerging 
from shelter was repeatable for both the low incubation 
treatment and wild-caught fathers (Table 2). The low incu-
bation treatment had a higher repeatability estimate for 

basking time compared to the fathers (Table S3; Fig. 2f). 
No developmental treatment group was repeatable for 
latency to emerge from shelter (Table 2).

Developmental environment only affected between-
individual variation in three behaviors (Table S3). When 
comparing incubation treatments, skinks incubated at a 
low temperature had higher between-individual variation 
for activity and time basking after emerging from shelter 
(Table S3; Fig. 3a, f), while between-individual variation 
was higher in the high incubation treatment for sociability 
(Table S3; Fig. 3d). There were a greater number of dif-
ferences in within-individual variation among incubation 
treatments (Table S3). Within-individual variation was more 
frequently higher in the high incubation treatment, which 
was the case for activity, time inspecting the barrier, and 
both boldness behaviors, latency to emerge from shelter 
and time basking after emerging from shelter (Fig. 3a, b, 
e, f). However, for latency to reach the goal and sociability, 

Fig. 1   Effects of developmental environment (wild: gray; high incu-
bation: yellow; and low incubation: teal) on activity (a) across trials 
1, 2, and 3; exploration (b time to reach the goal compartment; c time 
inspecting the barrier); sociability (d); and boldness behaviors (e time 

to emerge from shelter; f time basking after emerging from shelter) 
in rainforest sunskinks. Boxplots show medians, interquartile ranges 
(IQR), and whiskers the 1.5 × IQR
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within-individual variation was higher in the low incubation 
treatment (Fig. 3c, d).

Wild- and captive-reared skinks also differed in between-
individual variation. This tended to be lower in the wild-
reared fathers, although whether the difference was significant 
depended on incubation treatment (Table S3; Fig. 3a–f). The 
only exception was for time basking after emerging from shelter, 
where the fathers had higher between-individual variation 
compared to the high incubation treatment (Table S3; Fig. 3f). 
Similar to differences among incubation treatments, there were 
a greater number of differences in within-individual variation 
between captive- and wild-reared skinks. Within-individual 
variation was also lower in the fathers for most behaviors when 
compared to both incubation treatments (Table S3; Fig. 3a–f). 
There was also an exception where within-individual variation 
was higher for the high incubation treatment compared to the 
fathers for latency to reach the goal compartment (Fig. 3c).

Behavioral syndromes

The treatments differed in which behaviors were repeat-
able (Table  3; Fig.  2), and so the models examining 

between-individual correlations among behaviors differed 
between treatments (Table 3). We found no evidence for 
incubation temperature driving differences among behav-
ioral syndromes, with no among-individual correlations 
between any repeatable behavior (Table 3). This did not 
appear to be the result of developing in captivity, as we also 
did not detect relationships among behaviors in the fathers 
(Table 3).

Discussion

Our results show that developmental conditions affect the 
behavior of southern rainforest sunskinks, including mean 
behavior, repeatability, and within- and between-individual 
variation. Skinks incubated at a higher temperature were 
the most explorative, compared to those that developed at 
a lower temperature or in the wild. Effects on repeatability 
and behavioral variation were complex, with incubation tem-
perature having opposite effects on different traits. Overall, 
differences in repeatability because of variation in develop-
mental environment were primarily driven by changes in 

Table 2   Adjusted repeatability, between-individual variation (VID), 
and within-individual variation (VR) with 95% credibility intervals 
(CrI) for behaviors measured in southern Wet Tropics sunskinks 

incubated at a low or high temperature, as well as for the wild-caught 
fathers. Bold text indicates repeatability and variance estimates 
significantly different from zero

Repeatability (± 95% CrI) VID (± 95% CrI) VR (± 95% CrI)

Activity
  Fathers 0.53 (0.40, 0.63) 0.08 (0.03, 0.17) 0.06 (0.04, 0.10)
  Low incubation 0.66 (0.51, 0.77) 0.25 (0.06, 0.73) 0.11 (0.06, 0.22)
  High incubation 0.43 (0.07, 0.67) 0.17 (0.01, 0.64) 0.16 (0.07, 0.32)

