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Consistently bolder turtles maintain higher body temperatures
in the field but may experience greater predation risk
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Abstract
Behavioral ecologists have assumed that animals will optimize behavior to match their current situation, yet studies reveal limited
behavioral flexibility and extensive variation among individuals in their response to a similar stimulus. This phenomenon is
referred to as Banimal personality,^ and recent efforts seek to determine the implications of personality for interactions with the
biotic and abiotic environment. Doing so promises to illuminate how selection is operating on behavioral traits and, consequently,
how stable, among-individual variation in behavioral types is maintained evolutionarily. We examined a natural population of
forest-dwelling eastern box turtles (Terrapene carolina) to understand the effects of differences in levels of boldness on thermo-
regulatory behavior, injury history, and movement rates. Repeated behavioral trials revealed that individual turtles varied
consistently and dramatically in boldness (latency to emerge from the shell or begin moving after handling and confinement).
Behavioral differences were independent of phenotypic state or environmental conditions, suggesting the existence of personality
in these turtles. Moreover, bolder turtles maintained higher body temperatures in the field and tended to have more damage to
their shells, possibly indicative of more frequent predation attempts. Little work has been done on personality in terrestrial
ectotherms, and this study enhances our understanding of this phenomenon by highlighting the potential trade-off between
mortality and thermoregulation.

Significance statement
Animals often exhibit markedly different personality traits from each other. We sought to understand how personality traits affect
interactions with the environment, and thus how natural selection may be acting upon and maintaining behavioral variation. We
studied this in terrestrial ectotherms, box turtles, for whom the trade-off between basking and predation risk may be a significant
factor. We found that individual turtles differed consistently in boldness (time spent hiding and immobile after handling) and that
bolder turtles maintained higher body temperatures but tended to have more injuries on their shells. This suggests that being bold
is beneficial for thermoregulation, which may enhance growth and fecundity, but could expose turtles to greater risk of predation.
Variation in the expression of boldness may, therefore, serve to maintain behavioral variation in the population.
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Introduction

Behavioral ecologists have historically assumed that individ-
uals will optimize their behavior to best fit their biotic and

abiotic environment. Consequently, variation in behavior
among conspecific individuals occupying the same environ-
ment was regarded as statistical noise and received little atten-
tion (Sih et al. 2004). Recently, there has been increasing rec-
ognition of the importance of, and degree of, behavioral vari-
ation within populations (Sih and Bell 2008). The occurrence
of systematic, stable, and within-population differences in be-
havioral tendencies has been described as Banimal personality^
(or, variably, Btemperament^ or Bbehavioral syndrome^;
MacKay and Haskell 2015). Evidence for personality is
widespread in animals and is typically identified as
significantly repeatable individual differences in behavior that
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are not attributable to other clear phenotypic differences (e.g.,
age or sex; Bell et al. 2009). These findings have raised the
critical questions of how such variation is generated and main-
tained; that is, why has selection against suboptimal behaviors
not eroded personality differences? To address this challenge,
various models have been proposed such as frequency-
dependent selection (Wolf and McNamara 2012), individual
niche specialization (Bergmüller and Taborsky 2010), or co-
variation with stable differences in state (Dall et al. 2004), such
as physiology (Adriaenssens et al. 2016) or morphology
(Thomas et al. 2016), or with life history strategy (Biro and
Stamps 2008). Furthermore, better understanding of the evolu-
tion of animal personalities is increasingly important as person-
ality may have profound consequences for evolutionary pro-
cesses (e.g., speciation; Wolf and Weissing 2012), ecological
interactions (Sih et al. 2012), and conservation (e.g., reintro-
duction efforts; Bremner-Harrison et al. 2004).

To understand both how personality evolved and the
broader consequences of personality differences, it is neces-
sary to characterize how personality differences within popu-
lations affect individual interactions with the environment,
which ultimately determines fitness. Behavioral differences
must be consequential in the context of an animal’s lifestyle
to be accounted for by adaptive evolutionary models of per-
sonality differences or to be of any significance for ecological
processes or applied concerns. To this end, it is generally true
that individual differences in personality traits alter interac-
tions with the biotic and abiotic environment and often impact
fitness (Smith and Blumstein 2008). For example, Debeffe
et al. (2014) found that roe deer fawns with lower levels of
neophobia were more likely to disperse, and Boyer et al.
(2010) linked the level of parasite infections to exploratory
behaviors in a population of Siberian chipmunks. A personal-
ity trait of particular interest is boldness (the propensity to
engage in risky versus cautious behavior; Wilson et al.
1994), as it has been particularly well studied in many taxa,
and frequently affects the survival of individuals and their
interactions with the environment (Smith and Blumstein
2008). Studies of fish (e.g., Hirsch et al. 2017), birds (e.g.,
Myers and Hyman 2016), reptiles (e.g., Carter et al. 2010),
and mammals (e.g., Kanda et al. 2012) have all indicated that
boldness can be easily measured, is highly repeatable within
individuals and variable among individuals, and can have sig-
nificant effects on ecologically important variables. Therefore,
boldness is an excellent focal personality trait.

Boldness, along with other personality traits, has been im-
plicated in the generation of growth-mortality trade-offs
(Stamps 2007), wherein bolder phenotypes are associated
with reduced survival (due to risky behavior; Ballew et al.
2017) but enhanced growth or fecundity (due to resource
acquisition; Biro et al. 2014). Importantly, such a trade-off
between components of fitness may enable the evolutionary
maintenance of behavioral diversity (Dall et al. 2004).

