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An animal’s social environment can be both dynamic and complex. Thus, social species often garner fitness benefits through being
plastic in their social behavior. Yet, social plasticity can be constrained by an individual’s experience. We examined the influence of
early social environment on social behavior in the tree skink (Egernia striolata), a family-living lizard. In the first phase of this study,
we reared juveniles in 2 different social environments for 1.5 years: either in isolation or in unrelated pairs. We quantified each lizard's
sociabhility at 4-month intervals using a standardized laboratory assay and found that isolated lizards were more sociable, spending the
assay closer to an adult female, than socially-reared lizards. In the second phase of this study (at the end of 1.5 years), we released
all lizards into a semi-natural environment, observed their associations, and used social network analysis to quantify social behavior.
During the initial 6 weeks post-release, we detected no differences in social behavior between rearing treatments. However, dur-
ing the following 6 months differences emerged. Isolated lizards were more homogeneous in the strength of their associations than
socially-reared lizards. Also, at first, isolated lizards associated more strongly than socially-reared lizards. Over time, isolated lizard
associations became weaker and involved fewer lizards. In contrast, the level and number of associations of socially-reared lizards
were stable over time. Our findings suggest that early experience influences tree skink social behavior but does not constrain social
plasticity: isolation rearing did not limit their ability to respond to a novel social environment.
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INTRODUCTION

Social associations are influenced by resource availability, preda-
tion risk, mating system, parental care, and an individual’s age
and experience (Schutz et al. 2007; Ward and Webster 2016).
These factors can interact in complex ways resulting in a dynamic
social environment that is unpredictable, because it results from
interactions between many individuals responding to inconstant
environmental cues (Taborsky and Oliveira 2012). A social-living
individual needs to constantly adjust its behavior in response to
changes in their environment due to social and ecological fac-
tors, and this ability impacts their fitness (social plasticity; Stacey
and Bock 1978; Oliveira 2012, Montiglio et al. 2017; Neelon and
Hobel 2017). It is, therefore, expected that individuals of social spe-
cies will be highly plastic in their social behavior and vary their
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responses across social contexts to maximize individual fitness
(termed “social competence”; Taborsky and Oliveira 2012).

The type and extent of social experience individuals are exposed
to affects how they perceive, interpret, and act in social situa-
tions (Scott 1962; Taborsky and Oliveira 2012; Taborsky 2016;
Bolting and von Engelhardt 2017). For example, isolation rear-
ing negatively affects appropriate social behavior in mammals
(Harlow et al. 1965; Toth et al. 2011), birds (Baron and Kish 1960),
fishes (Hesse and Thiinken 2014), and invertebrates (Liedtke and
Scheider 2017; Schausberger 2017). To date, research investigat-
ing how early social experience affects social behavior has focused
on obligate social animals with required parental care (e.g. mam-
mals and birds; Baron and Kish 1960; Harlow et al. 1965; Mitchell
et al. 1966; Varty et al. 2000). For example, Harlow’s research on
rhesus macaques (Macaca mulatta) in the 1960s often dominates our
understanding of the impact social isolation can have on develop-
ment, and may guide expectations that isolation severely negatively
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impacts an individual’s behavioral development (Harlow et al.
1965; Mitchell et al. 1966). This focus has largely neglected the full
spectrum of sociality, which includes species with only occasional
interactions (e.g. interactions while defending territories or dur-
ing mating) or those that form seasonal aggregations (Ward and
Webster 2016). Recently, however, studies have begun to investigate
the impact of social environment on behavioral development in
solitary spiders with a transient social life-stage (Agelena labyrinthica;
Lesne et al. 2016), and in squamate species for which social organi-
zation has not been studied in detail (Ballen et al. 2014; Hoss et al.
2015; Aubret et al. 2016).

Squamate reptiles as a group have traditionally been viewed
as relatively asocial (Doody et al. 2012). Yet, there is evidence
that social environment can influence reptile social behavior. For
example, hatchling veiled chameleons (Chameleo calyptratus) reared
in isolation are more submissive during conspecific interactions
than socially-reared hatchlings (Ballen et al. 2014). Also, hatchling
viperine water snakes (Natrix maura) incubated alone, versus in con-
tact with other eggs, are less aggregative (Aubret et al. 2016), and
depriving neonate cottonmouths (Agkistrodon piscivorus) of maternal
attendance post-birth reduces their tendency to associate with con-
specifics (Hoss et al. 2015). These studies suggest that the relation-
ship between social experience and social competence found in
other taxa might also apply to squamate reptiles; however, limited
research on this topic prevents us from making generalizations.

Recent evidence suggests that sociality in lizards and snakes is
much more common and varied than previously believed (Whiting
and While 2017). Phylogenetic analysis shows that stable aggrega-
tions have evolved multiple times in squamates, and, of these aggre-
gations, a small proportion live in stable family groups (Gardner et al.
2016). The tree skink (Fgernia striolata) aggregates within tree hollows
or crevices, and cracks in rocks (Cogger 2014). This species can be
found alone, or within groups consisting of adult pairs with or with-
out offspring, or only of juveniles (Bonnett 1999; Duckett et al. 2012).
Group size varies from 2 to 10 individuals, and there is within- and
between-population variation in tree skink social behavior (Bustard
1970; Bonnett 1999; Duckett et al. 2012). This variation in group
size and social behavior allows investigation of the influence of social
environment on individual tree skink behavioral development and
social behavior as adults, which we did in an experimental setting.

We examined how the social environment during early life affects
tree skink social behavior. In the first phase of the study, we reared
lizards within one of 2 social environments (isolation or within a
pair) for 1.5 years, and quantified juvenile sociability with a labo-
ratory assay. In the second phase, we released lizards into a semi-
natural environment and recorded their association patterns over
the short- (initial 6 weeks) and long-term (subsequent 6 months:
weeks 7-34). We hypothesized that isolation rearing would reduce
lizard social competence, and predicted that isolated lizards would
avoid aggregating with conspecifics, as has been observed in other
squamates, fishes, invertebrates, and mammals (Harlow et al. 1965;
Hesse and Thiinken 20145 Aubret et al. 2016; Schausberger 2017).
An individual’s social competence is also reflected in its ability to
change social behavior across situations (lTaborsky and Oliveira
2012). In this regard, the social environment during development
can constrain an individual’s behavioral plasticity (Harlow et al.
1965; Taborsky et al. 2012; Hesse and Thiinken 2014). To inves-
tigate this, we quantified consistency in an individual lizard’s social
behavior to examine plasticity in these traits and whether consist-
ency differed between rearing treatments and contexts (Aplin et al.
2015; Stamps 2015).
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METHODS

In this experiment, we used 66 tree skinks that were offspring from
35 females collected near Albury, New South Wales, Australia
(35.98°S, 146.97’E). These offspring were from 2, yearly cohorts
(2014 and 2015; see Supplementary Material for details on cap-
tive husbandry and housing). The data from the laboratory por-
tion of this experiment has been previously published in Riley
et al. (2017b) in which we quantified 4 behavioral traits (explora-
tion, boldness, sociability, and aggression) of tree skinks throughout
development. This current study aims to examine how social envi-
ronment affects tree skink social behavior. We re-analyzed the Riley
et al. (2017b) sociability data (see Statistical Analyses section below)
and changed our focus to comparing sociability between rearing
treatments (isolation and social). This allowed us to interpret the
adult social behavior of isolated and socially-reared tree skinks that
we quantified in semi-natural enclosures (the second and novel part
of our study; see below), in relation to the treatment differences in
sociability during the juvenile life-stage (Riley et al. 2017b).

Rearing treatment and laboratory
sociability assays

After lizards were born (within a maximum of 12 h), we separated
them from their mothers and housed them individually (for dates
of parturition see Supplementary Material). After all juveniles were
born each year, we conducted the first sociability assay (see below).

