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Within populations, individuals often differ consistently in their average level of behavior (i.e., animal personality), as well as their
response to environmental change (i.e., behavioral plasticity). Thus, changes in environmental conditions might be expected to
mediate the structure of animal personality traits. However, it is currently not well understood how personality traits change in
response to environmental conditions, and whether this effect is consistent across multiple populations within the same spe-
cies. Accordingly, we investigated variation in personality traits across two ecological contexts in the invasive delicate skink
(Lampropholis delicata). Specifically, lizards from three different populations were repeatedly measured for individual activity
in group behavioral assays under differing levels of food availability. We found that environmental context had a clear effect on
the structure of lizard personality, where activity rates were not repeatable in the absence of food, but were repeatable in the
presence of food resources. The difference in repeatability of activity rates across contexts appeared to be largely driven by an
increase in among-individual variance when tested in the presence of food resources. However, this was only true for one of the
populations tested, with food context having no effect on the expression of personality traits in the other two populations. Our re-
sults highlight the important role of environmental context in mediating the structure of animal personality traits and suggest that
this effect may vary among populations.
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INTRODUCTION Behavioral traits are also often correlated with one another, ei-

Individuals often show repeatable differences in their average level ther over time or across multiple contexts (i.c., behavioral syn-

of behavior (i.e., personality or behavioral type; Dingemanse et al. droTnes; S.ih et al. 2004). .For instance, pr'evi.m.ls research in the
2002; Sih et al. 2004; Bell et al. 2009). For example, previous re- fishing spider (Dolomedes triton) found that individuals which were

search in Trinidadian guppies (Poecilia reticulata) found stable indi- bolder when foraging were also bolder during courtship, suggesting

vidual differences in risk-taking behavior, with some individuals
being consistently more risk-averse than their conspecifics (Harris
et al. 2010; Brown and Irving 2014). Similar evidence for per-
sonality traits has now been found in a wide variety of taxa (see

Réale et al. 2007; Wolf and Weissing 2012; Payne et al. 2021), sug- organisms are 'limited in how they Ir}odulate their behavior in re-
sponse to environmental change (Sih et al. 2004; Johnson and

Sih 2007). This may be especially true in cases where behavioral

that some spiders were consistently more risk-prone than their con-
specifics across separate ecological contexts (Johnson and Sih 2007).
When considering the same behavioral trait measured across mul-
tiple contexts, the existence of behavioral syndromes suggests that

gesting that consistent among-individual variation in behavior may
be widespread throughout the animal kingdom. Further, many of
these behaviors have been shown to be heritable (e.g., Dingemanse
et al. 2002; Dochtermann et al. 2015), can affect survival (Smith
and Blumstein 2008; Moiron et al. 2019) and reproductive suc-
cess (Schuett et al. 2010; Munson et al. 2020) and, therefore, have

significant consequences for species ecology and evolution (Réale ; . .
et al. 2007; Sih et al. 2012; Wolf and Weissing 2012). lations of the field crl?ket (Gryllus m.teger). These sy.ndromes may,
therefore, act as evolutionary constraints by preventing behavioral

traits from reaching local optima in response to novel selection pres-
fThese authors contributed equally to this work. sures (Dochtermann and Dingemanse 2013). Taken together, this
Address correspondence to J.A. Brand. E-mail: jack.brand@monash.edu. research suggests that personality traits and behavioral syndromes

syndromes have an underlying genetic basis (Dochtermann and
Dingemanse 2013; Royauté et al. 2020). For example, Royauté
et al. (2020) reported that there was a genetically conserved behav-
ioral syndrome between risk-taking behavior and activity in both
the presence and absence of a predator cue among multiple popu-

1202 Jaquiaidasg Qg uo Jasn AlSIaAlun Yseuol Ag 6%022£9/Z01 qeIe/0084aq/Se01 01 /10p/30IiB-80UBAPE/028aq /W00 dNoolWapeoe//:sd)y Wo.l papeojumod

© The Author(s) 2021. Published by Oxford University Press on behalf of the International Society for Behavioral Ecology.
All rights reserved. For permissions, please e-mail: journals.permissions@oup.com


https://doi.org/10.1093/beheco/arab102
mailto:jack.brand@monash.edu?subject=
https://orcid.org/0000-0003-3312-941X
https://orcid.org/0000-0002-0053-6759
https://orcid.org/0000-0001-9544-9094
https://orcid.org/0000-0001-6161-1663
https://orcid.org/0000-0001-9352-6500
https://orcid.org/0000-0002-7720-6280

Page 2 of 9

may constrain situation-specific plasticity and evolutionary adapta-
tions by limiting how both individuals and populations behaviorally
respond to changing environmental conditions.