Additionally, theoretical work indicates that individuals ex-
pressing higher levels of boldness should also have higher
metabolic rates, linking physiological covariation to the
growth-mortality trade-off paradigm (Careau et al. 2008).
This expectation has been evaluated with mixed support in
studies in fish (e.g., Binder et al. 2016), birds (e.g., Mathot
et al. 2014), and mammals (e.g., Guenther and Trillmich
2015), but there has been a lack of research on the relation-
ships between boldness, survival, andmetabolism in terrestrial
ectothermic vertebrates (i.e., non-avian reptiles and amphib-
ians), for which there has also been little study of personality
traits in general (but see Mell et al. 2016; Goulet et al. 2017b).
Notably, metabolic rates (and performance in general) in ter-
restrial ectotherms are usually highly dependent on thermo-
regulatory behavior and access to thermal resources (e.g.,
basking locations), as they have little metabolic heat produc-
tion and typically occupy a thermally heterogenous landscape
(Basson et al. 2017). The metabolic benefits of basking, how-
ever, are countered by the predation risks involved in being
exposed outside of refuge (Huey and Slatkin 1976).
Altogether, this suggests that the syndrome linking metabolic
rates, survival, and boldness in ectotherms could be mediated
in part by thermoregulatory behavior—bolder individuals will
bask more and therefore experience greater predation risk due
to exposure, but will also have greater growth and fecundity
due to metabolic benefits. In support of this, lizards
(Lampropholis delicata) have been characterized by individ-
ual thermal types along a cold-hot continuum, with Bhot^
individuals preferring higher body temperatures and having
greater locomotor performance than Bcold^ individuals
(Goulet et al. 2017a). Moreover, individual lizards with bold,
exploratory, and active personalities also preferred higher
body temperatures (Goulet et al. 2017b), supporting the pos-
sible link between boldness and thermoregulatory behavior in
ectotherms. In another study, Carter et al. (2010) found that
lizards (Agama planiceps) that are bolder had higher rates of
injury (tail loss) but spent more time basking, though the latter
was largely attributed to its role in territorial displays. We
know of no studies that have jointly examined thermoregula-
tory behavior, predation risk, and boldness in a wild ectotherm
population, which is critical for assessing the ecological con-
sequences of personality (Archard and Braithwaite 2010).

We examined boldness in eastern box turtles (Terrapene
carolina; Fig. 1), a widespread but threatened species found
in the eastern USA (Dodd 2001). Box turtles have been anec-
dotally observed to exhibit among-individual behavioral var-
iation in response to humans (Dodd 2001, p. 140), and indi-
vidual turtles vary reliably in emergence times from winter
dormancy (DeGregorio et al. 2017), collectively suggesting
that variation in personality types (and perhaps thermal types)
may be present within these turtles. As terrestrial ectotherms
(Gatten 1974) often found in forests with dense canopy cover,
eastern box turtles occupy habitats with limited access to
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sunlight for basking, often relying on habitat edges and small
gaps in the canopy to escape the shade. The lack of conceal-
ment at basking sites and the movement (at a slow pace)
required to access these sites likely exposes these typically
secretive turtles to predation risk, creating an appropriate sys-
tem for studying ectotherm personality as it pertains to bold-
ness, thermoregulation, and mortality. Furthermore, damages
to the shell of turtles can serve as a record of previous encoun-
ters with predators (as well as aggressive interactions with
conspecifics; Dodd et al. 1997), and equipment for tracking
and logging environmental data can readily be affixed to turtle
shells, making turtles an experimentally tractable study
subject.

In this study, we evaluated boldness repeatedly in individ-
ual, free-ranging box turtles and tested whether boldness was
related to ecologically important characteristics that may me-
diate selection on boldness: thermoregulation, shell injuries
(i.e., predation risk), and movement behavior. First, we hy-
pothesized that individual box turtles would exhibit consistent
latencies to extend their head from the shell and begin moving
after standardized handling by humans (Ibáñez et al. 2014),
reflective of a shy-bold axis of personality variation, even after
accounting for differences in age, sex, and size. Second, we
predicted that bolder turtles would experience higher body
temperatures due to greater access to and/or use of basking
areas. We tested this by correlating mean behavior scores with
temperatures experienced in the field as recorded on data log-
gers mounted on the turtles. Next, we expected that bolder
turtles would have more damage due to higher encounter rates
with predators. Alternatively, shyer turtles may have more
damage due to a greater probability of having survived en-
counters with predators (whereas bold turtles who sustain such
injuries are also killed because of reduced hiding behavior).
We tested this by correlating mean behavior scores with shell
injury scores. Finally, we predicted that bolder turtles would
exhibit greater rates of movement. This is supported by the
following points: activity levels are often positively correlated
with boldness in behavioral syndromes (Sih et al. 2004); bold-
ness in lizards is associated with larger home ranges (Carter
et al. 2010); and maintaining higher body temperatures in bold
individuals may require more movement to access shifting
thermal resources. Alternatively, bolder turtles may occupy

better territories and therefore require less movement. We test-
ed this by correlating mean behavior scores with estimates of
home range size and rates of movement calculated using re-
locations of individual turtles.

Methods

Study site Eastern box turtles were studied at Allee Memorial
Woods (AMW), a 72-ha nature preserve in Parke County,
Indiana. AMW consists largely of old growth (virgin) forest,
as well as some secondary forest growth. Intermittent canopy
openings provide areas of sunlight on the forest floor. The
terrain is characterized by several steep gorges with small
streams at the bottom. From 1958 to 1983, the box turtle
population at AMW was the subject of research focused on
demographic characteristics of the population (using mark-
recapture methods; Williams and Parker 1987). Turtles
marked in that earlier work were still alive and included in
this study, but presumably had little interaction with humans
in over 30 years.