After the first assay, we then randomly allocated juveniles into
2 social environments: isolated (housed alone; Nog, = 14 lizards
and Ny5 = 16 lizards), and social (2 unrelated juveniles housed
together; Nogy, = 14 lizards within 7 pairs and Noyg 5 = 22 lizards
within 11 pairs). We split the number of offspring from each
mother across treatments (see Supplementary Material for details),
but were unable to sex juveniles prior to treatment allocation so
we accounted for sex in our statistical analyses. Tree skink social
groups often consist of parent(s) and offspring (Chapple 2003), but
we were unable to recreate this environment in captivity due to the
risk of infanticide (Lanham and Bull 2000; Post 2000; O’Connor
and Shine 2004; Riley JL, unpublished data). The group size we
used in our experiment is present in wild tree skink populations,
because juvenile-only group size ranges from pairs to 4 individu-
als and juveniles are also observed on their own (Bonnett 1999;
Michael and Cunningham 2010; Duckett et al. 2012; Riley JL,
unpublished data).

Once within their treatments, we assayed lizard sociability 3
more times: at ca. 5, 7, and 12 months of age (see Supplementary
Material for exact dates). We measured sociability within 2 batches
due to space limitations of our experimental room (maximum of
24 lizards per batch ranging from 13 to 16 days apart; see supple-
mentary materials for exact dates).

During sociability assays we individually housed lizards in
opaque, plastic arenas, which were separated into 2 compartments
with a clear, Perspex® divider placed 11 ¢m from one end (Riley
et al. 2017b; see Supplementary Material for more details). We first
placed the focal juvenile within a shelter in the larger compartment
and then placed an unrelated, adult female in the smaller compart-
ment on the opposite side of the divider. Females were unrelated
and unfamiliar to the focal lizard. We randomly paired females
with each focal lizard, and ensured the female was different in each
repetition of the assay (i.e. used only once/lizard). We then lifted
the juvenile’s shelter and remotely video-recorded the location of
the juvenile in relation to the female for the next 5 h. From the
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video, at 10 min intervals over the full course of the trial, the juve-
nile was scored as being within one of 4 lateral quadrats (11 cm
width) that sequentially reflected distances further away from the
female. From these data, we calculated the weighted mean distance
the juvenile was from the female across the whole trial, by mul-
tiplying the number of times in each quadrat (Q1, Q2, Q3, and
Q4) by the mean distance the quadrat was away from the female’s
compartment (5.5 cm, 11 ecm, 16.5 cm, and 22 cm, respectively)
and dividing the product by the total number of observations
(NMops = 30). This weighted mean was used to quantify sociability
across the first year of life; lower values reflect higher sociability.
Due to issues with some videos (i.e. failure to record particular tri-
als), 5 juveniles were removed from this portion of our analysis: the
final sample size of our laboratory sociability assay was 26 juve-
niles in 2014 (14 socially-reared and 12 isolated), and 35 juveniles
in 2015 (20 socially-reared and 15 isolated).

Spatial associations

We quantified lizard sociability within a semi-natural environment
after they reached adulthood to assess long-term effects of rearing
treatment on social associations. Tree skinks reach sexual matu-
rity after ~1.5 years in captivity (Riley JL., unpublished data). We
used all 28 lizards reared in 2014 in this experiment (14 isolated
and 14 socially-reared), and released them into a fenced outdoor
enclosure with an area of 70 m? (10.5 X 6.7 m) on 14 September
2015. A net surrounded the enclosure to exclude avian predators
(Supplementary Figure S1).

We provided 28 artificial crevices (hereafter refuges) inside the
enclosure. This ensured that refuges were not a limited resource,
thus allowing aggregation to depend on individual preference and
not ecological factors (i.e. a limited resource). We placed 2 roofing
tiles (each tile was 410 X 260 mm) on top of each other to form
refuges (Supplementary Iigure S1). These refuges were placed in
4 rows of 7 (0.75 m apart and 1.25 m away from the perimeter;
Supplementary Figure S1). Prior to release, we permanently marked
all lizards with microchips (PI'T tags) and visually numbered them
with 3 circles of numbered cloth tape (Tesa®, Hamburg, Germany;
Supplementary Figure S1C; Olsson and Shine 2000; While et al.
2009a). The lizards were all released in the middle of the enclosure.
If a lizard lost any marking tape, it was re-marked at the end of
the day, after data collection, and immediately released back into its
refuge of capture.

We recorded lizard spatial positions within the enclosure over 2
time periods: the initial 6 weeks post-release (4X daily) and then
the following 6 months (weeks 7-34; twice weekly). Observers (C.G.
and S.TL. during the initial 6 weeks; C.G. and C.F. for the fol-
lowing 6 months) were blind to rearing treatment. Data collection
took the same amount of time in both periods, on average 22 min
(95% CI = 21 to 23), which reflects similarity in sampling inten-
sity and effort. Our sampling methods (see below) differed between
6-week and 6-month observations, and we quantified different
social behaviors. Our short-term observations captured behavior
across the daily activity period of lizards, whereas the long-term
observations recorded which lizards were sharing refuges overnight
and social associations before the start of daily activity.

During the initial 6 weeks (14 September to 25 October 2015),
we recorded lizard spatial position within the enclosure 4 times each
day at 10:00, 12:00, 14:00, and 16:00 h. We recorded locations for
all lizards that we could visually observe (see Results for observation
rates). Iirst, we visually scanned the entire enclosure from a raised
tower (2.1 m tall), and then we slowly walked around the outside
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of the perimeter for a ground-level perspective thereby maximiz-
ing our ability to detect lizards. After the initial 6 weeks, we modi-
fied our protocol for the following 6 months (29 October 2015 to
29 April 2016) to focus on lizard social associations overnight (i.e.
during shelter in refuges) rather than those during their daily activ-
ity period. We recorded lizard spatial positions every Monday and
Friday, between 07:00 and 09:00 h, prior to the tree skink’s activity
period. At that time of day, lizards were still sheltering within ref-
uges. During these observations we lifted each roofing tile, captured
every lizard in the refuge to identify them from their PIT tag num-
ber using a PIT tag reader (lizards did not retain their identifying
stickers during the 6-month observations), and then placed them
back at their site of capture. We also checked under water dishes
and in the area between refuges for lizards. Each sampling period
was started from a different location, and performed in a different
pattern during each trial.

Statistical analyses

Analyses of laboratory sociability scores

We examined if tree skink sociability differed between rearing treat-
ments, using a linear mixed effects model (LMM, /mer in the lme4
R package; Bates et al. 2015; R Core Team 2016). In our model,
we examined if the response variable, sociability (the weighted mean
distance (mm) a lizard was located from an adult female during
a trial), was affected by rearing treatment (isolated or social) while
controlling for the additional fixed factors of age (continuous), sex
(male or female), cohort (2014 or 2015), batch (1 or 2), body temperature
(continuous), and body condition index (continuous; residuals from a
simple linear regression between log-transformed mass and snout—
vent length). Continuous fixed factors were z-transformed (mean
centered and divided by standard deviation) before analysis, which
standardizes the variables and facilitates interpretation of main
effects in the presence of interactions (Schielzeth 2010). To control
for dependencies within our data from sampling each lizard repeat-
edly we included a random intercept and slope for lizard identity
across age. To control for repeated sampling of individuals from the
same litter, we also included a random intercept for mother identity.
We ensured that there were no influential outliers, no strong col-
linearity, and that the model assumptions of normality of residuals
and homogeneity of variance were met (as per Zuur et al. 2010; see
Supplementary Materials for details).