Exploration: inspect
  Fathers 0.37 (0.15, 0.50) 1868.81 (306.65, 4473.76) 2838.82 (1803.06, 4472.17)
  Low incubation 0.36 (0.03, 0.54) 2850.39 (73.03, 8846.52) 4073.58 (2096.65, 7579.66)
  High incubation 0.29 (0.01, 0.51) 3576.61 (37.16, 12,239.63) 6468.63 (3361.50, 11,842.49)

Exploration: goal
  Fathers 0.13 (0.00, 0.30) 1.33 (0.00, 6.59) 5.64 (1.64, 15.38)
  Low incubation 0.07 (0.00, 0.21) 2.31 (0.00, 13.71) 16.37 (3.57, 51.57)
  High incubation 0.31 (0.01, 0.57) 1.99 (0.01, 9.58) 2.60 (0.81, 7.21)

Sociability
  Fathers 0.16 (0.00, 0.33) 11.21 (0.05, 36.72) 48.32 (30.76, 73.26)
  Low incubation 0.17 (0.00, 0.41) 20.74 (0.04, 88.42) 71.94 (37.81, 128.02)

High incubation 0.43 (0.11, 0.59) 58.70 (3.80, 176.62) 62.96 (30.97, 125.19)
Boldness: emergence

  Fathers 0.05 (0.00, 0.19) 0.20 (0.00, 0.96) 2.73 (1.76, 4.19)
  Low incubation 0.22 (0.00, 0.45) 1.30 (0.01, 5.02) 3.21 (1.58, 6.19)
  High incubation 0.15 (0.00, 0.36) 1.22 (0.00, 5.41) 4.66 (2.12, 9.52)

Boldness: basking
  Fathers 0.27 (0.02, 0.43) 10.14 (0.21, 29.17) 22.94 (13.30, 37.93)
  Low incubation 0.40 (0.06, 0.57) 26.65 (0.94, 84.81) 30.96 (14.36, 63.08)
  High incubation 0.09 (0.00, 0.28) 5.07 (0.00, 25.86) 34.61 (17.73, 65.14)
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within-individual variation, which were higher in a greater 
number of traits for the high incubation treatment and lowest 
in the wild-caught group. We also found no evidence for a 
behavioral syndrome involving these behaviors in rainforest 
sunskinks, similar to previous studies on this species (Goulet 
et al. 2021), indicating that incubation temperature, as well 
as rearing in a captive compared to wild environment, does 
not affect between-individual correlations among behavioral 
traits. While our results further highlight the lasting effects 
of developmental conditions on an organism’s phenotype 
via behavioral responses, the fitness and ecological conse-
quences of these effects remain unclear.

A higher incubation temperature resulted in southern 
rainforest sunskinks that were more explorative. Riskier 
behavioral types, such as exploration, can lead to a small 
but significant increase in survival in the wild, likely due 
to higher resource acquisition despite increased predation 
risk (Moiron et al. 2020). Our results, therefore, suggest a 
potential benefit to developing at a higher temperature, but 
contrast with previous studies. Three-toed skinks, Saiphos 
equalis, for example, incubated at a higher temperature spent 
less time exploring (Beltran et al. 2020), while pine snakes, 
Pituophis melanoleucus, incubated at both high and low 
temperatures were slower explorers than those incubated 

at a medium temperature (Burger 1998). Incubation tem-
perature effects can differ in magnitude and direction in a 
trait- and species-dependent way (Noble et al. 2018; While 
et al. 2018), which may be due to differences between spe-
cies in thermal adaptation or thermal preferences (Sinervo 
et al. 2010; Pincheira-Donoso et al. 2013; Beltran et al. 
2020) and might lead to different impacts of climate change 
among species. It is, therefore, not unusual to see contrasting 
results between studies. The other behaviors we measured in 
our study did not, however, differ between incubation treat-
ments. It may be our relatively small sample sizes playing a 
role, or, alternatively, some incubation temperature effects 
may not persist into adulthood, which has been found previ-
ously for critical thermal minimum in southern rainforest 
sunskinks (Llewelyn et al. 2018). However, other long-term 
studies have found incubation temperature effects lasting to 
181–365 days post-hatching (Noble et al. 2018). It is more 
likely, therefore, that incubation temperature does not play 
a large part in determining mean behavioral phenotype of 
rainforest sunskinks, although with some exceptions, such 
as exploration.