Initial capture and data collection Turtles were collected by
searching on foot June 2–15, 2015, andMay 16–25, 2016. We
collected 19 box turtles in 2015 and 14 additional turtles in
2016. Because turtles had to be observed to be included in the
study, it is possible that particularly secretive individuals
would have been underrepresented in the sample (Biro and
Dingemanse 2009). This would yield a conservative underes-
timate of the extent of behavioral variation in the population.

Initial handling of the turtles differed between years. In
2015, we placed newly captured turtles in a zippered black
nylon bag until they could be processed (approximately 30–
90 min). We then brought them to a common location on site
and, as part of disease surveillance, swabbed the mouth and
cloaca of each turtle and drew approximately 0.5 mL of blood
from the subcarapacial sinus. In 2016, we immediately drew
approximately 0.2 mL of blood, placed the turtles in a black
nylon bag on the ground at the point of capture for 30 min,
drew another 0.2 mL of blood, and then observed the behavior
of the turtles for up to 10 min, as part of a study on stress-
induced changes in hormone levels.

Fig. 1 Example eastern box
turtles (Terrapene c. carolina)
from the study population. The
turtle on the left is hiding in the
shell with the plastron (ventral
portion) angled upward and
largely protecting the head,
whereas the turtle on the right has
emerged from the shell
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In both years, we thenmeasured the length and width of the
carapace using calipers and weighed the turtles with a spring
scale. We sexed each turtle by a thorough evaluation of the
presence of an indentation on the plastron, a flared carapace
margin, the position of the cloaca relative to the tail, and col-
oration (Dodd 2001). We also estimated the age of the turtles
by counting the number of annuli (growth rings) in the scutes
of the carapace, which provide an approximate but inexact
estimate of age until about 15–20 years (Wilson et al. 2003).
We developed an age classification system to extend the esti-
mates of age beyond the easily counted 15 annuli (and indeed
we knew based on prior marks that several turtles were ≥
68 years old). We classified the turtles into one of four age
classes: 1—turtles with a carapace length < 115 mm and con-
sidered juveniles (Williams and Parker 1987); 2—growing
adults with fewer than 15 annuli but > 115 mm in length;
3—non-growing adults with ≥ 15 well-defined annuli; and
4—older adults with vertebral annuli that had become worn
and uncountable with age.

We assessed the injuries to the carapace and plastron follow-
ing the system of Saumure et al. (2007). Briefly, the carapace
and plastron were each divided into four quadrants, and each
quadrant was scored on a 0–3 scale, indicating the most severe
injury to that quadrant. The scale ranged from no injuries (0),
small damages only to the scute layer (1), small damages to
both the scute and underlying bone, large areas of damage
confined to the scute, or missing portions at the margins of
the shell (2), and large damages to both the scute and bone
layer (e.g., fractures; 3). Very shallow scratches and scrapes,
such as would occur while crawling through brush or
burrowing, were not considered. We also did not include any
holes drilled in themargin of the carapace for marking purposes
during prior research activities. We added together the scores
for each quadrant of the carapace and plastron to produce a
single measure of the severity of injuries sustained, with poten-
tial values ranging from 0 to 24. Most of these injuries were
likely derived from predators, though vehicles, lawnmowers,
and farm equipment could be a contributing factor on occasions
when these turtles leave the forest. Known predators (Dodd
2001, p. 140) that have been documented at the AMW site
include raccoons (Procyon lotor), coyotes (Canis latrans),
and Virginia opossum (Didelphis virginiana), and both rac-
coons and coyotes have been observed or photographed with
game cameras during the activity period of the turtles (B.E.
Carlson, personal observations). While these predators can suc-
cessfully kill adult box turtles (Dodd 2001, p. 140), it is possi-
ble that many of these injuries were inflicted as juveniles when
the shells were weaker and more easily fit into the mouth of
medium-sized carnivores.

If turtles lacked a tag from previous research, we marked
them by filing notches into the marginal scutes of the carapace
(Ernst et al. 1974). We then used a 5-min epoxy gel (Devcon,
Danvers, MA) to attach a 15.3-g radio transmitter (R1860,

Advanced Telemetry Systems, Isanti, MN) to the pleural
scutes on one side of the carapace. A Thermochron iButton
temperature logger (DS1921G, Maxim Integrated, San Jose,
CA) was similarly attached on the opposite side of the cara-
pace to monitor body temperatures. Carapace and internal
body temperatures correlate well in box turtles (do Amaral
et al. 2002), including when carapacial temperatures are mea-
sured with iButtons as in this study (Bernstein and Black
2005). Prior to attachment, the iButtons were programmed
to record temperature every 30 min and weather-sealed with
a black plastic coating (Plasti Dip, Blaine, MN), which mini-
mally influences the reliability of temperature readings
(Roznik and Alford 2012). The combined weight of the radio
transmitter, the iButton, and the epoxy was approximately
19.4–22.8 g, which ranged from 3.5–6% of turtle body
weight. After the epoxy had set, we released the turtles at
the location of capture. The time from initial capture to release
ranged from approximately 1–3 h.