We also examined the consistency of an individual’s sociabil-
ity and determined if this was affected by rearing treatment. To
accomplish this, we calculated adjusted repeatability (R,;|age; Biro
and Stamps 2015) for each treatment and the associated 95% con-
fidence intervals by bootstrapping the data 1000 times with the
boot function from the R package boot (Davison and Hinkley 1997;
Canty and Ripley 2017), while controlling for the same covari-
ates that were within our LMMs (Nakagawa ct al. 2010; Biro
and Stamps 2015). We compared R,;|age between treatments
by examining the overlap of each rearing treatment’s 95% Cls.
Repeatability (R,;|age) theoretically ranges between 0 (individuals
never express the same trait value over repeated measures) and 1
(individuals always express the same trait value over repeated mea-
sures; Nakagawa et al. 2010). Yet, in practice, the average repeat-
ability observed in studies on animal behavior is 0.37 (Bell et al.

2009).

Social network analysis
Animal social network analysis is a powerful technique for quantify-
ing association or interaction data (Farine and Whitehead 2015).
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We used social network analysis to quantify the associations we
observed between lizards in the semi-natural enclosure. We consid-
ered lizards to be associating when they were at the same refuge
within a sampling period (i.e. if 2+ lizards were located in/on the
same refuge, they were defined as a group). Additionally, the refuges
in our study were small (e.g. 410 X 260 mm; approximately the size
of 2 lizards), thus if lizards were sharing a refuge they would have
been aware of each other. Association strength for each pair of liz-
ards (dyad) was calculated using the half-weight association index
(HWI). The HWI ranges between 0 (never observed in the same
refuge) and 1 (always observed in the same refuge). It is a relative
measure of association strength, which is most appropriately used
when an entire population cannot be observed during each sam-
pling period (Cairns and Schwager 1987), as is the case in our study
(see Results for sampling rate).

We constructed 6 weekly networks and 6 monthly networks (i.e.
one for each of the 6 weeks, and one for each of the next 6 months)
that controlled for lizard space use (i.e. the function included refuge
number, which reflects lizard location, during construction of the
group-by-individual matrix; Farine 2013) to ensure the associations
we were describing were based on social, and not abiotic, biotic,
or spatial factors (Iigure 1). The edge weights in these networks
were the HWI association strength (described above), resulting in
weighted, undirected networks in which individuals (nodes) were
connected if HWI > 0. Network construction and analysis were
performed using the asnipe R package (Farine 2013).

For each network (6 weekly and 6 monthly networks), we calcu-
lated 3 network metrics that quantified individual social behavior:
binary degree, weighted degree, and the coeflicient of variation
(CV) of edge weights. Binary degree is the number of lizards the
focal lizard was observed sharing a refuge with, and weighted
degree (also termed “strength”; Whitehead 2008) is the sum of
edge weights (dyadic HWIs) of the focal lizard (Whitehead 2008).
These metrics both reflect the sociability of an individual and are
complementary; an individual can have high numbers of associ-
ates with weak associations (high binary degree and low weighted
degree) or, in contrast, a low number of strong associations (low
binary degree and high weighted degree). The CV of edge weights

M Isolated, Male

Figure 1

@ Isolated, Female
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is a measure of social heterogeneity (also termed “social differenti-
ation” and the “clustering coeflicient”; Whitehead 2008) of a focal
lizard and quantifies variability of an individual’s relationships (Leu
et al. 2016). High values of social heterogeneity means that rela-
tionships are variable, and that the focal lizard is mainly associat-
ing strongly (i.e. preferentially) and/or weakly (i.e. avoiding) with
conspecifics (Farine and Whitehead 2015). In contrast, low values
of social heterogeneity means that relationships are more homoge-
neous, and that focal lizards are associating relatively evenly with
conspecifics (Farine and Whitehead 2015).

Temporal aspects of social relationships
We used separate LMMs to determine if the observed network met-
rics (binary degree, weighted degree, and GV of edge weights) dif-
fered between rearing treatments across each time period (6 weeks
or 6 months). All LMMs included the fixed factors of time period
(week or month, respectively), rearing treatment (isolated or social),
sex (male or female), as well as interactions between time period and
sex and lime period and treatment. If interactions were not significant
(according to P, see below) they were removed and the models
re-fitted. Models also included the random intercept and slope of
lizard identity across time, and the random intercept of mother
identity. Our observed network metric dataset was explored prior
to statistical analyses to investigate normality, the presence of outli-
ers, and collinearity. Additionally, the assumptions of normality of
residuals and homogeneity of variance were verified for all LMMs
analyzing observed data (Zuur ct al. 2009; see supplementary
materials for details). Binary and weighted degree were log(x+1)
transformed to normalize the data. We also wanted to examine
the consistency of social metrics for each rearing treatment, and
calculated treatment-specific R, |tme (weeks or months; Biro and
Stamps 2015) using the same protocol as described above.
Hypothesis testing for data generated from social networks is
based on null models constructed with data from random permuta-
tions (Farine and Whitehead 2015). This is necessary because of
non-independence of the data from social networks. Permutations
were done using our group-by-individual matrix by randomly
swapping individuals between groups, while controlling for location
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because original network construction already accounted for this
(FFarine 2013). These permutations were done separately for each
weekly/monthly network. Importantly, this permutation technique
retains the structure of our observed dataset: it maintains the
same number of dyads observed, number of times an individual
is sighted, and number of individuals recorded during each sam-
pling period as our observed data (Whitehead 2008; Croft et al.
2009; Farine and Whitehead 2015). During the first 6 weeks, 1
lizard (female, socially-reared) died of natural causes, and during
our 6-month observations, predators unexpectedly infiltrated the
enclosure resulting in the removal of 5 lizards (3 isolated males,
1 isolated female, 1 socially-reared male) during the third month,
and 1 lizard (socially-reared female) during the fifth month due to
predation and/or injury. Our permutation technique took this into
consideration.

From the randomized data, we then reconstructed the net-
works, derived the same 3 social metrics, and conducted the same
LMMs and calculations of R,;|time as we did for the observed
data. Randomizations were repeated 10000 times, and P values
(P, for each effect were calculated by comparing model coetf-
ficients from the observed data to the distribution of model coef-
ficients based on the randomized data (Aplin et al. 2015; Farine
and Whitehead 2015; Leu et al. 2016). We considered effects to
be significant if observed values fell outside the 95% range of the
random coeflicient distributions. We compared R,;|time between
treatments by examining overlap of each rearing treatment’s 95%
Cls. We assessed if observed R, ;| time differed from what you would
expect by chance alone by examining overlap between 95% Cls
for observed R, |time estimates and the 95% range of the random

adj

R, ;| time estimates.

RESULTS
Laboratory-based sociability assays

Socially-reared lizards were located further from an adult female,
exhibiting lower sociability;, than isolated lizards (Table 1). Distance
from an adult female decreased as lizards aged, reflecting increas-
ing sociability, for both isolated and socially-reared lizards as they
aged (Table 1). There were no batch, cohort, or sex effects on

Table 1

Effects of rearing treatment (ISOLATED or SOCIAL) and age
on lizard sociability (N, = 244, N, = 61, N,,,, = 35) that was

quantified using a laboratory behavioral assay

Fixed effects B SE t-value P

Intercept (SOCIAL, 1, 2014, and FEMALE) 16.636 0.769 21.645 <0.001

Age —0.939 0.229 -4.099 <0.001
Rearing treatment (ISOLATED) —1.459 0.727 -2.007 0.045
Batch (2) —0.521 0.402 -1.297 0.195
Cohort (2015) —-0.769 0.833 —-0.923  0.356
Body temperature 0.307 0.194 1.581 0.114
Body condition index 0.374 0.203  1.837  0.066
Sex (MALE) 0.188 0.798 0.236  0.813
Random effects o’

Juvenile identity 5.237

Maternal identity 1.573

Residual 6.792

Significant coeflicients are bolded. The LMM formula in R was
Imer(sociability ~ age + social_treat + batch + cohort + body_temp + body_
cond + (1+age|liz_id) + (1 |mom_id). The interaction between age and
rearing treatment was not significant, so it was removed and the model re-fit.
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the distance lizards were located from an adult female, and this
distance was also not related to body temperature or body con-
dition (Table 1). R,;|age of sociability was moderate (isolated:
Rlage = 0.427,95% CI = 0.216 to 0.637; social: R,;|age = 0.304,
95% CI =0.000 to 0.665), and did not differ between rearing treat-
ments (Figure 2A).