We also found few differences in average behavior when 
comparing the captive-reared skinks to the wild-caught 
fathers. This was surprising, given the vast differences in 

Fig. 2   Pairwise differences in behavioral repeatability estimates 
between southern rainforest sunskinks that had developed in the 
wild (fathers) or in captivity at a low or high incubation temperature. 
Differences are shown for activity (a), exploration (b time inspect-
ing barrier; c latency to reach goal), sociability (d), and boldness (e 

latency to emerge from shelter; f basking after emerging) behavior. 
Circles represent mean difference between groups, and vertical lines 
show 95% credibility intervals. Repeatability estimates were derived 
from posterior distributions of Bayesian mixed-effects models
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developmental environments (Foster 2013), and previous 
studies demonstrating behavioral differences as a result of 
physical and social enrichment of rearing environments and 
as a result of predator cues in a wide range of taxa (e.g., rep-
tiles: Riley et al. 2017; invertebrates: Liedtke et al. 2015; and 
amphibians: Urszan et al. 2015), both factors which would 
differ between captive and natural environments. However, 
garden skinks, L. guichenoti, reared with predator scent were 
found to become less responsive to the predator cues over 

time, such that after 1-year activity and microhabitat use did 
not differ from skinks reared with a control scent (Downes 
2001). Similarly, juvenile but not adult southern water 
skinks, Eulamprus heatwolei, avoided predator odors (Head 
et al. 2002). Despite the age difference between captive- 
and wild-reared skinks in our study, all skinks were adults, 
which, if rainforest sunskinks also become less responsive 
behaviorally to predators with age, may explain the lack 
of difference in activity as well as sociability, as grouping 

Fig. 3   Pairwise differences in between-individual variation (VID; 
black circles) and within-individual variation (VR; gray triangles) 
of southern rainforest sunskinks that developed in the wild (fathers) 
or in captivity at a low or high incubation temperature. Differences 
are shown for activity (a), exploration (b time inspecting barrier; c 

latency to reach goal), sociability (d), and boldness (e latency to 
emerge from shelter; f basking after emerging) behavior. Values rep-
resent differences in mean variation between groups and vertical lines 
show 95% credibility intervals. Estimates were derived from posterior 
distributions of Bayesian mixed-effects models

Table 3   Between-individual correlations among repeatable behaviors 
with 95% credibility intervals (CrI) for skinks incubated at a low or 
high incubation temperature, as well as for wild-caught fathers. NA 

indicates pairs of behaviors where one or more were not significantly 
repeatable for a group, and therefore not included in behavioral syn-
drome analysis

Correlation Fathers (95% CrI) Low incubation (95% CrI) High incubation (95% CrI)

Activity—inspect 0.25 (− 0.42, 0.80) 0.05 (− 0.78, 0.80)  − 0.09 (− 0.75, 0.66)
Activity—goal NA NA 0.00 (− 0.70, 0.68)
Activity—sociability NA NA  − 0.55 (− 0.94, 0.15)
Activity—boldness 0.09 (− 0.70, 0.80)  − 0.01 (− 0.75, 0.74) NA
Inspect—goal NA NA  − 0.39 (− 0.93, 0.56)
Inspect—sociability NA NA  − 0.14 (− 0.79, 0.62)
Inspect—boldness 0.26 (− 0.66, 0.90)  − 0.36 (− 0.94, 0.59) NA
Goal—sociability NA NA 0.24 (− 0.53, 0.83)
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behavior can provide antipredator benefits in skinks (e.g., 
delicate skinks: (Downes and Hoefer 2004). However, we 
did find lower exploratory behavior and a non-significant 
trend of lower boldness behavior in the wild-reared fathers. 
This trend may be due to riskier behavioral types more likely 
to persist in captivity but be predated upon in the wild (Smith 
and Blumstein 2008; Archard and Braithwaite 2010; Urszan 
et al. 2015), although does not explain why differences in 
exploration depended on the incubation temperature of the 
captive-reared skinks. It is possible that for southern rainfor-
est sunskinks, the embryonic thermal environment, while not 
playing a large role in development of mean behavior, is still 
more important than differences present between captive and 
natural environments in contributing to adult phenotypes.

