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• Turtle eggs were exposed to steroid (ES,
B) and incubation manipulations.

• Righting, exploration, habitat choice,
and dispersal behaviors were assessed.

• Righting and exploration are individual-
ly repeatable and positively correlated.

• Righting did not predict dispersal, and
dispersal was not affected by B exposure.

• Turtle hatchlings exhibit behavioral
types, which may affect lifetime fitness.
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There can be substantial variation among individuals within a species in how they behave, even under similar
conditions; this pattern is found in many species and across taxa. However, the mechanisms that give rise to
this behavioral variation are often unclear. This study investigated the influence of environmentalmanipulations
during development on behavioral variation in hatchlings of the red-eared slider turtle (Trachemys scripta). First,
we examined the effects of three manipulations during incubation (estrone sulfate exposure, corticosterone ex-
posure, and thermal fluctuations) on hatchling righting response and exploration. Second, we determined
whether hatchlings showed consistent differences (i.e. behavioral types) in their righting response and explora-
tion across days and months, and whether these behaviors were correlated with one another. Finally, we exam-
ined whether righting response was predictive of ecologically relevant behaviors such as habitat choice and
dispersal. Hatchling behavior was robust to our early manipulations; none of the pre-hatch treatments affected
later behavior. There were significant clutch effects, which due to the split-clutch design suggests genetic under-
pinnings and/or maternal effects. We found evidence for behavioral types in turtles; both righting response and
exploration were strongly repeatable and these behaviors were positively correlated. Righting response was not
predictive of dispersal ability in the field, necessitating a revision in the general interpretations of righting re-
sponse as a proxy for dispersal ability in turtles. Thus, turtle hatchlings show consistent behavioral differences
that are robust to early developmentalmanipulations, andwhile not necessarily predictive of dispersal, these be-
havioral types can have important consequences throughout ontogeny.
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1. Introduction
There is an increasing emphasis on the role of the early developmental
environment, particularly the environment provided by the mother, in
the development of behavior [31,43,47,64]. Mothers can influence the
early environment of their offspring in a variety of ways, ranging from
the incubation temperature experienced by embryos, to the hormonal
environment mothers provide during development via the steroids they
transfer to the egg. Exposure to maternally derived steroids in particular
might contribute to substantial behavioral variation among individuals
[31], because steroids have long been known for their ability to elicit
long-lasting, organizational effects on behavior (e.g. prenatal testosterone
affecting mating behavior, [56]). Additionally, experimentally increased
levels of prenatal corticosterone affect a variety of behaviors in offspring
(reviewed in: [40,62,79]). Understanding the role of the early environ-
ment in shaping behavior will shed light on how factors such as environ-
mental fluctuations or maternal steroid deposition might contribute to
the behavioral variation present in populations.

A variety of species across taxa show consistent behavioral differences
among individuals (i.e., behavioral types) within populations, with an
individual's behavior in one situation often predicting how they will
react in another situation [4,67]. For example, individual great tits
(Parus major) show consistent differences in the speed at which they ex-
plore a novel environment, and birds that are quick to explore tend to dis-
perse greater distances than birds that are slower to explore [21].
Furthermore, these consistent differences in exploration are also associat-
ed with fitness, specifically adult survival rates and the number of off-
spring surviving to breed [22]. Despite a growing appreciation for the
ecological and evolutionary significance of behavioral types [4,67,70],
the factors that give rise to these consistent behavioral differences
among individuals within a population are often unclear. In some cases,
heritable genetic variation appears to underlie behavioral types (e.g.
birds: [20,61]; fish: [44]; mammals: [58]). However, even in cases
where behavioral types are heritable, environmental factors can also con-
tribute substantially to behavioral differences among individuals [71,72].

Freshwater turtles are an interesting group in which to study how
the early environmentmight influence behavior. Female turtles provide
no post-oviposition care, thus maternal effects are limited to egg com-
ponents (e.g. hormones, lipids) and the incubation conditions affected
bymaternal choice of nest site (e.g. nest shade cover, depth). Important-
ly, the roles of yolk steroids and incubation temperature have been well
studied in many freshwater turtle species due to their effect on sex de-
termination in species with temperature-dependent sex determination
(TSD). From this work, we know that incubation temperature alters
estrogen levels via differential expression of genes necessary for aroma-
tase production [41]. As such, incubation temperature influences the or-
ganization of the hypothalamic–pituitary–gonadal (HPG) axis [16] and
it has been hypothesized that stable differences in the HPG axis could
maintain consistent differences in behavior [37]. Indeed, incubation
temperature affects several aspects of hatchling phenotype, including
sex, hatchlingmass and carapace length, and somemeasures of activity
[8,19,28,45,52,53,65]. In addition to incubation conditions, levels of ma-
ternal hormones during development also affect offspring phenotype in
turtles [15]. For example, in red-eared sliders (Trachemys scripta), levels
of maternal estrogens, specifically estradiol and estrone sulfate (a
water-soluble estrogen metabolite), within eggs increase between a
female's first and second clutch over the nesting season [49,50], and
both are capable of feminizing embryos and altering the organization
of the HPG [49,55]. Red-eared slider eggs also contain a number of
other steroids that may influence embryonic development [50]. Mater-
nally derived corticosteronemight be particularly important as this ste-
roid is thought to mediate the effects of maternal-stress on the
development of offspring behavior [79], but little is known about yolk
corticosterone effects in turtles. Prenatal exposure to maternal stress
and/or corticosterone can have long-lasting effects on offspring behav-
ior in many taxa (reviewed in [40]; mammals: [79]; reptiles: [5,6];
birds: [35,62]; fish: [43]). These transgenerational effects are presum-
ably due to how corticosterone affects the development of the hypo-
thalamic–pituitary–adrenal (HPA) axis [34]. However, it is
currently unknown if prenatal corticosterone exposure affects turtle
hatchling behaviors, including dispersal. Thus, while the importance
of incubation temperature and maternal steroids in sex determination
andmorphological development in turtles is accepted, their roles in the
development of behavioral types in turtles remain to be determined.