Social relationships in a semi-natural
environment

During the initial 6 weeks post-release, all 28 lizards were observed
at least once during 168 sampling periods (6 weeks X 7 days X 4
observations per day; total observations of lizards = 2061). Each
sampling period 48% (95% CI = 44 to 52) of the lizards were
observed; but each week, across 28 sampling periods, 98% (95%
CI = 95 to 100) of the lizards were observed. In the following
6 months, all 27 lizards were observed at least once during a total
of 52 sampling periods (28 weeks X 2 observations per week; total
observations = 985). Within each sampling period during these
6 months, 98% (95% CI = 97 to 100) of the lizards were observed.

During both time periods, mean group size was 2 (6 week: stan-
dard deviation = 0.28, range = 2-8; 6 month: standard devia-
tion = 0.28, range = 2—4; Iigure 1). However, individuals were
also frequently observed alone (Figure 1). Lizards were observed
alone in a refuge 80.4% (1340/1667) of the time during the ini-
tial 6 weeks, and 77.3% (612/792) of the time during the next
6 months. Thus, our network metrics and model parameter esti-
mates that quantify social associations are lower than would be
expected in a species that constantly associates with other individ-
uals (Table 2).

Temporal variation in social relationships

Initial 6 weeks

Network metrics (binary degree, weighted degree, and CV of
edge weights) did not differ between rearing treatments during this
period (Table 2A). Sex did not affect binary degree or GV of edge
weights, but female lizards initially had stronger associations (higher
weighted degree) than males and decreased in the strength of their
social associations (weighted degree) more quickly over time than
males (Table 2A). In general, the number and strength of associa-
tions (binary and weighted degree) decreased over time, whereas
social heterogeneity (CV of edge weights) increased over time
(Table 2A; Figure 2).

R, |week of our 3 social metrics were low for both rearing treat-
ments. R,;|week did not differ between rearing treatments, and
was not different from what we would expect by chance alone
(95% CIs from both the observed and random R,week overlap).
Nonsignificance was likely due to large variation in our observed
R, | week estimates (Fig. 2B).

Subsequent 6 months

Initially, isolated lizards had stronger associations (higher weighted
degree) than socially-reared lizards (Table 2B). Over time, isolated
lizards decreased in their number of associates (binary degree) and
their associations became weaker (weighted degree). In contrast,
socially-reared lizards were constant in their number of associates
and level of associations (binary and weighted degree) over time
(Table 2B). Social heterogeneity (CV of edge weights) was signif-
icantly lower in isolated than socially-reared lizards, and social
heterogeneity decreased over time in both rearing treatments
(Table 2B; Iigure 1). None of the network metrics were affected by
sex (Table 2B; Figure 1).
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weeks and (C) subsequent 6 months. R, |#ime was not significantly different between rearing treatments, because 95% ClIs for both rearing treatments (black

error bars) overlapped. Grey bars show the 95% range of the R,

| time estimates calculated from 10000 data randomizations controlling for location. Our

observed R,;|#ime was not different than what you would expect from chance alone, because the 95% range of the random R, |time estimates (grey bars)

overlapped with 95% Cls for observed R,

R,|month did not significantly differ between rearing treat-
ments, because 95% Cls overlapped (Figure 2C). R,;|month of
binary degree, weighted degree, and CV of edge weights ranged
between moderate to high for both rearing treatments (Figure 2C).
Our observed R, |month did not significantly differ from what was
expected by chance alone (95% Cls from both the observed and

random R, |month overlap; Figure 2C).

DISCUSSION

We generally found a positive relationship between isolation rear-
ing and social associations in tree skinks, in contrast to our predic-
tion. During the juvenile life-stage, isolated lizards spent laboratory
trials closer to an unrelated adult female than socially-reared liz-
ards. After lizards reached adulthood we released them into a
semi-natural enclosure, and, after the first 6 weeks post-release, we
found isolated lizards initially associated more strongly with others
than socially-reared lizards (weighted degree). Isolated lizards were
also more homogeneous in their social associations than socially-
reared lizards (i.e. lower CV of edge weights). Interestingly, over the
6-month period, isolated lizards gradually began to associate with
fewer lizards, more weakly (i.e. decreased in binary and weighted
degree), whereas socially-reared lizards were stable in associa-
tions over time. This suggests that individuals reared in isolation
were able to respond flexibly to their new social environment. In
further support of this conclusion, our repeatability (R, |#ime) esti-
mates for isolated lizards’ social behavior were low to moderate.
However, repeatability did not differ between rearing treatments,
nor from what is expected by chance alone. This suggests that tree
skink social behavior is impacted by isolation rearing, and also that,
regardless of isolation rearing, tree skinks maintain plasticity in
social behavior.

| time estimates (black error bars) in all cases.

Sociability during the juvenile life-stage

Isolation rearing increased juvenile affiliation with an adult female.
This finding was the opposite of what we had hypothesized: that
isolation would result in individuals that avoid social situations
and/or exhibit costly social behavior (e.g. high aggression; Harlow
et al. 1965; Mitchell et al. 1966; Hesse and Thiinken 2014; Leidtke
and Schneider 2017; Schausberger 2017). Our prediction was
based predominately on studies of species that have obligate paren-
tal care like mammals and birds (Baron and Kish 1960; Harlow
et al. 1965), where socially manipulating these species during devel-
opment results in costly physiological (e.g. abnormal levels of sex
and stress hormones; Kaiser and Sachser 2005; Bolting and von
Engelhardt 2017) and behavioral changes that reduce fitness (e.g.
avoidance of conspecifics, inappropriate mating behavior; Harlow
1965; Yu et al. 2013; Hampson and Schiwitzer 2016). Tree skinks’
rudimentary parental care and facultative social system differs from
that of mammals and birds. Therefore, we need to consider how
our findings may influence tree skink fitness, while considering their
social system.

Social associations, including affiliative ones, are not always ben-
eficial and can be costly and even fatal in some cases. For example,
yellow-bellied marmots (Marmota flaviventris) that are more affilia-
tive are more likely to die during hibernation, potentially because
hibernating in close proximity to other individuals may disrupt
required thermoregulation (Yang et al. 2017). Although we did
not directly quantify the fitness consequences of the altered social
behavior we observed in isolation-reared tree skinks, we interpret
our findings based on our knowledge of FEgernia-group social sys-
tems (While et al. 2015; Whiting and While 2017). In the wild,
unrelated adult Egernia spp. pose a direct mortality threat to juve-
niles; they are often highly aggressive and infanticide can occur
(E. stokesit, Lanham and Bull 2000; E. hosmert, Post 2000; E. saxatilis;
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O’Connor and Shine 2004; Liopholis whitiz, Sinn et al. 2008; While
and Wapstra 2008). In a previous study, we quantified the nature of
the interactions that occurred between individuals that were reared
in pairs (Riley et al. 2017b). These individuals were also used in
this experiment. We found that socially-reared lizards experienced
aggressive interactions within their social pair (Riley et al. 2017b),
which influenced their growth rate and behavioral development.
These aggressive interactions between juveniles may have exposed
socially-reared lizards to a learning experience that facilitated
anticipation of potentially dangerous interactions with conspecif-
ics. Within our laboratory sociability assay, avoiding the unfamil-
iar, unrelated adult, as socially-reared lizards did, may be the most
beneficial behavior to exhibit. In contrast, isolation rearing resulted
in socially naive lizards with greater affiliation towards unfamiliar,
adult females; we hypothesize that this is a costly and maladaptive
behavioral response.