While we only found differences in mean exploratory 
behavior among incubation treatments, as well as captive—
compared to wild-reared skinks, most behaviors differed 
in repeatability. This highlights the importance of devel-
opmental environments in shaping behavioral consistency, 
alongside studies investigating impacts of diet (Careau et al. 
2014), predation (Urszan et al. 2015), and immune chal-
lenges (DiRienzo et al. 2015). For the repeatable behav-
iors, repeatability estimates fell broadly within the range 
of average repeatability, 0.37, found in a meta-analysis on a 
wide range of taxa (Bell et al. 2009). Interestingly, despite 
the above studies demonstrating that factors such as diet, 
predation, and immune challenges can affect repeatability, 
which would, among others, differ between natural and cap-
tive environments, behaviors where the wild-caught fathers 
demonstrated personality were the same behaviors where 
skinks from the low incubation treatment demonstrated per-
sonality. In contrast, there were more differences between 
the fathers and skinks incubated at the high temperature. 
While we cannot rule out some differences may be due to 
age variation between captive- and wild-reared skinks, this 
suggests a relatively large role of incubation temperature, 
among other factors varying during development, in deter-
mining personality in southern rainforest sunskinks.

Variation in personality between incubation treatments 
were largely driven by differences in within-individual 
variation, with differences in between-individual variation 
inconsistent, or non-existent, among behaviors. Skinks incu-
bated at the high temperature had higher within-individual 
variation in four of the six behavioral measures, despite 
demonstrating personality in more behaviors, compared to 
skinks incubated at a low temperature. The only occasions 
where the higher incubation treatment had lower within-
individual variation were for the behaviors where the high, 
but not low, incubation treatment demonstrated repeatability, 
i.e., latency to reach the goal compartment and sociabil-
ity. Niemelä et al. (2019) demonstrated a similar trend in 
field crickets, Gryllus bimaculutas, where a higher devel-
opmental temperature increased within-individual variance 

in exploration behavior. However, crickets developing at 
this higher temperature also had greater between-individual 
variation (Niemelä et al. 2019). In comparison, in our study, 
southern rainforest sunskinks incubated at the higher tem-
perature had increased between-individual variation for only 
one behavior, sociability, while those from the low incu-
bation treatment had greater between-individual variation 
for two behavioral measures. This suggests that incubation 
temperature in skinks may have a greater effect on person-
ality through affecting within-individual variation, i.e., the 
behavioral plasticity of individuals, potentially through dif-
ferent responses to trial number or habituation to the experi-
mental assays, rather than affecting variation in behavioral 
types within populations. However, our sample sizes were 
relatively low, and we may therefore have not been able to 
fully capture more subtle impacts of incubation temperature 
on between-individual variation. Regardless, more plastic 
individuals are thought to be better suited to cope with envi-
ronmental change (Visser 2008; Sih et al. 2011; Van Buskirk 
2012), provided plasticity is adaptive rather than maladap-
tive or neutral. Therefore, as average temperatures, as well as 
incubation temperatures, rise with climate change, southern 
rainforest sunskinks may be better able to cope with short-
term environment change as juveniles or adults.