In turtles, the righting response (returning to an upright position
after being overturned onto the carapace) is the most commonly stud-
ied behavior in hatchlings [28,45,48,73] and is frequently used as a
proxy for performance and survival during dispersal [18,27]. Righting
response is cited as an important component of dispersal from the
natal nest to the water, where individuals that do not right in a timely
manner are thought to be more prone to desiccation andmore conspic-
uous to predators [27,60]. Righting response has been assayed and
quantified in a variety of ways [18,27,28,45,48,73] which has resulted
in inconsistencies in the use of the term ‘righting response’ across stud-
ies. When righting, hatchlings will often remain overturned and still for
a period of time, before beginning the physical act of flipping. Many re-
searchers are specifically interested in the physical ability of turtle
hatchlings to right as this may be an indication of coordination or loco-
motion. As such, their focus is on the seconds actually spent flipping
rather than the time hatchlings spent overturned prior [18,28,73]. In
this study, however, we were more interested in whether turtles dif-
fered in their tolerance for being overturned, and presumably, vulnera-
ble. Thus we focused on the total time it took turtles to right after being
overturned (i.e. the decision ofwhen to right), rather than how long tur-
tles spent actively flipping over (i.e. their locomotive performance). Our
previous research indicates that a majority of the variation in total
righting times can be attributed to the time the turtle takes before it de-
cides to start moving (upwards of 30m), and less to the time it takes to
physically flip over (median 7 s in the present study) [52]. Understand-
ing how hatchlings vary in the entire righting duration becomes impor-
tant when correlating this behavior to dispersal ability, as turtles are
vulnerable and potentiallymore susceptible to predation during the en-
tire period of being overturned (not just when physically flipping). For
clarity, we use the term ‘righting response’ hereafter to mean the time
from being overturned onto the carapace to righting onto the plastron.

Despite the wealth of research utilizing righting response in turtles,
no one has yet linked this behavior to hatchling dispersal survival, the
life history stage where righting is arguably most important. Further-
more, it is unknown whether individuals show consistent differences
in their righting responses and whether righting response co-varies
with other hatchling behaviors such as exploration of a novel environ-
ment or habitat choice. Understanding how righting response varies
within and among individuals, is influenced by early developmental
conditions, and is associated with ecologically relevant decisions will
help elucidate the generation and maintenance of behavioral variation
within turtle populations.

We assayed the behavior of red-eared slider hatchlings to answer
three main questions: 1) Do environmental manipulations during em-
bryonic development, such as exposure to estrone sulfate, corticoste-
rone, and thermal fluctuations during incubation, affect the righting
response and exploration behavior of hatchlings? 2) Are righting re-
sponse and exploration behavior repeatable through time and correlat-
ed? In other words, do hatchlings show behavioral types? 3) Do
hatchling behaviors measured in the lab predict ecologically important
behaviors like habitat choice and dispersal ability in the field?

2. Experimental methods

2.1. Summary

Clutches of red-eared slider eggs were collected in 2012–2013 for
three experiments. Eggswere exposed to either estrone sulfate, variable
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concentrations of corticosterone, or incubated at different thermal fluc-
tuation frequencies in a split-clutch design. After hatching, we conduct-
ed three behavioral assays on all hatchlings from each project (n= 394
hatchlings from 45 clutches across all three projects). In the lab, we
measured the repeatability of righting response and latency to explore
a naturalistic environment (which also determined habitat choice) for
every turtle in all three experiments. For turtles from the corticosterone
experiment only, we also measured dispersal in the field.

2.2. Study species

T. scripta and its subspecies are the world's most widely distributed
freshwater turtle, spanning all continents but Antarctica due to anthro-
pogenic introductions. The subspecies Trachemys scripta elegans, the
red-eared slider, primarily inhabits the Mississippi Valley but has been
introduced in many states. Red-eared sliders exhibit Type I TSD with
100% females produced at temperatures N30 °C and 100% males at
b26 °C under controlled lab conditions. In our population, turtles re-
main in the underground nest cavity through the winter to avoid freez-
ing temperatures. Overwintering is marked by drastic reductions in
metabolism and activity of hatchlings, and lasts until the following
spring when hatchlings dig out from the nest and begin the initial
overland migration [25].