Tracking and behavioral assays After a 6 to 8-day recovery
period, we began tracking the turtles using a receiver and a
directional antenna. Each turtle was generally tracked and
behaviorally assayed twice per week, though practical limita-
tions and difficulties relocating turtles resulted in 2 to 12-day
intervals (mean = 3.4 days) between consecutive encounters
with the same turtle. All behavioral assays were performed
during the daytime between 0900 and 1700.

When located, we placed the turtle in a black, heavy-duty
nylon bag for 3 min. In 2016, we used an infrared thermometer
(Fluke 62 Max, Fluke Corporation, Everett, WA) to record the
plastron temperature prior to placing the turtle in the bag.While
the turtle was in the bag, we recorded the coordinates of its
capture location using a MobileMapper 20 GPS unit
(Spectra-Precision, Westminster, CO) to a stated accuracy of
approximately ± 2 m, the air temperature and relative humidity
(as percent), both with a Mini Environmental Quality Meter
(Sper Scientific, Scottsdale, AZ), the percent canopy cover
(using a spherical densiometer; Forest Densiometers, Rapid
City, SD), and whether the turtle was found exposed (partly
or entirely) or concealed (under leaves, buried in mud, etc.).
During this time, the turtle would have been able to hear the
researchers speaking to each other and may have been able to
smell them. After 3 min, all but one of the researchers moved
approximately 10 m away, and then the remaining researcher
removed the turtle from the bag, placed it back on the ground,
and walked 10 m away, while one of the other researchers
observed the turtle through binoculars. Frequently, we had to
relocate the turtle 1–2 m (and rarely up to 10 m) from its
original location to ensure it was visible to the observer through
vegetation, and we recorded the approximate distance turtles
were displaced for inclusion in analyses. We recorded the time
elapsed from placing the turtle on the ground to (1) head emer-
gence (Bemergence latency^), operationally defined as

9 Page 4 of 13 Behav Ecol Sociobiol (2018) 72: 9



extending the head from the shell such that the eyes surpassed
the anterior margin of the carapace (modified after Ibáñez et al.
2014; Fig. 1) and (2) movement, when the turtle began walk-
ing. Practical limitations prevented the use of blinding to min-
imize bias with respect to individual turtle identity and previous
behavioral scores, though head emergence andmovement were
easily recognized and variable enough among individuals so as
to minimize the possible influence of bias (see BResults^ sec-
tion). We terminated trials as soon as the turtle moved or after
10 min and then left the area.

After tracking and assaying each turtle eight times, we
removed the radio transmitter and iButton. Five of the turtles
either lost their iButtons or radio transmitters, or could not be
relocated, and thus did not yield temperature data. Turtles that
left the Allee Woods property could no longer be studied and
had their iButtons and radio transmitters removed. These tur-
tles, along with those who lost their radio transmitters or could
not be relocated, resulted in seven turtles being assayed fewer
than eight times (range of 2–7).

Data analysis We first determined the repeatability of emer-
gence andmovement latencies, with the latter calculated as the
elapsed time from head emergence to the first movement of
the turtle. For 11/237 trials, emergence was never observed in
the 10-min observation period, and we used the maximum
value (600 s) as the emergence latency. This practice, though
it censors the data, is representative of how slow these turtles
were to emerge. For 36/237 trials, the movement latency could
not be estimated as no movement occurred within the 10-min
observation period. We excluded these trials to avoid calcu-
lating movement latencies that may be non-representative of
observed behavior. For example, a turtle that neither moved
nor emerged in the 10-min period would have a calculated
movement latency of 0 s if we assigned a 600 s value for the
movement time and subtracted the emergence latency (also
600 s). One to three observations of movement latency were
therefore incalculable for each of 18/33 turtles.

Repeatability of behaviors was estimated both with and
without correcting for the potential influence of variation in
assay conditions and non-behavioral phenotypic characteris-
tics. We used linear mixed models (LMMs) fitted with restrict-
ed maximum likelihood (REML) estimation, using the lmer
function in the package Blme4^ (Bates et al. 2015) in program
R (version 3.1.0; R Core Team 2014). Individual turtle ID was
incorporated as a random intercept, and log (x + 1) trans-
formed emergence or movement latencies were the response
variables. In the model in which we corrected for assay con-
ditions, we also included as fixed covariates relative humidity,
air temperature, whether turtles were exposed or concealed
upon capture, the distance relocated by the experimenters
from their initial location of capture, time of day, year (2015
or 2016), and test number (1–8, to test for habituation or
learning). We also ran this same analysis with and without

the plastron temperature of the turtles instead of air tempera-
ture, using only the 14 turtles in 2016 for which this was
measured. Body temperature did not significantly affect either
head emergence or movement latency, nor did it substantively
alter the estimate of repeatability, and therefore, we focused on
air temperature. In the model in which we corrected for indi-
vidual phenotypic differences, we included as covariates sex,
age class, carapace length, body condition, and nesting status.
Body condition was calculated as the residuals from a stan-
dardized major axis regression of log-transformed mass
against log-transformed carapace length. Females were con-
sidered nesting if they left Allee Woods; all but one of these
turtles were located in unforested areas more suitable for
nesting, and the remaining female could not be located until
her return a few weeks later. This latter analysis for the effects
of individual phenotypic differences is considerably less pow-
erful than the analysis of the effects of testing conditions, as
phenotypic values remained the same across repeated samples
of individuals, and therefore, the functional sample size is
dictated by the number of turtles. This sample size was low
for evaluating the effects of five covariates, and therefore,
caution is warranted in interpreting these data. We estimated
the repeatability as (among individual variance/[among indi-
vidual variance + residual variance]), using the estimated var-
iance components from the LMM output. For repeatability
and for all covariates, we evaluated significance using para-
metric bootstrapping to calculate 95% confidence intervals, as
implemented in the package BrptR^ for repeatability estimates
(Nakagawa and Schielzeth 2010) and the confint function in
the package Blme4^ for fixed effects. We also report the coef-
ficient of variation for between-individual variance (CVB) in
behavior as a standardized measure of the degree of variation
among individuals, following recent recommendations
(Holtmann et al. 2017).