Personality differences being driven by within-individual 
variation may be explained by early environments signaling 
that greater within-individual variation may be more ben-
eficial in future environments. As such, developmental plas-
ticity may affect short-term phenotypic changes expressed 
later in life, i.e., reversible plasticity. In mosquitofish, Gam-
busia holbrooki, for example, fish born in summer develop 
in, and are more likely to experience, warmer temperatures, 
and therefore have a lower ability to adjust metabolism in 
response to cooler temperatures experienced in adulthood, 
resulting in developmental plasticity affecting the ability to 
be reversibly plastic later in life (Seebacher et al. 2014). This 
reduces the potential of a phenotype-environment mismatch, 
and, if developmental environments reliably predict the need 
for reversible plasticity, may also reduce the trade-off with 
investment in other fitness-related traits, such as reproduc-
tion, as maintaining the ability to be plastic, such as more 
neural tissue or flexibility in physiology, can itself be costly 
(Snell-Rood 2013). While our study did not measure plastic 
responses of rainforest sunskinks in response to a change in 
the physical or social environment, the differences in within-
individual variation observed among developmental treat-
ments may have been the result of differences in individual 
variance in response to trial number or habituation to the 
behavioral assays. Alternatively, it may be more costly for 
individuals to maintain an ability to be more behaviorally 
variable or plastic. Higher costs of development, which can 
change, for example, with ectotherm developmental tem-
perature (Marshall et al. 2020), or restricted resources during 
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development, may therefore also affect investment in revers-
ible plasticity. Increased diet quality in juvenile house crick-
ets, for example, decreased repeatability through increased 
within-individual variation (Royauté and Dochtermann 
2017), and, similarly, zebra finches, Taeniopygia guttata, 
reared without diet restrictions also had higher within-indi-
vidual variance in activity (Careau et al. 2014). This may 
also explain the pattern of lower within-individual varia-
tion in the fathers in most behavioral measures compared 
to both incubation treatments, as conditions in captivity are 
generally more relaxed, for example, with consistent access 
to food and no predation risk, compared to what individuals 
experience in natural environments.

Despite repeatability in many behavioral traits, there was 
no evidence for a behavioral syndrome in southern rainforest 
sunskinks. This lack of between-individual correlations among 
behaviors is unsurprising, given Goulet et al. (2021) also did 
not find any correlations between activity, exploration, and 
sociability in southern rainforest sunskinks. However, our 
result contrasts with those from studies on the delicate skink, 
a closely related species, where activity, exploration, and, in 
some populations, boldness form a syndrome (Michelangeli 
et al. 2016b, 2019; Goulet et al. 2017). Many other studies 
have also found behavioral syndromes, suggesting they appear 
to be widespread among species (Wolf et al. 2007; Conrad 
et al. 2011; Wolf and Weissing 2012). There are many ways 
in which behaviors can correlate, and many ways in which 
these correlations might emerge (Réale et al. 2010). It is 
possible that these mechanisms are not present in southern 
rainforest skink habitats or that time in captivity has eroded 
or weakened relationships between behaviors (Wilson et al. 
1994). Regardless, as neither incubation temperature group 
demonstrated significant correlations between behaviors, we 
can exclude developmental temperature as a factor driving 
the formation of behavioral syndromes, at least in southern 
rainforest sunskinks. However, incubation temperature could 
be important in the formation of behavioral syndromes in 
species that display such syndromes in wild populations, 
indicating an area requiring further research.

In summary, differences in incubation temperature 
affected behavioral variation and consistency of southern 
rainforest sunskinks, driven primarily through changes in 
within-individual variation. While skinks incubated at a 
higher temperature demonstrated personality in more behav-
iors, they also tended to have higher within-individual varia-
tion, specifically for behaviors where they were not the only 
treatment to demonstrate repeatability. We speculate that this 
may be due to lower costs of development, allowing them to 
develop a greater capacity for variation in behavior or that 
different incubation temperatures signal differences in future 
environments where higher within-individual variation may 
be more, or less, beneficial to individuals. Regardless, this 
may mean that skinks incubated at a higher temperature are 

more able to flexibly adjust to short-term environmental 
change. As environments are changing rapidly due to anthro-
pogenic influences, such as habitat modification and climate 
change, this may be a mechanism for this group to better 
cope with these future environments. In contrast, mean 
behavior was not as strongly affected by developmental 
environment, with only differences between incubation treat-
ments, as well as between captive- and wild-reared skinks, 
present in exploration. There was also no evidence that 
developmental temperatures affected between-individual 
correlations among behaviors, with no behavioral syndrome 
present in either incubation treatment. This did not appear 
to be the result of rearing in captivity, as there was also 
no behavioral syndrome present in the wild-caught fathers. 
Overall, our results demonstrate a large impact of rearing 
environment in shaping animal personality and behavioral 
variation, with incubation temperature a particularly signifi-
cant factor in lizard behavioral development.
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