2.3. Egg collection and incubation

All eggswere collected fromBannerMarsh Fish andWildlife Reserve
(Glasford, IL; 40.4619°N 89.9236°W), a series of interconnected lakes
and ponds along the Illinois Rivermaintained by the Illinois Department
of Natural Resources. To obtain clutches of eggs, females were captured
in baited traps or while nesting and returned to the lab where oviposi-
tion was induced via an oxytocin injection [38], or eggs were collected
from freshly excavated nests in late May–June of 2012 and 2013 and al-
located among three experiments (IDNR permits NH12.2084
NH13.2084; IACUC protocol 04-2010). All eggs were artificially incubat-
ed in boxes of moist vermiculite (~150 kPa); egg boxes were rotated
within an incubator (Memmert GmbH+ Co.KG, Schwabach,
Germany) and water was added to maintain consistent hydric condi-
tions weekly. Data loggers (iButton, Dallas-Maxim, Dallas, TX) recorded
internal incubator temperature every 30 min throughout incubation.
Towards the end of incubation, eggs were checked daily for pipping
(first eggshell breach) and pipped eggs were placed in individual con-
tainers to keep track of identity. Individuals were maintained according
to approved IACUC procedures (Illinois State University IACUC 16-
2013) and held at room temperature (~26 °C). At ten days post-pip in
2013, all turtle hatchlings were weighed (to the nearest 0.01 g) and
their plastron lengths (mm) measured. Morphological data were not
taken for the hatchlings in 2012.

2.4. Embryonic treatments

In 2012, 13 clutches were collected for the estrone sulfate experi-
ment (hereafter referred to as ES) where eggs were topically dosed
with 0 or 10 μg estrone sulfate/5 μl of 70% ethanol with a pipette, a
dose high enough to cause sex-reversal, and incubated at a constant
28.0 °C within 24 h of being laid [49]. Steroids applied exogenously to
red-eared slider eggs are absorbed into the egg, including the embryo
[51,55]. In 2013, 13 clutches were collected for the corticosterone ex-
periment (hereafter referred to as Cort) and dosed in the same manner
as above with 0, 0.05, 0.15 or 0.5 μg corticosterone/5 μl of 90% ethanol
and incubated at a constant 29.4 °C within 24 h of being laid. Based on
the limited research of corticosterone in reptile eggs [74], our low treat-
ment doses are likelywithin a biologically relevant range [76], while the
highest treatment dose is likely above physiological levels, but is consid-
erably lower than previous reptile corticosterone dosing experiments
[77]. Also in 2013, 19 clutches were collected for the thermal
fluctuations incubation experiment (hereafter referred to as Flux) and
were placed into incubators within 24 h of being laid at one of three dif-
ferent thermal fluctuation frequencies all with an average and ampli-
tude of 28.7 ± 3 °C. These incubation regimes utilized near-sinusoidal
fluctuations about the mean where amplitude remained constant, yet
the frequencies of the fluctuations were set to either 12, 24, or 48 h cy-
cles ([11]). These fluctuating regimes, though unnatural, produced con-
ditions where embryos fluctuated between male and female
developmental endocrine states. By only manipulating fluctuation fre-
quency, we were able to determine the relative importance of thermal
instability per se (i.e. switching between male and female endocrine
states) on hatchling phenotype without the confounding effects of
also experiencing a broader range of temperatures (inherent to fluctua-
tion amplitude manipulation). All experiments utilized a split-clutch
design, where every clutch was represented in each treatment (within
an experiment), to account for the relatedness of individuals, and to
test for the effect of clutch-of-origin (i.e., family) on the behavior of
hatchlings.

2.5. Hatchling behavioral assays

2.5.1. Righting response
A turtle hatchling (age 3–6 weeks) was placed in an individual con-

tainer (90 × 90 mm) on its carapace and video recorded for 30 min to
determine latency to right [18,52,53]. Containers were constructed
with a textured substrate for traction, and plain white paperboard
walls. Righting times were calculated as the time from when a turtle
was placed in the container on its carapace to when it returned to its
plastron. This primarily measures how long an individual tolerates
being overturned before deciding to right, but also includes the few sec-
onds that it takes an individual to actually flip over once they decide to
right. Each turtle was tested for righting response twice with 24–72 h
between trials before their first winter (during August–September) to
calculate repeatability. Allowing adequate time between trials (days
insteadofminutes) ensures that our results are independent of turtle fa-
tigue. Righting trials took place in a quiet, isolated room, maintained at
24–27 °C to avoid the effects of temperature on activity in ectotherms.

2.5.2. Righting response before and after overwintering
Cort turtles were assayed for righting response twice in the fall

before overwintering (August–September 2013; as described above)
and two more times 2 weeks post overwintering (March 2014) in an
identical manner for a total of four righting response trials per individu-
al. In October of 2013, only hatchlings in the Cort study began artificial
overwintering in the lab, where chamber temperatures were gradually
decreased from 22 °C to 6 °C at nomore than 5 °C per week (hatchlings
from the ES and Flux projects were utilized in other experiments,
[11,49]). During overwintering, turtles were left undisturbed in the
dark except when containers were cleaned every three weeks. Turtles
were warmed at the same rate beginning in February 2014. By March
2014, turtles were housed again at room temperaturewithin an incuba-
tor (26 °C),withweekly feeding (1 pellet/week of Tetra Reptomin float-
ing sticks).