We next evaluated relationships between mean emergence
and movement latencies and the ecological variables of inter-
est: body temperature, injury scores, and movement rates. For
body temperature, we anticipated that the mean body temper-
atures of turtles would be negatively correlated with emer-
gence and movement latencies. We calculated the daily mean
temperatures for each individual turtle from their attached
iButtons, excluding the first and last days for which we did
not have a full 24 h of data. We subtracted from each daily
mean the mean reference temperatures for the corresponding
days that were acquired from an iButton placed in an arbitrary,
shaded location on the forest floor. Subtracting the tempera-
ture at a reference site allowed us to account for variation in
body temperature that is due to day-to-day variation in the
ambient temperature (Feaga and Haas 2015). Generally, turtle
body temperatures were higher than reference temperatures,
suggesting that the turtles non-randomly favored sunnier,
warmer areas than our reference site. We calculated each tur-
tle’s mean temperature difference from the reference across all
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days it was monitored (ranging from 11 to 35 days) and used
this as a dependent variable in a linear regression with log-
transformed mean emergence and movement latencies as in-
dependent variables. The correlation between mean emer-
gence and movement latencies was modest (r = 0.42; see
BResults^ section) resulting in minimal variance inflation
due to collinearity. For this analysis, we also included the year
of the study (2015 or 2016), as the studies in the 2 years
occurred at slightly different times of year and 2016 was char-
acterized by lower cloud cover and precipitation than 2015.
For injury scores, we predicted a negative relationship be-
tween the extent of injuries and emergence and movement
latencies. We used linear regression to assess the association
between injury score and log-transformed mean emergence
and movement latencies, and we included age class as an
additional covariate in this analysis, as older turtles would be
expected to have accumulated more damage to their shells.

For movement rates, we expected mean rates of movement
to be negatively associated with emergence and movement
latencies. We measured the distance moved between coordi-
nates for consecutive recaptures and divided by the days
elapsed between recaptures to yield meters moved per day.
The values obtainedwere within the range previously reported
for this species (40 ± 50 m/day [mean ± 1 standard deviation];
Strang 1983). We also preliminarily evaluated minimum con-
vex polygon (MCP) estimates of home range size, but MCP
and other home range estimators are very sensitive to the
number of locations recorded (Seaman et al. 1999; Harless
et al. 2010), which was very low in this study. The results of
analyses of home range and movement rates were nonetheless
qualitatively similar. Distances between recaptures were mea-
sured using the spDistsN1 function in the Bsp^ package in R
(Pebesma and Bivand 2005). We used the mean movement
rate for each individual turtle, but excluded four individual
turtles for which we had data for fewer than five relocations
(and hence had four or fewer estimates of meters moved per
day). We then used linear regression to evaluate the associa-
tion between mean movement rates (dependent variable) and
log-transformed mean emergence and movement latencies
(independent variables). We also included nesting status as a
covariate, as we expected nesting females to move at higher
rates than males and non-nesting females.

Data availability The datasets generated and analyzed in this
study are available through Figshare (https://doi.org/10.6084/
m9.figshare.5631979.v1).

Results

Characteristics of the sampled turtles are described in Table 1.
We found evidence that emergence latency and movement
latency were consistent personality traits. Emergence latency

was highly repeatable within individuals, with an estimated
r = 0.73 (95% CI [0.61, 0.82]; CVB = 1.52; Fig. 2a).
Emergence latency repeatability remained high after account-
ing for variables associated with assay conditions (r = 0.75,
95% CI [0.61, 0.83]). The only assay condition that signifi-
cantly affected emergence latency was time of day, with emer-
gence time being shorter later in the day (Table 2). After ac-
counting for individual phenotypic differences, emergence la-
tency was still similarly repeatable (r = 0.75, 95% CI [0.62,
0.84]), and emergence times were not explained by any of the
included phenotypic characteristics (Table 2); the effects of
particular phenotypic characteristics should be interpreted
with caution, however, given the relatively high number of
model parameters for the sample size at the level of individual
turtles.

Similarly, the latency to begin moving after emerging from
the shell was repeatable within individuals, but less so than
emergence latency (r = 0.43, 95% CI [0.25, 0.58]; CVB =
0.75; Fig. 2b). As before repeatability was affected little by
accounting for assay conditions (r = 0.41, 95% CI [0.23,
0.56]), none of which were significantly associated with
movement latency, though there was a tendency for shorter
movement latencies later in the day and in turtles that were
exposed when they were located (Table 3). Repeatability was
also similar after adjusting for individual phenotypic differ-
ences (r = 0.40, 95%CI [0.21, 0.57]). None of these covariates
were significantly associated with movement latency.

We evaluated the association between head emergence la-
tency and movement latency to determine the extent to which
they were independent traits. Head emergence latencies and
movement latencies were significantly but modestly correlat-
ed, both at the level of individual observations (r = 0.42, t199 =
6.61, p < 0.0001) and at the level of mean values for individual
turtles (r = 0.43, t30 = 2.59, p = 0.01).