However, the existence of personality traits and behavioral syn-
dromes does not preclude individuals from altering their behavior
in response to environmental change (e.g., Dingemanse et al. 2010;
Mitchell and Biro 2017; Urszan et al. 2018; Cornwell et al. 2019;
Jolles et al. 2019). Indeed, previous meta-analyses have shown that
whilst behavioral traits are often repeatable, the majority of meas-
ured behavioral variation exists within-individuals (i.e., behavioral
plasticity; Bell et al. 2009). For example, wild great tits (Parus major)
significantly reduced their foraging behavior in the presence of
increased predation risk (Quinn et al. 2012), but individuals also
differed in their responsiveness. Specifically, while the majority of
birds decreased their foraging behavior when the threat of preda-
tion was highest, others were relatively unresponsive, or even in-
creased their feeding behavior (Quinn et al. 2012). These individual
differences in behavioral plasticity suggest that the structure of per-
sonality traits or of behavioral syndromes may vary in response to
differing environmental conditions (Bell and Sih 2007; Biro et al.
2010; Cornwell et al. 2019; Mitchell and Houslay 2021). For ex-
ample, Kluen and Brommer (2013) reported that while neophobia
in blue tits (Cyanistes caeruleus) was repeatable when measured in
winter, the behavior was not repeatable during the breeding season.
The authors found that this decrease in repeatability during the
breeding season was driven by a reduction in variation between in-
dividuals (Kluen and Brommer 2013), further suggesting that en-
vironmental conditions may mediate the structure of personality
traits within species. With this in mind, understanding how the ex-
pression of personality traits varies when measured under differing
environmental conditions is an important topic of study. Further,
whether the effect of context on personality traits is similar across
multiple populations within the same species is not clear. Therefore,
research repeatedly measuring behavioral traits from multiple
populations under differing environmental conditions is needed to
gain a greater appreciation of how personality traits vary within
species.

Here we investigated average-level behavioral traits, as well as
both behavioral repeatability (both among- and within-individual
behavioral variation) and behavioral syndromes, across multiple
contexts in three independent populations of the delicate skink
(Lampropholis delicata), established on separate islands in Hawaii.
The delicate skink is a small, social lizard species, and is the only
Australian lizard to have established and invaded overseas, where it
1s known as the plague or rainbow skink (Chapple et al. 2013). The
invasive population in Hawaii is thought to have been introduced
onto the island of O’ahu around 1900 via unintentional release
from shipping cargo (Chapple ct al. 2013). However, after World
War II, the species rapidly spread across much of the Hawaiian ar-
chipelago (Chapple et al. 2013). Previous research has shown that
all Hawaiian delicate skinks share a common mitochondrial haplo-
type, suggesting that invasive Hawaiian populations are descended
from the original founder population on the island of O’ahu
(Chapple et al. 2013). We capitalized on the well-studied invasion
history of the delicate skink in Hawaii to investigate how environ-
mental context may influence behavioral variation across three
separate populations that share common, recent ancestry. More
specifically, we repeatedly measured activity rates of skinks while
in both the presence and absence of food resources. Further, much
of the current research investigating behavioral differences between
individuals and populations typically measures the behavior of a
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single individual in isolation from their conspecifics—even in so-
cial species (see Webster and Ward 2011). However, the presence of
conspecifics can exert a strong influence on both average-level be-
havioral traits and individual level behavioral variation (King et al.
2015; Jolles et al. 2016; Guayasamin et al. 2017; Jager et al. 2019;
Munson et al. 2021). We, therefore, measured skinks when within
social groups to understand context-specific variation in behavior
when tested in a more ecologically realistic setting.