2.5.3. Exploration behavior
All turtles were tested in a naturalistic arena for exploration

behavior and initial habitat choice. Arenas were constructed of
664 × 464 × 162 mm plastic bins divided into equal sand and water
micro-habitat areas. Each area contained equal amounts of artificial
plant cover (~50%) to better simulate natural conditions. An individual
turtle was placed in the center of the arena with the turtle's midline
aligned on the water–land habitat division. Hatchlings were monitored
for 15min via video recording and tested twicewith 72–120 h between
trials to measure repeatability. Latency to explore was calculated as the
difference in time between when an individual was placed into the
arena and when that individual first moved such that the carapace left
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its starting position (i.e. simply extending the head or limbs from the
shell was not considered first exploration). Upon exploring the arena,
the first microhabitat an individual explored was noted (sand or
water). All behavioral trials were conducted at room temperature,
between 24 and 26 °C.

The ES and Flux hatchlings were euthanized before overwintering
(~60 days post hatch) via approved IACUC procedures and were sexed
via macroscopic examination of the gonads [10].

2.5.4. Dispersal ability in the field
Cort hatchlingsweremarked via carapace scute clipping in amanner

specific to their corticosterone treatment. The plastron of each individ-
ual is uniquely patterned, and was photographed (Nikon D3200) to
enable individual identification upon recapture in the dispersal
experiment.

A full circle (60 m diameter) terrestrial drift fence was constructed
([46]) at the Banner Marsh field site in May 2014 where nesting and
overwintering is known to occur. The dispersal arena contained land-
scape heterogeneity including areas of long and short forbs and grasses,
bare dirt, and areas with the previous season's dried sunflower stalks.
The arena was situated at the distal end of a peninsula within the
marsh, with water near-equidistant from three quarters of the drift-
fence perimeter. Water at the south-eastern aspect of the arena
was more visible than the water to the north/north-east and west/
south-west, which was visually obscured by thick reeds and the occa-
sional tree. The drift fence was constructed of 0.3 m high aluminum
flashing dug into the ground [46]. On the internal perimeter, 40 3.78 l
plastic containers were placed equidistantly and dug into the ground
so that the top of the container was flush with the soil level. Prior to
placement, holes were drilled into the bottom of each container to
allow water drainage.

Cort hatchlings were released from the center of the arena in two
randomly assigned cohorts (May 8 at 9:00 and May 10 at 10:15) at a
time in the season when nest emergence is known to occur. Pitfall con-
tainers were checked at 7:00, 10:00, 13:00, 16:00, and 19:00 daily until
72 h elapsed without capturing a new hatchling [54]. Upon recapture,
turtles were individually identified and time to reach the fence and con-
tainer locations were noted. Recaptured individuals were returned to
the lab for euthanasia according to approved IACUC procedures and
sexed as previously described.

3. Statistical methods

Each experiment (ES, Cort, Flux) was analyzed separately. Righting
response and latency to explore were natural log-transformed for nor-
mality. Outliers, based on studentized residual values N2, were removed
(outliers in ES: n = 3, Cort: n = 1, Flux: n = 2). Hatchling sex was not
included in any model since in the ES experiment sex is synonymous
with treatment dose (0 μg/5 μl = 0% female and 10 μg/5 μl = 100%
female), 100% of Cort hatchlings were female, and 89% of the Flux
hatchlings were female. Where appropriate, we used least square
mean differences with a Bonferroni correction for post-hoc comparison
of main effects. All statistics were performed in SAS (version 9.3) and
means ± standard errors are shown throughout.

3.1. Effect of manipulations

To examine whether hatchling righting response and exploration
behavior were affected by our embryonic perturbations, we tested for
the main effects of pre-hatch treatment (i.e. estrone sulfate dose,
corticosterone dose, or thermal fluctuation frequency), trial, and their
interaction using repeated measures mixed models (Proc Mixed).
Each behavior was analyzed separately with individual hatchlings as
the subjects being repeatedly measured through time (i.e. trial). For
latency to explore in all three experiments and for righting response
in the ES and Flux experiments, ‘time’ consisted of two trials (1 and
2) measured in the fall. For the Cort experiment, righting response
was measured two additional times (trials 3 and 4) in the spring after
overwintering, resulting in a total of four righting response trials per
hatchling. Thus in the Cort experiment, we conducted alternative
analyses using two different measures of ‘time’; first, we tested for the
effect of the four different trials (1–4) ignoring overwintering and sec-
ond,we tested for the effect of ‘season’ by analyzing the average righting
response within each season (fall = average of trials 1 and 2; spring =
average of trials 3 and 4). Hatchling size (plastron length) was also
initially included as a covariate in all models for the Cort and Flux exper-
iments. Unfortunately, hatchling sizewas notmeasured in the ES exper-
iment. Interactions between pre-hatch treatment and trial, as well as
the covariate (for the Cort and Flux experiments), were sequentially re-
moved from final models when F-values were less than one and non-
significant. Clutch identity was included as a random effect to account
for relatedness and maternal effects in both the Cort and Flux experi-
ments. The significance of clutch was determined by comparing -2 log
likelihood values between models including and excluding clutch as a
random effect. Unfortunately, clutch could not be determined for each
individual in the ES experiment but all three experiments account for
relatedness by utilizing a split-clutch design. For all mixed models, we
specified REML estimation and an unstructured covariance structure
(type = un) based on comparisons of indices of model fit (AIC values).
We estimated degrees of freedom with the Satterthwaite method.