Further research is needed to examine this hypothesis, as well
as the fitness and developmental implications (i.e. reproductive
success, survival, and neurological consequences) of social rearing
environment in tree skinks, and other facultatively social animals.
Many facets of development in obligate social species are affected
by social rearing environment, which has long-term fitness impli-
cations (Mason and Sponholz 1963; Hampson and Schwitzer
2016). Yet, as we show in this study, the impact of social environ-
ment on development of facultative social species is not always
consistent with findings in obligate social species. For example,
the cognitive ability of obligate social species is often hindered by
isolation rearing (e.g. primates, Harlow et al. 1965; rats, Amitai
et al. 2014). In contrast, tree skink cognitive ability was unaffected
by social rearing environment (i.e. spatial learning ability; Riley
et al. 2017a and associative and social learning ability; Riley et
al. 2018a). This lack of consistency in the relationship between
social rearing environment, development, and long-term fitness
across species differing in sociality, suggests each social system has
unique set of selective pressures, and highlights the need for fur-
ther research.

Adult social associations

During the initial 6 weeks after release into our semi-natural enclo-
sure, we did not detect a difference in social behavior between
rearing treatments. Lizards may have been habituating to, and
exploring, their novel environment, as well as establishing social
structure during this period. Our finding that number and strength
of associations (binary and weighted degree) decreased and social
heterogeneity (CV of edge weights) increased over this 6-week
period supports the hypothesis that lizards were establishing social
structure. Consequently, all individuals, independent of the experi-
mental treatment, may have interacted with more conspecifics,
and also more frequently, than in a population with an established
social structure. The social behavior we recorded over the following
6 months (i.e. lizards sharing refuges overnight) may more clearly
reflect this lizard’s social preferences than social associations during
their daily activity period. During the day, lizard interactions are
likely to be influenced by their activity (e.g. encounters with indi-
viduals at refuges during foraging or other movements) and may also
include social interactions that are short and/or agonistic instead of
affiliative. Previous studies have found that crevice-sharing behavior
directly reflects tree skink social associations (Bonnett 1999; Chapple
2003; Duckett et al. 2012), and, because refuges were not limited
within our enclosure, sharing a refuge overnight can be expected to
reflect an individual’s social preference.

Behavioral Ecology

We found evidence that rearing treatment affected crevice-shar-
ing behavior over the following 6 months. Isolated lizards were
more homogeneous in their social associations, and all lizards,
regardless of rearing treatment, became more homogeneous in
their social associations over time. At the beginning of the 6-month
period, isolated lizards associated more strongly with others, in
congruence with our laboratory behavioral assays. But, over time,
isolated lizard associations weakened and were with fewer lizards,
whereas socially-reared lizard associations were similar in number
and frequency over time. Abnormal social rearing environments
(e.g. 1solation, hand-rearing in captivity, etc.) have been shown to
constrain social plasticity in a number of species (Baron and Kish
1960; Tardif et al. 1984; Taborsky et al. 2012; Hesse and Thiinken
2014), leading to negative fitness consequences like reduced sur-
vival of offspring in 2 species of Callitrichidae (Tardif et al. 1984),
as well as reduced longevity, offspring production, and increased
infant mortality in some hand-reared species of endangered felids
(Hampson and Schiwitzer 2016). Yet, in tree skinks, isolation did
not constrain flexibility in their social behavior. Isolated lizards,
after having experienced a competitive and potentially aggres-
sive social environment, were able to change their crevice-sharing
behavior to reflect that of socially-reared lizards. Retaining the
ability to plastically respond to changing social contexts may be
beneficial for this facultatively social lizard.

Animal behavior has the potential to significantly contribute
to conservation biology (Sutherland 1998; Buchholz 2007; Caro
2007). Our study highlights the importance of considering each
target species’ social system when rearing animals in captivity. In
the case of tree skinks, isolation rearing impacted social behavior,
but individuals reared in isolation had the highest growth rates
(Riley et al. 2017b). Thus, isolation rearing optimizes morphologi-
cal development but impacts behavioral development. Yet, isolation
rearing does not constrain social plasticity. Thus, in the case of tree
skinks, a captive-rearing program could benefit from isolation rear-
ing if paired with a “soft-release” or “exposure period” that exposes
individual to natural social contexts that could normalize an indi-
vidual’s social behavior prior to release. Conservation programs for
Caribbean rock iguanas (Cyclura sp.) have utilized this approach:
exposing captive-reared juveniles to natural predators and social
situations within a controlled environment prior to release (Alberts
2007). An increased understanding of the relationships between
social environment and reptile behaviour is also important for
ethical considerations about how best to house reptiles within zoos
and aquaria (Burghardt and Layne 1995). Overall, knowledge of a
target species’ social system, and how social rearing environment
impacts behavior and fitness, can directly benefit conservation.

Consistency in social phenotypes

Consistency in behavioral traits over time is the antithesis to plasticity.
If behavioral traits are consistent across time (i.e. personality; Stamps
2015) it suggests that certain traits are steadily selected for over oth-
ers. In a dynamic social environment, it is theorized that plasticity
in social traits is adaptive (Taborsky and Oliveira 2012). Our find-
ings support this hypothesis, as consistency in the social behaviors
we measured was generally not significantly different than what we
would expect from chance alone. The exception to this was under
laboratory conditions, where tree skinks were within stable social
environments for 1.5 years (either social or isolated), and consistency
of isolated lizard sociability was moderately repeatable (R,;|age =
0.427). In comparison, sociability of socially-reared lizards was not
significantly repeatable over the same time frame. When lizards were
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released into the much more dynamic environment of a large semi-
natural enclosure, consistency in social behavior was lower and did
not increase significantly over the following 6 months.

Consistency in social behavior did not differ between rearing
treatments. As socially-reared lizards were always exposed to a
social environment in our study, we expected their social behavior
to be more consistent than isolated lizards (even though there was
a change from laboratory to semi-natural conditions for this treat-
ment). In contrast, isolated lizards changed from no social contact
during development to a social environment during adulthood.
With such a substantial change, we expected isolated lizards to be
variable in their social behavior, but only if their behavioral plas-
ticity was not constrained by their development. As both rearing
treatments showed similar consistency in behavior, we interpret this
finding as evidence that isolation rearing did not affect an individu-
al’s social plasticity.

The tree skinks’ facultative and variable social system may select
for social plasticity. In wild tree skink populations, and those of
other Fgernia-group spp., developing with limited social contact
may occur for a proportion of each litter (Bonnett 1999; While
et al. 2009b). For example, in White’s skink (Liopholis whiti) a
closely related FEgermia-group skink, the degree of social contact
during development varies depending how related a juvenile is to
their social father (While et al. 2009b). Furthermore, tree skinks
are long-lived and the social system of this species may be influ-
enced by seasonality and environmental factors (Michael and
Cunningham 2010; Duckett et al. 2012). It is likely that through-
out a lizard’s lifetime it could experience a diversity of social situa-
tions ranging from near-isolation to family-living, thus plasticity in
social behavior would be adaptive. Such variability contrasts with
the more stable social environment of obligate social animals with
parental care, which is the basis of the majority of research on
this subject (Baron and Kish 1960; Harlow et al. 1965; Varty et al.
2000; Yu et al. 2013). The facultative kin-based sociality of tree
skinks, in relation to obligate sociality, best explains our contrasting
results and the degree to which these lizards are able to adjust to
a novel social environment. Though wild social groupings of tree
skinks can differ from what we were examined in our experiment—
groups can consist of parent(s) and offspring, and social groups can
be larger (i.e. up to 10 individuals in some cases; Chapple 2003).
Thus, our understanding of social plasticity, and social environ-
ment’s impact on tree skink behavioral development, could benefit
from further laboratory- and field-based investigations on how par-
ents, kin, and larger group sizes affect social behavior.

CONCLUSION

Isolation rearing affected tree skink social behavior. Isolated, juve-
nile tree skinks spent laboratory trials closer to an unrelated, adult
female. Reflecting the trend we observed in the lab, isolated skinks
associated more strongly with conspecifics at the beginning of the
6-month monitoring period within a semi-natural environment.
Also, isolated skinks were more homogeneous in the strength of
their associations than socially-reared skinks. These findings sug-
gest that isolation rearing resulted in naive juveniles that were more
likely to associate with unfamiliar conspecifics, which could be
potentially costly within the tree skink’s social system (i.e. a higher
chance of infanticide/aggressive encounters).