Previous research in delicate skinks has found that activity rates
are repeatable when measured in social isolation (Michelangeli
et al. 2017, 2019) and consistent across varying social conditions
(Littewood et al. 2021). However, whether activity levels are re-
peatable when within social groups, and how this variation shifts in
response to changing environmental conditions (i.e., food resources)
has not been studied. We predicted that activity rates would be re-
peatable, but that repeatability estimates, patterns of among and
within-individual behavioral variation, and behavioral syndromes
might all differ between the no-food and food conditions. We also
investigated whether this variation differed among populations, but
had no directional predictions for possible population differences. In
addition, we predicted that individual differences in activity would
be positively correlated to the amount of food consumed. Further,
based on previous research finding differences in average-level ac-
tivity across multiple native range populations of the delicate skink
(Michelangeli et al. 2019), we hypothesized that there would be dif-
ferences in average levels of activity across the invasive Hawaiian
populations. Specifically, as previous evidence has suggested that
invasion may select for increased activity rates (e.g., Mueller et al.
2017; Pizzatto et al. 2017), we predicted that the two more recently
established populations (see Methods) would be more active when
compared with the longer established founder population.

METHODS
Animal collection and husbandry

We used lizards caught from both the original invasive population
on O’ahu (Tantalus; » = 35), and from two separate populations
located on the islands of Hawai’i (Volcano; n = 36) and Kaua’i
(Kokee; n = 36) that represent secondary invasive populations
(i.e., spread within the Hawaiian Islands) established in the 1960s
(Chapple et al. 2013). Skinks were caught using hand capture and
mealworm fishing. These methods have been previously shown to
not retain any bias toward specific behavioral types (Michelangeli,
Wong, et al. 2016). After capture, each lizard was given an identi-
fication code using unique color combinations of Visual Implant
Elastomer (Northwest Marine Technology, Shaw Island, WA,
USA) and measured for snout-vent length (SVL; from the tip of
the snout to the cloaca) using digital calipers. Previous studies have
shown significant effects of reproductive state (Shine 2003) and
tail loss (Cromie and Chapple 2012; Michelangeli et al. 2020) on
Lampropholis behavior. Therefore, to avoid these confounding ef-
fects, we collected and used only adult male skinks (SVL range:
3244 mm; Miller et al. 2017) with full tails (SVL > tail length).
All skinks were transported to animal facilities at The
University of California, Davis. Lizards from each popula-
tion were split into three groups of 12 individuals each (i.e.,
three groups per population; nine groups total), with the ex-
ception of one group from the Tantalus population which had
11 skinks. Each group was housed communally in a plastic en-
closure (400 X 300 X 370 mm) within a temperature-controlled
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room (13:11 h light:dark cycle) maintained at 22.5 * 0.5 °C.
Enclosures were furnished with small plastic pots and news-
paper for shelter, with a terracotta basking tile heated with
commercial heat-tape between 0800 and 1700 h placed at one
end of the enclosure to create a thermal gradient (22-32 °C)
that allowed animals to thermoregulate. During husbandry,
all lizards were provided with UV lighting between 0800 and
1800 h. Lizards were fed communally within their housing
groups with each skink receiving three small (1 cm) crickets
(Acheta domesticus) dusted in a vitamin supplement (Reptivite™),
three times a week. Water was available ad libitum. All animals
were acclimated to their social group and these standardized
laboratory conditions for approximately 4 weeks before the
start of behavioral trials.

Group behavioral assay

Experiments were carried out over 3 days to investigate popula-
tion differences in behavioral variation in activity both in the pres-
ence and absence of food resources. Assays were conducted in
nine large (100 X 100 x 30 cm) arenas fitted with 12 shelter sites
(120 x 60 mm), four basking sites (90 mm diameter) maintained at
29.5 £ 0.5 °C using individual heat packs, and four water sources
(Figure 1). All assays were performed in a temperature-controlled
room maintained at 22.5 £ 0.5 °C, with trials video-recorded
from above (JVC Everio GZ-E100) for later analysis. Each lizard
was dorsally painted with a unique color combination of nontoxic
paint that allowed the tracking of individual identity from record-
ings throughout the course of behavioral trials. Individual delicate
skinks were tested within their housing groups (i.e., groups of 12
skinks with all lizards from the same population) as this more accu-
rately reflects ecological conditions throughout the species invasive
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range, where they are observed in densities of up to 20 skinks per
m? (A.C. Naimo, personal observation; Michelangeli et al. 2017).