Because a large number of individuals did not explore the arena in
the Cort experiment (54 and 60% in trials 1 and 2 respectively), we ex-
amined the effect of pre-hatch treatment on latency to explore in two
additional analyses.We performed the above repeatedmeasures analy-
sis but restricted our data set to only those individuals who performed
the behavior (i.e. explored and had latencies b1800 s). We also treated
exploration as a binary response variable (explored vs. did not) and ex-
aminedwhether the likelihood of exploring the arena variedwith treat-
ment. In this analysis, we used a generalized linear mixed model (Proc
Glimmix) specifying a binomial distribution (dist = binomial) and a
probit link function (link = probit). This was not a repeated measures
analysis and trials 1 and 2 were analyzed separately. In these additional
analyses (as in other analyses), clutch was included as a random effect
and plastron length was initially included as a covariate.

3.2. Behavioral repeatability and correlations

Within each of the three experiments, repeatabilities for righting re-
sponse and latency to explorewere calculated usingmean squares from
general linear models [39] and standard errors were calculated using
Becker's protocol [3]. In the Cort experiment, we calculated righting re-
sponse repeatability across all trials (trials 1–4), within a season (Fall:
trials 1 vs. 2; Spring: trials 3 vs. 4), and between season averages (‘Fall
vs. Spring’: fall average of trials 1 and 2 vs. spring average of trials 3
and 4). Rank repeatabilities were also calculated using Spearman's cor-
relation coefficients to better compare our estimates of righting re-
sponse repeatabilities to those of [17]. We utilized scores from the
righting response and exploration assays to test for behavioral types
in red-eared slider hatchlings. We tested for an association between
righting response and latency to explore (averages of trials 1 and
2) using Spearman's rank correlations.

3.3. Habitat choice

In the exploration assay, individuals not only were able to choose to
explore or not (make a choice vs. no choice) but they also could choose
between two different types of habitats (sand vs. water). To determine
if behavioral type significantly varied with habitat choice in a novel
environment (exploration assay trial 1) we analyzed average righting
response times (averaged across all trials 1–4) among turtles that
chose sand, water, or made no choice using a mixed model (Proc
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Mixed).We included clutch as a randomeffect and plastron length as an
initial covariate in the Cort and Flux experiments.
3.4. Effect of behavioral type on dispersal duration and survival

To determine whether the ability of hatchlings to disperse in the
field was influenced by their behavioral type we performed Spearman
correlations among individual average righting response time (aver-
aged across all trials 1–4), average latency to explore (averaged across
trials 1–2), and dispersal time (a single measure of hours to fence).
We also used mixed models (with clutch as a random effect) to
determine whether average righting response time (averaged across
all trials 1–4), and average latency to explore (averaged across trials
1–2) differed between survivors and non-survivors.

To ensure that our initial pre-hatch corticosterone doses were not
affecting dispersal time, we tested the effect of treatment on dispersal
ability (hours to drift fence) using mixed models (Proc Mixed). Again
clutch was included as a random effect and plastron length as an initial
covariate. Similarly, to ensure that pre-hatch treatments were not af-
fecting survival, we tested for the effect of corticosterone dose on dis-
persal survival (as a binary variable – survived or not) using a
generalized linear mixed model (Proc Glimmix) with a binomial distri-
bution (dist = binomial) and a probit link function (link = probit).
4. Results

4.1. Effect of manipulations

4.1.1. Plastron length
Pre-hatch treatment did not affect hatchling plastron length in the

two experiments where it was measured (Cort: F3,99.3 = 1.52, P =
0.21; Flux: F2,188 = 1.02, P = 0.36; average plastron length: Cort =
29.2± 0.2mm, N=115; Flux= 28.6± 0.2mm, N=209) and the ran-
dom effect of clutch accounted for much of the variation in plastron
length in both experiments (Cort: χ2 = 85.8, P b 0.0001; Flux χ2 =
217.9, P b 0.0001).
Table 1
Righting response and latency to explore were robust to developmental perturbations and our

Effect Righting response

Num df,
Den df

F-value

A) ES experiment:
Treatment 1, 68 2.80
Trial (1–2) 1, 68 7.86
Treatment*Triala 1, 68 2.88
Random effect of clutch –

B) Cort experiment:
a. Analysis of all trials
Treatment 3, 100 0.15
Trial (1–4) 3, 114 20.52
Plastron lengtha

Random effect of clutch χ2 = 16.1
b. Analysis of season
Treatment 3, 100 0.13
Trial (winter vs. spring) 1, 114 54.03
Random effect of clutch χ2 = 16.5

C) Flux experiment:
Treatment 2, 190 0.17
Trial (1–2) 1, 206 7.1
Plastron length 1, 57.8 2.51
Random effect of clutch χ2 = 13.10

a The treatment*trial interaction and the covariate of plastron length were removed from m
4.1.2. Righting response
In the ES experiment, we assayed 70 hatchlings from 13 clutches.

The majority of ES hatchlings righted themselves in both trials (90 and
92% respectively), and estrone sulfate dose did not affect time to right
(Table 1). Although righting time decreased by 24% from trial 1 to 2
(Trial 1=593±68 s, Trial 2=449±59 s), it did not varywith estrone
sulfate dose (i.e. interaction was not significant, Table 1).