Although isolation rearing affected social behavior, it did not
constrain social plasticity. Isolated lizards gradually decreased
the strength and number of associations with conspecifics over
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the 6-month monitoring period in the semi-natural environ-
ment. We hypothesize that the tree skink’s facultative social
system selects for plasticity in social behavior, which allows
individuals to respond to the variable social contexts they are
faced with throughout their lives. Overall, our study demon-
strates that the impact social rearing environment has on social
behavior may depend on a species’ social system, and this
finding may have important implications for conservation
programs.

SUPPLEMENTARY MATERIAL

Supplementary data are available at Behavioral Ecology online.

Handling editor: Jonathan Pruitt

FUNDING

Financial support for this research was provided by the Australian Research
Council (ARC DP130102998, grant to MJW and RWB), Natural Sciences
and Engineering Research Council of Canada (scholarship to JLR), the
Australasian Society for the Study of Animal Behavior, the Australian
Museum, Macquarie University (scholarship to JLR), and the Australian
Government (Endeavour Postdoctoral Fellowship to JLR). DWAN was sup-
ported by an ARC Discovery Early Career Research Award (DE150101774)
and University of New South Wales Vice Chancellors Fellowship.

We thank M. Favre, M. Francis, M. Berry, and G. While for their assistance
in the field, as well as J. Baxter-Gilbert, I. Damas, F. Kar, and E. Elias for
their assistance with our experiments. Thanks to C. Wilson and the excep-
tional husbandry team at Macquarie University’s Lizard Lab for their care
of lizards throughout this experiment. We also appreciate the helpful com-
ments of 2 anonymous referees.

Ethical Statement: All protocols in this study were approved by the
Macquarie University Animal Ethics Committee (ARA # 2013/039) and
work on lizards was approved by the New South Wales National Parks
and Wildlife Service, Office of Environment and Heritage (License #
SL101264).

Data accessibility: Analyses reported in this article can be reproduced using
the data provided by Riley et al. (2018b). The data, and corresponding R
code, can also be accessed from the Bitbucket repository at https://julia_
riley@bitbucket.org/julia_riley/e.-striolata-social-behavior-study:.

REFERENCES

Alberts AC. 2007. Behavioral considerations of headstarting as a conserva-
tion strategy for endangered Caribbean rock iguanas. Appl Anim Behav
Sci. 102:380-391.

Amitai N, Young JW, Higa K, Sharp RE Geyer MA, Powell SB. 2014.
Isolation rearing effects on probabilistic learning and cognitive flexibility
in rats. Cogn Affect Behav Neurosci. 14:388-406.

Aplin LM, Firth JA, Farine DR, Voelkl B, Crates RA, Culina A, Garroway
CJ, Hinde CA, Kidd LR, Psorakis I, et al. 2015. Consistent individual
differences in the social phenotypes of wild great tits, Parus major. Anim
Behav. 108:117-127.

Aubret I Bignon I Kok PJ, Blanvillain G. 2016. Only child syndrome
in snakes: Eggs incubated alone produce asocial individuals. Sci Rep.
6:35752.

Ballen C, Shine R, Olsson M. 2014. Effects of early social isolation on the
behavior and performance of juvenile lizards, Chamacleo calyptratus. Anim
Behav. 88:1-6.

Baron A, Kish GB. 1960. Early social isolation as a determinant of
aggregative behavior in the domestic chicken. J Comp Physiol Psychol.
53:459-463.

Bates D, Michler M, Bolker B, Walker S. 2015. Fitting linear mixed-effects
models using Ime4. J Stat Softw. 67:1-48.


mailto:https://julia_riley@bitbucket.org/julia_riley/e.-striolata-social-behavior-study?subject=
mailto:https://julia_riley@bitbucket.org/julia_riley/e.-striolata-social-behavior-study?subject=

572

Bell AM, Hankison SJ, Laskowski KL. 2009. The repeatability of behav-
iour: a meta-analysis. Anim Behav. 77:771-783.

Biro PA, Stamps JA. 2015. Using repeatability to study physiological and
behavioural traits: ignore time-related change at your peril. Anim Behav.
105:223-230.

Bolting S, von Engelhardt N. 2017. Effects of the social environment dur-
ing adolescence on the development of social behaviour, hormones and
morphology in male zebra finches (Zaeniopygia guttata). Front Zool. 14:5.

Bonnett MP. 1999. The ecology, behavior and genetic relationships of a
population of FEgernia striolata. Adelaide (Australia): Flinders University of
South Australia.

Bustard HR. 1970. A population study of the scincid lizard Egernia striolata
in northern New South Wales. KNAW. 73:186.

Buchholz R. 2007. Behavioural biology: an effective and relevant conserva-
tion tool. Trends Ecol Evol. 22:401-407.

Burghardt GM, Layne DG. 1995. Effects of ontogenetic processes and rearing
conditions. In: Warwick C, Frye FL, Murphy JB, editors. Health and welfare
of captive reptiles. Dordrecht (Netherlands): Springer Netherlands. p. 165-185.

Cairns SJ, Schwager SJ. 1987. A comparison of association indices. Anim
Behav. 35:1454-1469.

Canty A, Ripley B. 2017. boot: Bootstrap R (S-Plus) Functions. R package
version 1:3-19.

Caro T. 2007. Behavior and conservation: a bridge too far? Trends Ecol
Evol. 22:394-400.

Chapple DG. 2003. Ecology, life-history, and behavior in the Australian
scincid genus Fgernia, with comments on the evolution of complex social-
ity in lizards. Herpetol Monogr. 17:145-180.

Cogger HG. 2014. Reptiles and amphibians of Australia. 7 ed. Clayton
(Victoria): GSIRO Publishing.

Croft DP, Krause J, Darden SK, Ramnarine IW, Faria JJ, James R. 2009.
Behavioral trait assortment in a social network: patterns and implications.
Behav Ecol Sociobiol. 63:1495-1503.

Davison AC, Hinkley DV. 1997. Bootstrap methods and their applications.
Cambridge (UK): Cambridge University Press.

Doody JS, Burghardt GM, Dinets V. 2012. Breaking the social-non-social
dichotomy: a role for reptiles in vertebrate social behavior research?
Ethology. 119:95-103.

Duckett PE, Morgan MH, Stow AJ. 2012. Tree-dwelling populations
of the skink FEgerma striolata aggregate in groups of close kin. Copeia.
2012:130-134.

Farine DR. 2013. Animal social network inference and permutations for
ecologists in R using asnipe. Methods Ecol Evol. 4:1187-1194.

Farine DR, Whitehead H. 2015. Constructing, conducting and interpreting
animal social network analysis. ] Anim Ecol. 84:1144-1163.

Gardner MG, Pearson SK, Johnston GR, Schwarz MP. 2016. Group living
in squamate reptiles: a review of evidence for stable aggregations. Biol
Rev Camb Philos Soc. 91:925-936.

Hampson MC, Schwitzer C. 2016. Effects of Hand-Rearing on
Reproductive Success in Captive Large Cats Panthera tignis allaica, Uncia
uncia, Acinonyx jubatus and Neofelis nebulosa. PLoS One. 11:¢0155992.

Harlow HE Dodsworth RO, Harlow MK. 1965. Total social isolation in
monkeys. PNAS. 54:90-97.

Hesse S, Thiinken T. 2014. Growth and social behavior in a cichlid fish are
affected by social rearing environment and kinship. Naturwissenschaften.
101:273-283.

Hoss SK, Deutschman DH, Booth W, Clark RW. 2015. Post-birth separa-
tion affects the affiliative behaviour of kin in a pitviper with maternal
attendance. Biol J Linnean Soc. 116:637-648.