To begin the assay, each group of 12 skinks was initially con-
fined to a clear acclimation container (260 X 140 mm) located in
the center of the arena for 10 min. After acclimation, all 12 skinks
within each group were simultaneously released into the center
of the arena and allowed to freely explore. The behavior of each
lizard was recorded over the following 20 min trial. After this initial
behavioral observation period, skinks remained in their respective
arenas for 4 h. At the 4 h mark, 12 crickets (Acheta domesticus) were
introduced into the center of the arena, and lizard behavior was
again recorded over the following 20 min trial. This experimental
design allowed us to measure each individual’s behavior in both
the presence and absence of food resources. Following this second
20 min trial, lizards were kept in their respective arenas overnight.
The next morning, all animals were recaptured and repainted with
their unique color combinations to maintain individual identities,
before being reintroduced into the acclimation containers to un-
dergo a second day of trials. This process was repeated for 3 days
so that each lizard was scored for a total of six trials (i.e., three
trials under no-food conditions and three trials under food-present
conditions). Behavioral observations in the absence of food were
always performed first to eliminate the possibility that any crickets
would survive during initial food trials and be present during the
subsequent no-food trials. During the behavioral observations we
recorded the cumulative number of times that an individual moved
from one area to another (i.e., 12 shelters, four basking sites, and a
central neutral zone) as a measure of activity. We also recorded the
number of food items eaten by ecach skink to determine whether
there were any associations between activity and foraging rates.
Videos were scored blind to experimental population using the key-
logging software BORIS (Friard and Gamba 2016).
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Figure 1

Experimental arenas for lizard behavioral trials. Skinks were dorsally painted with a unique color combination to allow the tracking of individual identity

across trials. During trials we recorded activity and foraging rates. All measurements are in mm. Lizards not to scale.
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Statistical analysis

Data were analyzed using R version 4.0.3 (R Core Team 2019).
Observations were excluded from analysis where a positive indi-
vidual ID could not be accurately obtained from experimental
videos. This resulted in a total of 543 observations included in the
analysis. Activity data (i.e., total number of areas entered) were
log, transformed to approximate a Gaussian error distribution
and continuous covariates (1.e., SVL) were mean centered prior to
analysis to aid interpretation of model covariates. We report pos-
terior means with 89% credibility intervals (Crl) as suggested by
McElreath (2020), from Bayesian generalized linear mixed-effects
models (brms package; Biirkner 2017). Inference was based on
nonoverlapping Crls with zero. Models were run for 5000 iter-
ations (500 warmup) on 4 chains, using relatively uninformative,
default priors and a thinning interval of 2 (total post-warmup sam-
ples = 9000). Model convergence was checked using trace plots,
with all Rhat = 1.

We first investigated population differences in activity in both
the presence and absence of food resources as well as foraging
rates using a multivariate generalized linear mixed-effects model
(see Supplementary Table S1 for model output). We fitted activity
scored in the presence or absence of food, as well as the number
of food items eaten as three separate dependent variables. We as-
sumed a Gaussian error structure for activity variables, while the
number of food items eaten was modeled using a zero-inflated
Poisson distribution. Both activity in the presence and absence of
food were scaled (mean = 0, SD = 1) prior to analysis to aid in
model fitting. Each model contained population (Kokee, Tantalus,
Volcano), experimental day (1-3), and SVL as fixed effects. Further,
five observers took part in scoring behavioral videos and, therefore,
observer ID was included as a fixed effect to statistically account
for any differences between observers (see Supplementary Table
S1 for model output). In addition, both individual ID and group
ID were included as random intercepts in the model. We used this
model to compare populations in average-level activity in both the
presence and absence of food, as well as foraging rates with the
hypothesis function in the brms package (Biirkner 2017). Further, we
allowed variance components (i.e., among-individual variance [V,];
among-group variance [Vj.group); within-individual variance
[Vw]) to vary among populations for activity. These estimates of
Va Vacroup, and Vyy were used to calculate the short-term ad-
justed repeatability (R) of activity in both contexts for each popu-
lation. Adjusted repeatability was calculated as the proportion of
total behavioral variation that was due to among-individual dif-
ferences (i.e., R = m), after accounting for fixed-
effects. To statistically compare variance estimates and repeatability
between populations, we calculated the effect size of the magnitude
difference in variance and repeatability amongst populations (AV,,
AV croups AVy, AR) for activity in both the presence and ab-
sence of food (Royauté et al. 2015).