In the Cort experiment, we assayed 115 hatchlings from 13 clutches.
Themajority of Cort hatchlings righted themselves in all four trials (Trial
1 = 95%, Trial 2 = 92%, Trial 3 = 93%, and Trial 4 = 93%), and righting
times did not vary with corticosterone dose regardless of how we spec-
ified ‘time’ (Table 1: across all 4 trials or between season averages).
Across all 4 trials, there was a significant effect of trial (Table 1) and
post-hoc analyses revealed significant differences in average righting
time between trials separated by overwintering (trials 1 and 3, 1 and 4,
and 2 and 3 = all P b 0.0001; Trial 1 = 500 ± 39 s, Trial 2 = 544 ±
41 s, Trial 3 = 808 ± 45 s, Trial 4 = 655 ± 41 s). Average righting re-
sponse duration increased significantly following overwintering
(Fall = 522 ± 37 s, Spring = 732 ± 37 s). Clutch significantly affected
righting responsewhen compared across all 4 trials and season (Table 1).

In the Flux experiment, we assayed 209 hatchlings from 19 clutches.
Themajority of the Flux hatchlings righted themselves in both trials (98
and 99% respectively), and thermal fluctuation frequency did not signif-
icantly alter righting response. There was a significant increase in
righting time from trial 1 to 2 (Trial 1 = 378 ± 23 s; Trial 2 = 413 ±
32 s), but this did not vary with treatment (i.e. interaction was not sig-
nificant, Table 1). Clutch significantly affected righting response times of
the flux hatchlings (Table 1).

4.1.3. Exploration behavior
In the ES experiment, 100% of hatchlings explored the arena in both

trials and there was a marginally significant treatment effect on latency
to explore (Table 1). Latency to begin exploring the arena decreased by
32% between trial 1 and 2 (Trial 1 = 248 ± 30 s, Trial 2 = 168 ± 19 s),
but this did not vary with estrone sulfate dose (i.e. interaction was not
significant, Table 1).

In the Cort experiment, 46% and 40% of hatchlings explored the
arena in trials 1 and 2, respectively, and their latency to explore was
pre-hatch treatments.

Latency to explore

P-value Num df,
Den df

F-value P-value

0.10 1, 68 3.99 0.05
0.01 1, 69 15.70 0.0002
0.09
– – –

0.93 3, 54.4 1.71 0.18
b0.0001 1, 47.3 0.03 0.87

1, 49.9 7.38 0.01
b0.0001 χ2 = 0 1

0.94
b0.0001
b0.0001

0.84 2, 190 1.03 0.36
0.01 1, 208 0.49 0.49
0.12
0.0003 χ2 = 31.9 b0.0001

odels when p b 0.05 and F b 1.



Fig. 1. Righting response was significantly positively correlated within an individual be-
tween trials. The ES (A) and Flux (C) plots depict trial 1 vs. trial 2. The Cort (B) plot depicts
the average of the fall trials (n = 2) vs. the average of the spring trials (n = 2).
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similar across trials (Trial 1 = 707 ± 24.1 s, Trial 2 = 721 ± 23.4 s).
When examining all turtles regardless of whether they explored or
not, corticosterone dose did not alter latency to explore, neither did
trial nor their interaction (Table 1). When examining only the subset
of turtles that explored (latencies b1800, N= 63), we found similar re-
sults (Trial: F1, 47.3=0.03, P=0.89; Treatment: F3, 54.4=1.71, P=0.18;
plastron length: F1, 49.9 = 7.38, P = 0.01). Clutch did not affect latency
to explore in the analysis of all hatchlings (Table 1), nor in the analysis
of explorers only. The likelihood of exploring the arena (explored
or not) was not affected by corticosterone dose in either trial (Trial 1:
F3, 99 = 0.21, P = 0.89; Trial 2: F3, 99 = 0.11, P = 0.95), but was
significantly affected by clutch (Trial 1: χ2 = 5.19, P = 0.023; Trial 2:
χ2 = 7.17, P = 0.007).

In the Flux experiment, 71 and 64% of hatchlings explored the arena
in trials 1 and 2 respectively and their latency to explore was similar
across trials (Trial 1= 591± 18 s; Trial 2= 596± 26 s). Latency to ex-
plore was not affected by thermal fluctuation frequency, trial, or their
interaction, but was significantly affected by clutch (Table 1).

4.2. Behavioral types

Differences among individuals in their righting response were
repeatable across trials in all three experiments (Table 2, Fig. 1). Within
the Cort experiment specifically, righting response was repeatable
across all four trials, within each season (fall: between trials 1–2; spring:
between trials 3–4), and across seasons (before and after
overwintering) (Table 2). Similarly, latency to begin exploring the
arena was repeatable across trials in all three experiments (Table 2,
Fig. 2). Average righting response time was significantly positively cor-
related to average latency to explore within each experiment (Table 3,
Fig. 3). Results from running more complicated bivariate models in a
Bayesian framework (MCMCglmm) revealed similar patterns and the
positive association between behaviors was driven by between- rather
than within-individual variances (data not shown, following [23]).

4.3. Habitat exploration

In the habitat choice assay, 73, 50, and 42% of turtles chose water in
the ES, Cort, Flux experiments respectively, and 70–76%of individuals in
each of the three experiments chose the same habitat in trial 2 as in trial
1. There was a significant relationship between righting response time
and choosing a habitat in the Cort and Flux experiments (Cort:
F2,109 = 3.65, P = 0.03; Flux: F2,204 = 5.24, P = 0.01, but not in the ES
experiment (F2,67 = 0.53, P = 0.059). However, post-hoc analyses re-
vealed significant differences only between hatchlings that chose either
sand or water versus those that did not choose (Cort: water vs. no-
choice F2,111 = 2.41, P = 0.02, sand vs. no choice F2,111 = 1.99, P =
0.05, water vs. sand F2,111 = 0.62, P = 0.54; Flux: water vs. no-choice
F2,204 = 3.18, P = 0.002, sand vs. no choice F2,204 = 2.15, P = 0.03,
water vs. sand F2,204 = 1.11, P = 0.27). There was also a very strong
Table 2
Righting response and latency to explore were significantly repeatable in turtle hatchlings.