Kaiser S, Sachser N. 2005. The effects of prenatal social stress on behav-
iour: mechanisms and function. Neurosci Biobehav Rev. 29:283-294.

Lanham EJ, Bull CM. 2000. Maternal care and infanticide in the Australian
skink, Fgernia stokesit. Herpetol Rev. 31:151-152.

Lesne P, Cazalé-Debat L, Portugal FR, Trabalon M, Jeanson R. 2016.
Early experience and social performance in spirderlings. Anim Behav.
122:9-16.

Leu ST, Farine DR, Wey TW, Sih A, Bull CM. 2016. Environment modu-
lates population social structure: experimental evidence from replicated
social networks of wild lizards. Anim Behav. 111:23-31.

Liedtke J, Schneider JM. 2017. Social makes smart: rearing conditions
affect learning and social behaviour in jumping spiders. Anim Cogn.
20:1093-1106.

Mason WA, Sponholz RR. 1963. Behavior of rhesus monkeys raised in iso-
lation. J Psychiatr Res. 1:299-306.

Behavioral Ecology

Michael DR, Cunningham RB. 2010. The social elite: habitat heteroge-
neity, complexity and quality in granite inselbergs influence patterns of
aggregation in FEgernia striolata (Lygosominae: Scincidae). Austral Ecol.
35:862-870.

Mitchell GD, Raymond EJ, Ruppenthal GC, Harlow HE. 1966. Long-term
effects of total social isolation upon behavior of rhesus monkeys. Psychol
Rep. 18:567-580.

Montiglio PO, Wey TW, Chang AT, Fogarty S, Sih A. 2017. Correlational
selection on personality and social plasticity: morphology and social context
determine behavioural effects on mating success. ] Anim Ecol. 86:213-226.

Nakagawa S, Schielzeth H. 2010. Repeatability for Gaussian and non-
Gaussian data: a practical guide for biologists. Biol Rev. 85:935-956.

Neelon DP, Hébel G. 2017. Social plasticity in choosiness in green tree
frogs, Hyla cinerea. Behav Ecol. 28:1540-1546.

O’Connor DE, Shine R. 2004. Parental care protects against infanticide in
the lizard FEgernia saxatilis (Scincidae). Anim Behav. 68:1361-1369.

Oliveira RE 2012. Social plasticity in fish: integrating mechanisms and
function. J Fish Biol. 81:2127-2150.

Olsson M, Shine R. 2000. Ownership influences the outcome of male-
male contents in the scincid lizard, Niveoscincus microlepidotus. Behav Evol.
11:587-590.

Post MJ. 2000. The captive husbandry and reproduction of the Hosmer’s
Skink Fgernia hosmeri. Herpetofauna. 30:2-6.

R Core Team. 2016. A language and environment for statistical computing,
Vienna (Austria): R Foundation for Statistical Computing:

Riley JL, Guidou C, Fryns C, Mourier J, Leu ST, Noble DWA, Byrne RW,
Whiting M]J. 2018b. Data from: isolation rearing does not constrain social
plasticity in a family-living lizard. Dryad Digital Repository. http://
dx.doi.org/10.5061/dryad.bn628.

Riley JL, Noble DWA, Byrne RW, Whiting MJ. 2017a. Does social envi-
ronment influence learning ability in a family-living lizard? Anim Cogn.
20:449-458.

Riley JL, Noble DWA, Byrne RW, Whiting MJ. 2017b. Early social environ-
ment influences the behaviour of a family-living lizard. R Soc Open Sci.
4:161082.

Riley JL, Kiichler A, Damasio T, Noble DWA, Byrne RW, Whiting M]J.
2018a. Learning ability is unaffected by isolation rearing in a family-liv-
ing lizard. Behav Ecol Sociobiol. 72:20.

Schausberger P, Gratzer M, Strodl MA. 2017. Early social isolation impairs
development, mate choice and grouping behaviour of predatory mites.
Anim Behav. 127:15-21.

Schielzeth H. 2010. Simple means to improve the interpretability of regres-
sion coefficients. Methods Ecol Evol. 1:103-113.

Schutz L, Stuart-Fox D, Whiting MJ. 2007. Does the lizard Platysaurus broad-
leyi aggregate because of social factors? J Herp. 41:354-359.

Scott JP. 1962. Critical periods in behavioral development. Science.
138:949-958.

Sinn DL, While GM, Wapstra E. 2008. Maternal care in a social lizard:
links between female aggression and offspring fitness. Anim Behav.
76:1249-1257.

Stacey PB, Bock CE. 1978. Social plasticity in the acorn woodpecker.
Science. 202:1298-1300.

Stamps JA. 2015. Individual differences in behavioral plasticities. Biol Rev.
91:534-567.

Sutherland WJ. 1998. The importance of behavioural studies in conserva-
tion biology. Anim Behav. 56:801-809.

Taborsky B. 2016. Opening the black box of developmental experiments:
behavioural mechanisms underlying long-term effects of early social
experience. Ethology. 122:267-283.

Taborsky B, Arnold C, Junker J, Tschopp A. 2012. The early social envi-
ronment affects social competence in a cooperative breeder. Anim Behav.
83:1067-1074.

Taborsky B, Oliveira RF 2012. Social competence: an evolutionary
approach. Trends Ecol Evol. 27:679-688.

Tardif SD, Richter CB, Carson RL. 1984. Effects of sibling-rearing experi-
ence on future reproductive success in two species of Callitichidae. Am ]
Primatol. 6:377-380.

Toth M, Mikics E, Tulogdi A, Aliczki M, Haller J. 2011. Post-weaning
social isolation induces abnormal forms of aggression in conjunction with
increased glucocorticoid and autonomic stress responses. Horm Behaw.
60:28-36.


http://dx.doi.org/10.5061/dryad.bn628
http://dx.doi.org/10.5061/dryad.bn628

Riley et al. * Social plasticity is unaffected by early social experience

Varty GB, Paulus MP, Braff DL, Geyer MA. 2000. Environmental enrich-
ment and isolation rearing in the rat: effects on locomotor behavior and
startle response plasticity. Biol Psychiatry. 47:864-873.

Ward AJW, Webster M. 2016. Sociality: the behavior of group-living ani-
mals. Cham (Switzerland): Springer International Publishing.

While GM, Chapple DG, Gardner MG, Uller T, Whiting MJ. 2015. Fgernia
lizards. Curr Biol. 25:R593-R595.

While GM, Uller T, Wapstra E. 2009a. Family conflict and the evolution of
sociality in reptiles. Behav Ecol. 20:245-250.

While GM, Uller T, Wapstra E. 2009b. Within-population variation in social
strategies characterize the social and mating system of an Australian liz-
ard, Egerma whitii. Austral Ecol. 34:938-949.

While GM, Wapstra E. 2008. Are there benefits to being born asynchro-
nously: an experimental test in a social lizard. Behav Ecol. 19:208-216.

573

Whiting MJ, While GM. 2017. Sociality in lizards. In: Rubenstein DR,
Abbot P, editors. Comparative social evolution. Cambridge (UK):
Cambridge University Press.

Whitehead H. 2008. Analyzing animal societies. Chicago (IL): University
of Chicago Press.

Yang W], Maldonado-Chaparro AA, Blumstein D'T. 2017. A cost of being
amicable in a hibernating mammal. Behav Ecol. 28:11-19.

Yu P, An S, Tai E Wang J, Wu R, Wang B. 2013. Early social depriva-
tion impairs pair bonding and alters serum corticosterone and the
NAcc dopamine system in mandarin voles. Psychoneuroendocrinology.
38:3128-3138.

Zuur AF, Ieno EN, Elphick CS. 2010. A protocol for data explora-
tion to avoid common statistical problems. Methods Ecol Evol. 1:
3-14.