Second, within the multivariate model we also allowed correl-
ations between each of the measured behaviors (i.e., activity in the
presence or absence of food and foraging rates) to vary among in-
dividuals within each population. In other words, we investigated
if populations differed in 1) their activity behavioral syndrome (i.e.,
activity in the presence versus absence of food) across the foraging
contexts, and 2) their relationship between activity in either context
and foraging rates. These among-individual correlations were cal-
culated using the same Bayesian multivariate model as described
directly above.

Behavioral Ecology

Finally, we investigated how populations changed their activity
across the food conditions. As activity in the presence and absence
of food were independently transformed, scaled, and included as
separate response variables in the Bayesian multivariate model de-
scribed above, this precluded an analysis of how population be-
havior changed across the food conditions. Therefore, we ran a
separate Bayesian univariate generalized linear mixed effects model
(brms package; Biirkner 2017) to investigate this further. The food
treatment variable was centered (i.e., no food = —1; food = 1) prior
to analysis. We fitted the total number of arcas entered as the de-
pendent variable, while population, food treatment (presence vs.
absence of food), experimental day, SVL, observer ID, and a pop-
ulation X food treatment interaction were modeled as fixed-effects.
We also included individual ID and Group ID as random inter-
cepts. We used the hypothesis function in the brms package (Biirkner
2017) to calculate whether the population-level slopes were dif-
ferent from O (i.e., populations changed their behavior in response
to the food treatment).

Ethical note

All lizards were collected and transported under permits issued by
the State of Hawaii Department of Land and Natural Resources
(Special Use Permit: K2019-4044cc; Transport Permit: EX-19-18).
Research was conducted in accordance with relevant animal ethics
guidelines and was approved by the Institutional Animal Care and
Use Committee at The University of California, Davis (Protocol
number: 211194). The Visual Implant Elastomer tagging proce-
dure was performed quickly (< 1 min) by experienced personnel,
in line with previously published research (e.g., Michelangeli et al.
2019, 2020). Skinks were closely monitored following the procedure
and no adverse effects were observed. Finally, as delicate skinks are
an invasive species, they could not be returned to the wild following
experiments. Therefore, after the completion of experiments, all liz-
ards were humanely killed via a subcutaneous injection of Euthasol
(100 mg/kg). This procedure was performed by trained veterinar-
ians and is a recommended method by which to humanely kill rep-
tiles according to the American Veterinary Medical Association.

RESULTS
Population-level effects

We found no differences among populations in the average lizard
activity levels, either in the presence or absence of food (i.e., all CrI’s
included zero; Figure 2; Supplementary Table S1). Intriguingly,
however, we found several interactive effects of population, food
availability, trial day, or lizard size on patterns of activity. Lizards
from both the Tantalus (slope estimate [89% CrlI] = 0.107 [0.005,
0.209]) and Volcano (0.092 [0.003, 0.182]) populations increased
their activity in response to food availability. In contrast, Kokee liz-
ards did not alter their behavior across the foraging conditions (i.e.,
slope was not different from 0; —0.036 [-0.129, 0.058]). In trials
conducted with no food present, skinks substantially decreased their
activity across experimental days (mean of posterior distribution
[89% CrI] = -0.38 [-0.50, —0.26]), and smaller skinks were more
active than larger conspecifics (-0.13 [-0.23, -0.02]). In contrast, in
the trials with food present, neither experimental day (—0.02 [-0.13,
0.09]) nor SVL (0.01 [-0.11, 0.14]) affected activity levels. Finally,
there were no effects of population, experimental day, or SVL
on the number of food items consumed (i.e., all CrI’s included 0;
Supplementary Table S1).
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Population differences in variance and
repeatability

There was no evidence that activity levels were repeatable in any
of the populations during trials without food available (Table 1).
Similarly, activity levels were also not repeatable during trials with
food available in both the Kokee and Tantalus populations (Table
1). In contrast, lizards from the Volcano population demonstrated
repeatability in their activity in the presence of food (Table 1).
Indeed, population contrasts of the magnitude difference in re-
peatability found that the Volcano population was substantially
more repeatable in their activity that the Tantalus population
during trials where food was available (AR [89% CrlI] = 0.287
[0.052, 0.529]). Population contrasts also showed that during trials
with food available, the Volcano population exhibited both higher
among-individual variation (Ay, [89% CrI] = 0.317 [0.035, 0.623])
and lower within-individual variation (Ayyw [89% Crl] = —0.364
[-0.713, —0.022]) relative to the Tantalus population. A similar
pattern was observed when comparing the Volcano and Kokee