Righting
repeatability

R S.E.

A) ES experiment: 0.45 0.05
B) Cort experiment:

All trials (1–4) 0.34 0.05
Fall (trials 1 vs. 2) 0.64 0.06
Spring (trials 3 vs.4) 0.69 0.05
Season (average of trials 1,2 vs. average of trials 3,4) 0.72 0.04

C) Flux experiment: 0.22 0.05
effect of clutch suggesting that the relationship between righting re-
sponse and habitat choice was similar among siblings (Cort: χ2 = 17,
P b 0.0001; Flux: χ2 = 10, P b 0.0001).
Latency to explore Righting rank repeatability Latency to explore rank

Repeatability Repeatability

R S.E. rS rS

0.35 0.05 0.70 (P b 0.0001) 0.50 (P b 0.0001)

– – – –
0.13 0.05 0.64 (P b 0.0001) 0.60 (P b 0.0001)
– – 0.44 (P b 0.0001) –
– – 0.41 (P b 0.0001) –
0.43 0.05 0.37 (P b 0.0001) 0.63 (P b 0.0001)



Fig. 2. Latency to explore the arena was significantly positively correlated within an
individual in all three projects (ES (A), Cort (B), Flux (C)). The Cort plot depicts only the
individuals that explored.

Table 3
Righting response was significantly positively correlated to latency to explore the arena.

Latency to explore (s)a Plastron length (mm)

A) ES experiment:
Righting response 0.59 (P b 0.0001) –
Latency to explore – –

B) Cort experimentb:
Righting response 0.23 (P = 0.01) −0.01 (P = 0.95)
Latency to explore – 0.12 (P = 0.21)

C) Flux experiment:
Righting response 0.36 (P b 0.0001) −0.26 (P = 0.0001)
Latency to explore – −0.16 (P = 0.02)

Sample sizes: ES (n = 70), Cort (n = 115), Flux (N = 209).
a Spearman correlations (rS) were calculated using the average behavior of trials 1 and 2.
b In the Cort experiment, righting response trials 1 and 2were used since these occurred

in the same season as the latency assays.

Fig. 3.Average righting responsewas significantly positively correlated to average latency
to explore the arena (ES (A), Cort (B), Flux (C)). The Cort plot correlates average latency to
explore to fall average righting response since these trials also took place in the fall.
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4.4. Effect of behavioral type on dispersal duration and survival

Hatchling survival during dispersal was high in all Cort treatments
(0 μg/5 μl = 88%, 0.05 μg/5 μl = 96%, 0.15 μg/5 μl = 90%, 0.5 μg/
5 μl = 81%; total 103 of 115 hatchlings were recovered), and dispersal
in the field was rapid (12.4 ± 1.7 h; range 3–124 h). Dispersal time
was not significantly correlated with either average righting response
(rS = 0.09, P = 0.32, N = 103), average latency to explore
(rS = −0.10, P = 0.30, N = 103), or plastron length (rS = −0.08,
P = 0.37, N = 103). Despite a tendency for individuals to disperse
more slowly if they chose sand in the lab, habitat choice within the
arena assay did not significantly predict dispersal ability in the field (av-
erage dispersal time: sand 20.5 ± 5.3 h, water 8.1 ± 2.6 h, no-choice
10.8 ± 1.6 h; F2, 99.2 = 1.23, P = 0.30; clutch: χ2 = 0.4, P = 0.53). Sur-
viving the dispersal assay was not associated with behavioral traits
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although there was a significant effect of clutch (average righting
response: F1, 101 = 0.0, P = 0.99, clutch: χ2 = 17.3, P b 0.0001; average
latency to explore: F1, 101= 0.19, P= 0.17, clutch: χ2= 4.9, P= 0.027).

Consistent with our findings that early environmental manipula-
tions do not strongly influence hatchling behavior, we found no associ-
ation between our pre-hatch corticosterone exposure treatments and
hatchling dispersal time (F3,99 = 1.01, P = 0.39), dispersal survival
(χ2 = 30.2, P = 0.60), hatchling size (F1,99 = 2.52, P = 0.12), or clutch
(χ2 = 0.7, P = 0.40).