Isolation rearing does not constrain social plasticity in a family-living lizard

Behavioral Ecology

Julia L. Riley, Céme Guidou, Caroline Fryns, Johann Mourier, Stephan T. Leu,
Daniel W.A. Noble, Richard W. Byrne, and Martin J. Whiting

Corresponding author: J.L. Riley, Macquarie University, julia.riley87 @gmail.com

Supplementary Materials

METHODS
*Please note that to make the methods as clear as possible, we have repeated some

information from the main text.

Field collection and captive housing

Near Albury, New South Wales, Australia we captured gravid female E. striolata by
hand, noosing, or Eliot trap in January 2014 (N = 15) and 2015 (N = 20), and then
transported them by vehicle to Macquarie University. We monitored female
parturition from 10 February to 12 March 2014, and from 17 January to 10 February
2015. During parturition, we kept females in a climate-controlled room (24°C) within
opaque plastic tubs (350 mm W x 487 mm L x 260 mm H). Each tub was lined with
newspaper, and contained tree bark, a water dish, and a shelter (120 mm W x 175 mm
L x 38 mm H). Under each tub we provided under-cage heating wire, and lit the tub
with a UV lamp. We cleaned housing tubs once weekly. We fed female lizards 3 adult
house crickets (Acheta domesticus) dusted with calcium and vitamin powder twice a
week, and puréed fruit (1.25 ml of Heinz® baby food: mango, apple, or pear) once
weekly.

We checked if females gave birth twice daily. Immediately after offspring were
found, we measured their snout-vent-length (mm, SVL: the distance between the tip
of the snout and the posterior edge of the cloaca), total length (mm), and tail length
(mm) with a standard ruler to the nearest 1 mm. We also measured juvenile mass with
a digital scale (SP6001, Scout Pro, Ohaus, Pine Brooks NJ, USA) to the nearest 0.01

g, and uniquely marked each juvenile with a toe-clip. Juveniles were housed within



their rearing treatments in smaller opaque plastic tubs than the females’ (85 mm W
x140 mm L x 60 mm H). All other housing criteria were the same as the females,
except juveniles were fed nymph crickets instead of adult crickets. In total, 28
juveniles born in 2014 and 38 juveniles born in 2015 were included in our
experiment. During each Australian winter (from June to August 2014 and 2015),

juveniles were maintained at a reduced temperature (18°C).

Rearing treatment allocation

At birth, we aimed to reduce maternal effects that might differ between treatments by
allocating offspring from a single female across rearing treatments. Tree skinks give
birth to litters ranging in size from 1 to 6 offspring (Chapple 2003), so this could be
accomplished for litters that were even but not for uneven litters. We also accounted
for maternal effects within our statistical analyses, because we were unable to split all
clutches equally. We used, on average, 1.73 juveniles (standard deviation = 0.59,
range = 1-3) per mother in 2014 and 1.75 juveniles (standard deviation = 0.91, range
= 1-4) per mother in 2015.

Juvenile tree skinks cannot be sexed at birth, so we could not control sex
allocation across the two rearing treatments (Cogger 2014). Nonetheless, once they
reached an age where they could be sexed it was clear that both sexes were
represented in each treatment. In 2014, there were 16 females (10 socially-reared, 6
isolated) and 12 males (4 socially-reared, 8 isolated). In 2015, there were 27 females
(16 socially-reared, 11 isolated) and 10 males (5 socially-reared and 5 isolated). Also,
one individual that we were unable to sex and was thusly removed from our analyses.

We accounted for potential sex effects within our statistical analyses.

Sample sizes and timing sociability assays

Our sociability assay resulted in data from 26 juveniles in 2014 (14 socially-reared
and 12 isolated), and 35 juveniles in 2015 (20 socially-reared and 15 isolated). We
measured juvenile sociability within two batches due to limitations of our
experimental room (maximum of 24 lizards per batch), and we randomly allocated
individuals to each batch. In the 2014 cohort, 11 lizards were in batch 1 and 15 lizards
were in batch 2 during the initial trials. At 5 months of age, 16 and 10 lizards were in
batch 1 and 2, respectively. At 7 months of age, 18 and 8 lizards were in batch 1 and

2, respectively. At 12 months of age, 15 lizards were in batch 1 and 11 lizards were in



batch 2. In the 2015 cohort, 16 lizards were in batch 1 and 19 lizards were in batch 2
during baseline assays. At 5 months of age, 21 and 14 lizards were in batch 1 and 2,
respectively. At 7 and 12 months of age, 16 and 19 lizards were in batch 1 and 2,
respectively.

Our initial sociability assays occurred on 31 March and 14 April in 2014, and
21 April and 5 May in 2015. We repeated the sociability assay three more times
within each year: (1) ca. 5 months of age (29 August and 14 September in 2014, and
20 September and 3 October in 2015), (2) ca. 7 months of age (4 and 17 November
2014, 9 and 22 November 2015), and (3) ca. 12 months of age (6 and 19 February
2015, 24 January and 6 February in 2016).

Sociability assay housing and data collection

Sociability assays were part of a more encompassing series of behavioral trait assays;
the results of which have been previously reported (Riley et al. 2017). During the
sociability assays, lizards were housed in opaque plastic arenas (690 mm W x 470
mm L x 455 mm H) within a climate-controlled room (24°C). Each arena was warmed
on one side with a heat lamp, and contained a shelter and a water dish except during
assays. Lizards were fed as usual (see above) but only after assay completion each
day. A maximum of a week before each sociability assay we re-measured each lizard
(SVL, mass, and total length). Using the measurements for each time period, we
calculated a body condition index using residuals from a simple linear regression
between log-transformed mass and SVL. Immediately after assays finished each day,
body temperature of each lizard was measured using an infrared thermometer
(accuracy of 1.5°C, model # RIT310, Ryobi, Techtronic Industries Australia Pty Ltd,
Doncaster, Victoria). We recorded the assay using a mounted security camera system
(CCTV security systems, Melbourne, VIC), and behavior was scored from these
videos. Videos were scored blind to rearing treatment by JLR. We restricted video

scoring to one person to avoid inter-observer bias.

Husbandry within the semi-natural enclosure

During the first six weeks, we provided lizards with water on Mondays, Wednesdays,
and Fridays by misting the enclosure heavily. During following six months, lizards
were provided water ad libitum from four water dishes placed symmetrically within

the enclosure (Fig. S1); in each water dish, two roofing tiles were placed to allow



access to the water and prevent drowning. We fed lizards throughout the experiment
on Mondays, Wednesdays, and Fridays by placing puréed fruit (1.25 ml of Heinz®
baby food: mango, apple, and pear) on a dish and putting one dish on top of each

refuge to ensure food resources were evenly distributed.

RESULTS

Data exploration & model assumptions

Data exploration of raw observed data did not reveal any outliers, and no strong
collinearity was found between predictor variables. We also visually inspected
residual plots for all linear mixed-effect models, which did not reveal any obvious

deviations from homoscedasticity or normality of residuals.

References
Chapple DG. 2003. Ecology, life-history, and behavior in the Australian scincid genus
Egernia, with comments on the evolution of complex sociality in lizards. Herpetol

Monogr. 17:145-180.

Cogger HG. 2014. Reptiles and amphibians of Australia. 7 ed. Clayton, Victoria:
CSIRO Publishing.

Riley JL, Noble DWA, Byrne RW, Whiting MJ. 2017. Early environment influences
the behaviour of a family-living lizard. R Soc Open Sci. 4:161082.



Supplemental Figures

Roofing tile 1

|

Roofing tile 2|

— —O— — Ground

Figure S1. Schematic diagram (A) and photo (D) of the outdoor enclosure wherein 28
E. striolata were released (in the middle at ‘X”); we observed the lizards in their
refuges (small rectangles) from an observation tower (brown square) and outside of
the enclosure fence (plastic represented as the double line, and metal as the thick
line). Water dishes (blue circles) were added to the enclosure on 26 October 2015.
Each refuge consisted of a single crevice made from two tiles (B and C).
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