Table 1 Summary statistics for sample characteristics

Variable Category Sample size (n) or
mean (and range)

Sex Males n = 18

Females n = 15

Age class 2 n = 6

3 n = 14

4 n = 13

Number of assays/relocations per turtle 7.2 (2–8)
aMean head emergence latency (s) 67 (0–249)
aMean movement latency (s) 68 (0–266)
aMean daily body temperature

(adjusted for reference temperature)
(C)

+ 1.8
(− 0.30 − + 3.02)

Injury score 8.9 (2–19)
aMean meters moved per day 23.5 (4.1–68.5)

aMean values for individual turtles across multiple measurements
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We next tested for the effects of emergence and movement
latencies on temperature, injury scores, and movement rates.
After accounting for higher temperatures experienced by box
turtles in 2016 relative to reference iButtons than in 2015 (β =
1.31, t23 = 5.82, p < 0.0001), turtles with longer mean head
emergence latencies maintained relatively cooler temperatures
(β = − 0.16, t23 = 2.82, p = 0.01; Fig. 3). There was no associ-
ation between mean movement latency and temperature (β =

0.10, t23 = 1.17, p = 0.26). Mean head emergence latency was
not associated with injury scores (β = 0.42, t28 = 1.34, p =
0.19), but higher mean movement latencies tended to be asso-
ciated with reduced injury scores (β = − 0.91, t28 = 1.86, p =
0.07; Fig. 4). Older age classes of turtles tended to have higher
injury scores (β = 1.99, t28 = 2.09, p = 0.046). Average move-
ment rates were not associated with mean head emergence
latency (β = − 0.57, t25 = 0.42, p = 0.68) or movement latency
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Fig. 2 Individual box turtle a
head emergence latency and b
movement latency. Values are
presented as means for each turtle
(large gray circle), with individual
observation values (small open
circles) located above and below
means to demonstrate
intraindividual variation. A small
amount of random noise has been
added to individual observation
values to reduce overlap.
Individual turtles have been
sorted from left to right by mean
head emergence latency. Axes for
latencies are logarithmic

Table 2 Estimated effects (β) and 95% confidence intervals for the
influence of (a) assay conditions and (b) individual phenotypes on
measures of head emergence latency in eastern box turtles. Estimates
were derived from linear mixed models with parametric bootstrapping
used to calculate confidence intervals. Bold values are significant, with
95% confidence intervals that do not contain 0

β 95% CI

a) Assay conditions

Relative humidity − 0.006 (− 0.022, 0.008)

Air temperature − 0.005 (− 0.014, 0.006)

Exposed (vs. under cover) − 0.043 (− 0.431, 0.349)

Relocation distance 0.010 (− 0.089, 0.104)

Year − 0.075 (− 0.800, 0.703)

Time of day − 0.003 (− 0.005, − 0.001)
Test number − 0.040 (− 0.108, 0.035)

b) Phenotypic differences

Sex (M vs. F) 0.644 (− 1.512, 2.841)

Age class − 0.702 (− 1.970, 0.687)

Carapace length 0.002 (− 0.222, 0.192)

Body condition 8.887 (− 10.950, 29.440)

Nesting (vs. not nesting) 0.357 (− 2.397, 3.108)

Table 3 Estimated effects (β) and 95% confidence intervals for the
influence of (a) assay conditions and (b) individual phenotypes on
measures of head emergence latency in eastern box turtles. Estimates
were derived from linear mixed models with parametric bootstrapping
used to calculate confidence intervals

β 95% CI

a) Assay conditions

Relative humidity 0.039 (− 0.290, 0.358)
Air temperature 0.001 (− 0.010, 0.014)
Exposed (vs. under cover) − 0.447 (− 0.979, 0.094)
Relocation distance − 0.002 (− 0.143, 0.147)
Year − 0.212 (− 0.774, 0.293)
Time of day − 0.186 (− 0.445, 0.055)
Test number − 0.032 (− 0.132, 0.064)

b) Phenotypic differences

Sex (M vs. F) 1.280 (− 0.173, 2.684)
Age class − 0.792 (− 1.724, 0.163)
Carapace length − 0.023 (− 0.149, 0.099)
Body condition − 0.581 (− 13.376, 11.055)
Nesting (vs. not nesting) 0.650 (− 1.085, 2.444)
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(β = 1.72, t25 = 0.81, p = 0.43). However, nesting female tur-
tles moved significantly more per day (β = 21.80, t25 = 3.01,
p = 0.006).

Discussion

Our research supports and extends previous work (e.g., Carter
et al. 2010; Goulet et al. 2017b) on ecological correlates of
personality in terrestrial ectotherms. We found that eastern
box turtles display consistent behavioral differences across
time and within individuals, and these behavioral differences
are associated in expected ways with thermoregulation and

injuries; bolder turtles maintained higher body temperatures
but tended (albeit non-significantly) to have more injuries.
This suggests a potentially important trade-off between ther-
moregulation and predation risk that may influence selection
on personality in turtles. We explore each of these findings in
greater depth below.