5. Discussion

We found evidence that both righting response and exploration con-
tribute to behavioral types in red-eared slider. Individuals showed con-
sistent differences in righting response even across overwintering, a
physiologically dramatic period of arrested development [25]. The
association between righting response and exploration behavior also
suggests that how an individual behaves in one context is linked to
their behavior in other contexts. Furthermore, we found little evidence
that hatchling morphology (plastron length) was underlying these be-
havioral differences. A recent study found no evidence for consistent
differences in righting responses in either hatchling spiny softshell
turtles (Apalone spinifera) or Blanding's turtle hatchlings (Emydoidea
blandingii) over the course of three consecutive righting trials (60 s/
trial up to 3 m total) [17]. These conflicting patterns highlight the im-
portance of methodological differences in behavioral assays, particular-
ly the time period between trials (e.g. minutes, days, months) and the
duration of single trials (i.e. data censoring) [9,48,59,69]. Indeed, in
the present study there is variation in the effect sizes across manipula-
tions (Tables 2, 3), which may be due to random sampling of clutches
from the population across experiments or years (13–19 clutches/
experiment) in combinationwith the relatively consistent clutch effects.
Interestingly, our data suggest that righting is more repeatable than
exploration on average. This may be driven by the amount of sensory
input processed when deciding to right versus explore. In the righting
trials, turtles are upside-down, andmay therefore be less able to observe
their surroundings than when they are upright, like in the exploration
assay. As such, the decision to right may be based on internal cues to a
greater extent than external environmental cues. Conversely, the
decision to explore may be more greatly influenced by the evaluation
of multiple external cues like the availability of shelter or water
and therefore inherently more variable. Despite these differences,
our repeatability scores are comparable to those reported elsewhere
[4,20,57].

Behavioral types are being described in an increasing number of an-
imal taxa (reviewed in [13]), and now similar behavioral types are being
observed in turtles. However, understanding the ecological and evolu-
tionary consequences of behavioral types necessitates linking behavior-
al types to fitness. As a first step towards understanding how behavioral
types in turtles might impact fitness, we examined whether behavioral
types predicted habitat exploration (in the lab) and dispersal ability in
the field. We found that individuals who were quicker to right them-
selves were also more willing to explore a novel arena, but there was
no difference in righting response between individuals that chose
sand or water habitats. Significant clutch effects in habitat choice;
however, create the potential for non-random spatial distribution of in-
dividuals based on relatedness (or shared maternal effects). Surprising-
ly, we found that behavioral type was not predictive of dispersal ability
or survival. Righting response is a common assay in turtles and individ-
uals with slow righting responses are often interpreted as having lower
dispersal survival due to an elevated risk of predation or desiccation
during the initial overland migration [18,27,28,45,48,73]. Our data sug-
gest that in hatchling red-eared slider turtles, while righting response
might be indicative of an underlying behavioral type, it seems that
righting response is not associated with dispersal time or survival dur-
ing the initial overland migration. This finding urges caution in how
researchers interpret righting response data and its use as a dispersal
proxy. Thus, despite variation among individuals in behavioral type,
these different strategies were associated with similar dispersal
abilities.

In contrast to studies in other species, we found that hatchling
behavior was surprisingly robust to our steroid and incubation temper-
ature manipulations during embryonic development. In the ES
experiment, estrone sulfate did not affect exploration behavior, and
hadweakeffects on righting response. This is in contrast to other studies
showing strong effects of estrogens on behavior. For example, in birds,
estrogens play an integral role in sex-specific neuronal organization
during embryonic development with consequences for mating behav-
iors in adulthood (reviewed in [1,2]). We also found no effect of our
corticosterone manipulation on hatchling behaviors in either the lab
or field. Again, our findings contrast with a number of studies showing
behavioral consequences of early corticosterone (or cortisol) exposure
in a variety of species (reviewed in [40]; mammals: [79]; reptiles:
[5,6]; birds: [35,62]). Finally, we found no effect of thermal fluctua-
tion frequency on hatchling behavior. While no other study has tested
for the effects of thermal fluctuation frequency on behavior, average in-
cubation temperature and the presence/absence of thermalfluctuations
can alter righting response times in turtle hatchlings, often in a species
specific manner [28,45,52,53]. Thus, the results from all three of our ex-
periments suggest that the development of a turtle's behavioral type is
largely robust to early environmental manipulations and that differ-
ences among individuals might arise from other factors.

Our findings of widespread clutch effects on hatchling behavior sug-
gest that genetics and/or maternal effects might be possible contribut-
ing factors to turtle behavioral types. Unfortunately due to their long
life span (30+ years), slow time to reproductive maturity (~7 years in
females) anddifficulty to track in thefield, determining the contribution
of genetics to behavioral types in red-eared sliders would be especially
challenging. However, our estimates of behavioral repeatability can at
least provide an upper estimate to heritability [26].

Understanding the development of behavioral types and their fit-
ness consequences has importantmanagement and conservation impli-
cations, and provides an interesting avenue of future research in reptiles
in general. For example, there is increasing evidence that behavioral
types can play an important role in disease dynamics, predator–prey in-
teractions, population responses to environmental change, and the in-
vasive capacity of introduced species [36,42,66,68,75]. Understanding
how behavioral type affects social interactions may help predict and
mitigate the spread of diseases in herpetofauna, such as the spread of
upper respiratory tract disease in threatened gopher tortoises
(Gopherus polyphemus) [78]. Additionally, red-eared sliders are invasive
globally. Examining behavioral types in red-eared sliders as well as in
the species they commonly displace may elucidate a behavioral mecha-
nism of inter-specific competition and exclusion [12], better informing
management practices of threatened turtle populations negatively im-
pacted by red-eared sliders.

5.1. Conclusions

Individual red-eared slider hatchlings show repeatability in their be-
havior soon after hatching. These strong behavioral types are generally
robust to environmental manipulations, and significantly affected by
clutch, suggesting an influential role of underlying genetics and/or ma-
ternal effects. Righting response is not linked to dispersal ability, though
righting is an excellent indicator of a stable behavioral type that may
have life-long fitness consequences in turtles.
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