No food Food

80 =

60 =

40 -

20

Total number of areas entered

Kokee Tantalus Volcano Kokee Tantalus Volcano

Figure 2

Activity rates (i.e., total number of areas entered) in the Kokee (n = 36),
Tantalus (n = 35), and Volcano (n = 36) populations measured in both the
presence (i.e., Food) and absence (i.e., No Food) of food resources. Filled
dots above boxplot whiskers represent outliers. Statistical comparisons were
performed only within each context. There were no significant differences
between populations in activity in either context.

Table 1
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populations, where the Volcano population demonstrated a margin-
ally higher repeatability (AR [89% CrlI] = 0.221 [-0.041, 0.491])
and among-individual variance (Ay, [89% Crl] = 0.252 [-0.065,
0.569]) during trials when food was available. There were no clear
differences in repeatability and variance components in the other
population contrasts (Supplementary Tables S2 and S3). Further,
there was limited evidence for changes in repeatability and vari-
ance components within each population across the foraging con-
ditions (Supplementary Table S4). While there was an increase in
repeatability (AR [89% CrI] = 0.181 [-0.079, 0.432]) and among-
individual variation (Ay, [89% Crl] = 0.247 [-0.031, 0.515])
during trials with food available in the Volcano population, there
was substantial uncertainty around these estimates with CrI’s in-
cluding zero (Supplementary Table S4).

Behavioral syndromes and predictors of
foraging success

In the Volcano population, we detected a significant among-
individual correlation between activity levels across food contexts.
Skinks that were more active in the absence of food were also the
most active in the presence of food (cor [89% Crl] = 0.69 [0.29,
0.95]; Figure 3c). Skinks in the Volcano population that were
more active during trials where food was available also ate more
food items (0.68 [0.23, 0.95]). In contrast, there were no among-
individual correlations (i.e., no behavioral syndromes) between ac-
tivity levels recorded in the presence and absence of food in either
the Kokee (0.17 [-0.62, 0.82]; Iigure 3a) or Tantalus (=0.16 [-0.85,
0.67]; Iigure 3b) populations, most probably due to the limited
amount of among-individual variation in activity rates within these
populations. We also found no relationship between activity scored
in the absence of food resources and subsequent feeding rates in
cither the Kokee (0.26 [-0.51, 0.84]), Tantalus (0.13 [-0.68, 0.81]),
or Volcano (0.42 [-0.20, 0.89]) populations. Similarly, there was no
evident correlation between activity levels during trials with food
available and the number of food items eaten in either the Kokee
(0.54 [-0.17, 0.94]) or Tantalus (0.01 [-0.76, 0.78]) populations.

DISCUSSION

We found evidence that the expression of personality traits is con-
text specific in the invasive delicate skink. However, this effect varied
among populations. More specifically, activity rates were not repeat-
able in any of the populations when measured in the absence of
food resources. However, only skinks from the Volcano population

Adjusted repeatability (R) and variance components (among-individual variance [V,]; among-group variance [V, groupl]; within-
individual variance [Vy]) * 89% credibility intervals (Crl) for activity scored in both the presence and absence of food for each

population

Activity (no food)

Activity (food)

v;\—GROUP

R (89% Crl)  V, (89% Crl)  (89% Cil)

Vi (89% Crl)

VA—GROUP

R (89% Crl)  V, (89% Crl) (89% Crl) Vi (89% Crl)

Kokee 0.098 0.106 0.801 0.641

(0, 0.234) (0, 0.239) (0, 1.703) (0.434, 0.825)
Tantalus 0.119 0.191 1.472 0.840

(0, 0.283) (0, 0.420) (0, 2.947) (0.531, 1.128)
Volcano 0.162 0.149 0.525 0.591

(0, 0.296) (0, 0.267) (0, 0.775) (0.420, 0.747)

0.122 0.145 0.770 0.739

(0, 0.263) (0, 0.298) (0, 1.495) (0.507, 0.951)
0.056 0.080 1.049 0.915

(0, 0.143) (0, 0.198) (0, 1.896) (0.608, 1.188)
0.343 0.397 0.586 0.551

(0.122, 0.558)  (0.148, 0.629) (0, 0.887) (0.387,0.713)