Individual turtles consistently differed from each other in
their latency to emerge from the shell and to begin moving
following a standardized disturbance, suggestive of the exis-
tence of a boldness-shyness axis of variation in personality
(Briffa et al. 2008). The breadth of personality differences
was dramatic (Table 1; Fig. 2), with some individuals reliably
emerging immediately from their shells after a presumably
stressful interaction with humans while others remained in
the shell for several minutes. Notably, the mean emergence
times for individuals are strongly bimodal, with similar num-
bers of individuals having average emergence times of less
than 7 s and more than 58 s, with no intermediate behavioral
phenotypes. This bimodal distribution of personality types has
been observed in other species (Pruitt et al. 2008; Bergeron
et al. 2013) and is consistent with models of disruptive selec-
tion on personality (Wolf et al. 2007). Moreover, testing con-
ditions (such as environmental factors or test number) and
other features of individual phenotypes (such as sex and
age) minimally influenced these behaviors, and the repeatabil-
ity of these behaviors was not attributable to these other po-
tential generators of inter-individual behavioral differences
(López et al. 2005; Näslund and Johnsson 2016). When com-
pared to a meta-analysis of repeatability estimates of animal
behavior (Bell et al. 2009), our data show relatively high re-
peatability for head emergence latency and moderate repeat-
ability for movement latency, particularly in comparison to
other herpetofauna. Such behavioral consistency that is not
dependent on the environment or individual state indicates
strong evidence that boldness (as measured by our assay) is
a personality trait in eastern box turtles. However, future work
could validate the presence of an underlying boldness-shyness
axis of behavioral variation in box turtles by performing alter-
native behavioral tests of responses to risk and demonstrating
inter-assay consistency among these measures (Beckmann
and Biro 2013).

Boldness appeared to be positively associated with thermo-
regulation. As ectotherms, turtles must access thermal re-
sources (i.e., basking sites) to regulate body temperatures
and, consequently, physiological processes such as immune
function (Zimmerman et al. 2017) and digestion (Harlow et al.
1976). As inhabitants of forests, which may offer limited ac-
cess to sunlight, eastern box turtles may be especially
constrained in their ability to maintain high body tempera-
tures. Exposure to and movement to basking sites are likely
to present a greater risk of predation, and therefore, we antic-
ipated that bolder individuals would maintain higher body
temperatures than more risk-averse conspecifics. We indeed
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Fig. 3 The relationship between relative temperature (mean temperature
in °C of shell-affixed data logger minus mean temperature of reference
data logger) and mean head emergence latencies for individual turtles.
Circles indicate data from 2015, and triangles represent data from 2016.
The line indicates the relationship between relative temperature and head
emergence latency, adjusted for the effects of movement latency and year
in a multiple regression model
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Fig. 4 The relationship between shell injury scores and mean movement
latencies for individual turtles. Movement latency is presented on a
logarithmic axis. The relationship tended to be negative (p = 0.07; see
BResults^ section)
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found that bolder turtles are warmer turtles—average body
temperatures relative to a stationary reference point were
higher in turtles with shorter latencies for head emergence
(but not movement). This finding joins a growing body of
evidence of individual variation in thermoregulatory behavior.
Within reptiles, Goulet et al. (2017a, b) described Bthermal
types^ in the delicate skink (Lampropholis delicata), finding
that individuals varied consistently in thermoregulation, and
Carter et al. (2010) found that bolder male Namibian agama
lizards (Agama planiceps) spent more time basking but did
not document or discuss the thermoregulatory consequences
of these behavioral differences. We interpret the relationship
between boldness and thermoregulation in turtles as integra-
tion of personality and physiology (Goulet et al. 2017b), with
bolder behaviors favoring the maintenance of higher body
temperatures (and therefore higher metabolic rate) for greater
performance of escape behavior (Dodd 2001, p. 140; Hertz
et al. 1982) and/or for enhanced rates of growth and reproduc-
tion to compensate for greater mortality (Smith and Blumstein
2008). However, it is possible that differences in body tem-
perature causally precede behavioral differences. Under this
assumption, turtles that tend to be warmer as a consequence of
idiosyncratic differences in movement behavior or home
range features may exhibit bolder behaviors. This explanation
is less likely as neither shell temperature nor air temperature at
the time of testing was correlated with latency to emerge or
move, and therefore, boldness is generally stable across the
range of temperatures experienced in this study. It is possible,
however, that long-term exposure to alternative thermal re-
gimes could support the expression of differing personality
types (Stahlschmidt et al. 2016). This could be evaluated by
comparing behavior among populations of turtles that experi-
ence different average temperatures as a result of climate or by
rearing turtles in controlled environments and evaluating be-
havioral variation.

We also found a tendency for greater injuries to the shell in
bolder turtles. As boldness reflects the propensity towards
tolerating versus avoiding risk, animals with bolder personal-
ities are generally hypothesized to experience more encoun-
ters with and/or successful attacks by predators (Stamps
2007), and this is often supported (Dugatkin 1992; Hulthén
et al. 2017; but see, Langkilde and Carlson 2014; Delnat et al.
2017). In the box turtles in this study, thermoregulatory be-
havior, in particular, presents a plausible mechanistic link be-
tween boldness and predatory risk, as described above.
Fortunately, turtles often carry a record of their history of
attempted predation events in the form of damage to the shell.
There was a tendency for turtles with shorter movement laten-
cies to bear more extensive injuries on their shell, similar to
the correlation observed between tail loss (presumably by
predators) and boldness in lizards (Carter et al. 2010). Given
the consistency of this result with our expectations and prior
work, we suggest it is likely that this represents a real pattern

but should nonetheless be considered cautiously. We propose
that turtles that move more quickly after an attack are more
likely to be attacked again, whereas shyer turtles remain mo-
tionless longer and may not begin moving until the predator
has left the area, preventing a second attack. Alternatively,
shorter movement latency in our assays may indicate a greater
propensity for movement in general, which could make bolder
turtles more likely to attract the attention of a predator. It is
also possible that the history of predation events and injuries
determines behavior, with attacked individuals becoming
desensitized to predator encounters (Brown et al. 2007;
Thaker et al. 2010), generating a correlation between boldness
and injuries. Determining whether turtles were emboldened
by their prior experiences of predators, or bolder turtles are
more likely to encounter predators, could be addressed by
continually monitoring behavior and injuries in free-ranging
turtles to determine whether boldness changes following ad-
ditional predation events or is instead predictive of the occur-
rence of new injuries.