Repeatable estimates are indicated in bold.
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S
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Figure 3

Behavioral syndromes between activity scored in either the presence or
absence of food for the (a) Kokee, (b) Tantalus, and (c) Volcano populations.
Data represent Best Linear Unbiased Predictors (BLUPs) from the Bayesian
multivariate generalized linear mixed-effects model, where error bars (i.c.,
gray lines) denote 89% credibility intervals (Crls).

demonstrated short-term repeatability in their activity when food
resources were present. This was driven primarily by an increase
in among-individual variance in Volcano lizards in the presence of
food. Interestingly, while populations differed in their repeatability
across the foraging contexts, there were no population differences
in average activity levels when scored in either the presence or ab-
sence of food resources. We also found evidence for a behavioral
syndrome in skinks from the Volcano population, where lizards that
were more active during trials without food, were also more active
in the presence of food resources. However, there was no evidence
for behavioral syndromes in either the Kokee or Tantalus popula-
tions. Taken together, these results suggest that context can exert
a strong effect on personality traits, and that this effect may vary
among populations.

We found that lizards from both the Tantalus and Volcano, but
not Kokee, populations increased their activity in the presence of
food resources. However, despite this potential difference in how
populations responded to increased food availability, analysis of av-
erage activity levels within each context found no population dif-
ferences when measured either in the presence or absence of food

Behavioral Ecology

resources. This result was surprising and contrary to predictions
considering prior research has found clear differences in activity
levels among multiple populations of delicate skinks across their na-
tive geographical range (Michelangeli et al. 2019) and within smaller
urbanized regions (Moule et al. 2016). Similarly, invasion has been
suggested to select for increased activity levels (Chapple et al. 2012;
Mueller et al. 2017). For example, increasingly active and explora-
tory individuals may be more likely to disperse or become ensnared
within transport vectors, resulting in newly established populations
being more active and exploratory than longer-established conspe-
cifics (Chapple et al. 2012; Myles-Gonzalez et al. 2015; Thorlacius
et al. 2015; Gruber et al. 2017). In contrast, we found no differ-
ence in activity between the original founder (Tantalus) and more
recently established (Kokee and Volcano) populations. However,
even the most recently established populations of delicate skink in
Hawaii have been established for approximately 60+ years. Thus,
any potential selection on activity rates during the initial spread of
the delicate skink across the Hawaiian islands may have subsided
as the species became established and was subjected to predation-
induced, density-dependent, and/or spatiotemporally fluctuating
natural selection (e.g., Le Coeur et al. 2015; Le Galliard et al. 2015;
Lapiedra et al. 2018; Mouchet et al. 2021).

However, despite finding no population differences in average
levels of activity across the foraging conditions, we did find that
populations differed in their among- and within-individual vari-
ance in activity in response to increased food availability. Indeed,
evidence for personality in activity rates (i.c., repeatability) was only
found in the Volcano population during trials where food was avail-
able. This was primarily due to an increase in among-individual
variation in lizards from the Volcano population in the presence of
food resources. Further, Volcano lizards were also less behaviorally
variable (i.e., decreased Vyy) than skinks from the Tantalus popula-
tion when measured in the presence of food resources. However,
there was limited evidence that Volcano lizards altered their within-
individual behavioral variation across the foraging conditions.
Previous research has also reported significant effects of context on
the expression of personality traits in a variety of species (Biro et al.
2010; Kluen and Brommer 2013; Jolles et al. 2016). Indeed, Biro
et al. (2010) found that while activity rates and boldness were both
repeatable in juvenile speckled damselfish (Pomacentrus bankanenss),
fish differed in how they modified their behavior in response to
temperature variation. These differences in behavioral plasticity
changed the rank order of individuals across temperatures, there-
fore altering their personality (Biro et al. 2010). Similar results were
found in the salt marsh periwinkle (Littoraria wrrorata) where tidal
shifts were associated with changes in residual, within-individual
variation in risk-taking behavior, resulting in differences in behav-
ioral repeatability at either high or low tide (Cornwell et al. 2019).
Taken together, these results highlight the importance of environ-
mental context in shaping the structure of animal personality traits.

It is not clear why there was an effect of context on the re-
peatability of activity levels in only one of our study populations
(i.e., Volcano). We surmise that this may have been due to as-
sociations between activity and foraging success in the dynamic
group foraging assay. Indeed, we found among-individual cor-
relations between activity during trials where food was available,
and the number of food items eaten in the Volcano population,
with more active individuals eating more food items. However,
there were no relationships between these traits in either the
Tantalus or Kokee populations. Importantly, however, there
were no general population differences in the number of food
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items eaten, meaning that lizards from both the Tantalus and
Kokee populations still consumed the food items when available.
Such an association between activity and foraging success in the
Volcano population may have resulted in more active lizards
consistently monopolizing food resources, potentially suppressing
the behavior of their less active conspecifics (i.e., via interference
or exploitative competition; e.g., Damas-Moreira et al. 2020).
Indeed, previous research in delicate skinks reported a positive
relationship between aggression and dispersal, and suggested
that this may be due to interference competition, whereby dom-
mnant individuals force their less aggressive counterparts into
hiding, thus reducing their dispersal rates (Michelangeli et al.
2017). These group dynamics where dominant skinks are con-
sistently more active and monopolize resources (thereby sup-
pressing the activity of their conspecifics via either interference
or exploitative competition) may explain the increased among-
individual variation in the presence of food resources. However,
why this was only evident in one of the populations, and why
activity rates were not associated with foraging success more
broadly across the populations, requires further study. Further,
whether these patterns are solely driven by group dynamics or
are an interaction between heritable, intraindividual variation in
behavior and the social environment is not clear and will be an
important topic for future research.

The population differences in context-dependent personality is
surprising, considering that we found no average level differences in
activity, and that the three invasive populations share a common re-
cent evolutionary history (having only diverged in the last 60 years;
Chapple et al. 2013). Further, the recency of invasion also does not
explain the population differences in behavioral variation as both
the Volcano and Kokee populations were independently established
during a similar period after WWIIL. Together, these results suggest
that potential founder effects during the invasion of the Volcano
population or local ecological differences between the Hawaiian
Islands may be driving differences in how populations respond to
changes in resource availability (e.g., Pintor et al. 2008; Gruber
et al. 2018).

Interestingly, we found that while activity rates decreased over
time during trials without food, there was no change in activity over
time during trials where food was available. Locomotion and in-
creased activity levels consume valuable energetic resources, and
therefore, lizards may have reduced their activity over time during
trials without food available due to a combination of habituation
and the absence of any energetic benefits to gain from high ac-
tivity rates. However, this is not the case during trials where food
was available, as lizards had to search out and pursue live crickets
in order to feed. Similarly, we found a diflerence in the relationship
between body size and activity across the two contexts. More specif-
ically, while there was no effect of body size on activity during trials
with food, smaller lizards demonstrated increased activity rates in
the absence of food resources. Previous research has not reported
any relationship between SVL and activity rates in delicate skinks
(Michelangeli, Chapple, et al. 2016; Michelangeli et al. 2019).
However, the context-specific effect of SVL on activity in the pre-
sent study may have again been due to group dynamics during be-
havioral assays. Indeed, prior work has found that larger lizards are
more dominant (Riley et al. 2017) and competitively superior to
smaller conspecifics (Sacchi et al. 2009). During trials without food
available, larger lizards may have competitively excluded and dis-
placed smaller conspecifics from valuable sheltering and/or basking
sites, forcing smaller individuals to actively search for unoccupied
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areas within the experimental arenas. In contrast, the addition of
food resources may have ameliorated this effect, as dominant in-
dividuals left sheltering/basking sites to actively pursue live food
items. Taken together, this research suggests that although variation
in body size does not predict activity rates when measured during
individual trials, this is not true when lizards are measured under
more ecologically realistic settings where smaller lizards may in-
crease their activity due to potential displacement from larger, more
dominant conspecifics.

In summary, we found that the expression of personality in ac-
tivity rates was context-specific in the invasive delicate skink when
measured in a dynamic group foraging assay. More specifically, ac-
tivity rates were only significantly repeatable in the presence, but
not absence, of food resources. However, this was only true for
one of the three populations, partially driven by an increase in
among-individual variation in the presence of food resources. We
suggest that this may have been caused by changes in group dy-
namics under high resource conditions, highlighting the benefit of
using more ecologically realistic assay settings in animal behavior
research. Together, these results suggest that context can play an
important role in shaping animal personality traits, and that this
effect can differ among closely related populations.
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