The tendency for boldness to positively correlate with in-
juries makes the continued persistence of bold turtles in the
population to be puzzling, especially considering the pre-
sumed effectiveness of the defensive behavior they are mini-
mally utilizing (hiding in the shell). The plastron (a ventral
portion of the shell) of box turtles is hinged, enabling them to
completely enclose the retracted head and limbs, forming a
defensive barrier that is nearly impenetrable to most common
predators (Dodd 2001). Nonetheless, we found that a large
proportion of the turtles we observed extended their head
and/or limbs very quickly after handling by a human, and
many remained unenclosed in the shell even while being han-
dled and having blood drawn (B.E. Carlson, personal obser-
vations). The failure of some individuals to employ what is
apparently a highly effective defense during encounters with
predators has been previously observed and credited for the
occasional successful predation event by medium-sized carni-
vores (e.g., raccoons, opossums, and coyotes) upon adult box
turtles (Dodd 2001, p. 140), though many of the injuries we
observed could have been inflicted when the turtles were
younger and more easily damaged. While intraspecific varia-
tion in boldness is widespread, it remains striking that such
apparently maladaptive behavior is maintained. Behavioral
syndromes are present when behavioral traits are correlated
across contexts, demonstrating limited plasticity (Sih et al.
2004). This can generate trade-offs in which a behavioral trait
is maladaptive in certain circumstances, but either the same or
a linked behavior provides a compensatory benefit in other
situations (Duckworth 2006). In box turtles, we found evi-
dence of thermoregulatory benefits for bold turtles, and it is
possible that the fitness effects of this or other, unmeasured
characteristics (e.g., fecundity) of bold turtles compensate for
the increased risk of predation. Alternatively, the lack of con-
cealment in the shell in some individuals could be because the
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threat perceived by human handling and subsequent confine-
ment was not strong enough to elicit an antipredator response,
though a higher risk situation would have resulted in the ex-
pression of appropriate behaviors (Quinn and Cresswell
2005). It would be valuable to conduct similar behavioral
assays after exposure to more realistic simulated predation
events. Finally, it is also possible that bold turtles simply ex-
hibit alternative, but effective, antipredator behaviors. Fleeing,
especially to cover, may be a deterrent to some predators, as
could be biting and defecating, behaviors the turtles in this
study occasionally performed. Moreover, the shell may be
utilized on a moment-to-moment basis rather than for
prolonged periods of hiding, with bold turtles retreating into
and emerging from the shell repeatedly at appropriate times
during the interaction with the predator. Addressing this pos-
sibility would entail a more comprehensive assessment of de-
fensive behaviors.

We hypothesized that turtles who exhibited higher levels of
boldness would also exhibit higher rates of movement because
frequent relocation would be needed to track shifting patches
of sunlight and because movement could constitute a risky
behavior and, thus, ought to be correlated with boldness.
Moreover, boldness and general activity levels are often cor-
related in other animals, forming a behavioral syndrome
(Wilson and Godin 2009), and larger home ranges have been
previously documented in bolder individuals of other species
(e.g., Spiegel et al. 2017). This hypothesis was not supported
by our data. This may indicate that movement behavior is
unrelated to boldness, or bold turtles could actually be more
active and mobile but restrict these movements to similar
home range areas as shy turtles. However, our ability to draw
conclusions from these data is limited by how we quantified
the movements of the turtles. By measuring the linear distance
between consecutive coordinates collected several days apart,
we failed to account for any non-linear movements, which can
lead to dramatically underestimated path lengths (Rowcliffe
et al. 2012). Future efforts to evaluate the relationship between
personality and movement behavior should employ either
more frequent relocations of turtles by telemetry or GPS log-
gers to record positional data at regular intervals (Hebblewhite
and Haydon 2010).

Personality in terrestrial ectotherms, namely non-avian rep-
tiles and adult amphibians, has not been examined as extensive-
ly as it has in other vertebrates (but see: Brodie and Russell
1999; López et al. 2005; Stapley 2006; Cooper 2009; Carter
et al. 2010, 2016; Mafli et al. 2011; Wilson and Krause 2012;
Citadini and Navas 2013; González-Bernal et al. 2014; Kuo
et al. 2015; Stahlschmidt et al. 2016; Riley et al. 2017;
Šimková et al. 2017; Siviter et al. 2017). Our study adds to
the nascent understanding of behavioral differences in this
group of animals. Specifically, we suggest that the emergence
behavior of box turtles in response to the stress-inducing expe-
rience of human handling and confinement is highly variable

among individuals and stable within individuals, and such var-
iation in boldness could be maintained by a trade-off between
thermoregulation and predation risk. The concept of a trade-off
between growth and mortality is well-established as a potential
contributor to the persistence of interindividual variation in
boldness, but this present study demonstrates how this trade-
off may be uniquely manifested in terrestrial ectotherms faced
with a thermally challenging environment. Continued work in
reptiles and amphibians may reveal whether this is a general
pattern within these taxa and thus expand our understanding of
the evolution of animal personality.
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