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Fitness proxies such as performance measures are used to quantify relative fitness in systems where
direct measurements are unobtainable. To provide meaningful results at the individual level, fitness
proxies must demonstrate not only repeatability, as measured by high intraclass correlation coefficients,
but also rank repeatability. Here we illustrate the importance of rank repeatability in fitness proxies
using a commonly employed example: righting time in hatchling turtles. Our results show that indi-
vidual righting time varies strongly among trials and is not replicable enough to provide repeatable
rankings of individuals or clutches. To illustrate the potential implications of this finding, we use our data
to test the predication that larger turtles have faster righting times, using three consecutive trials of
righting time. The resulting conclusions vary substantially among trials. Thus, we conclude that righting
time does not meet the criterion of rank repeatability required for estimates of relative individual fitness,
performance or phenotypic quality. Researchers employing similar proxies should assess the rank
repeatability of a proxy before applying it to questions of relative individual fitness. If a measure shows
satisfactory repeatability, the final test for a fitness proxy is to demonstrate a correlation with actual
fitness, ideally in the organism’s natural habitat.
� 2014 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.
Performance measures and proxies of fitness or phenotypic
quality are often used to study wild populations where a direct
measure of fitness is not possible. Commonly used examples
include body condition (Bradford et al., 2012), stress hormone
concentrations (Bonier, Martin, Moore, & Wingfield, 2009), loco-
motor speed (Huey & Dunham, 1987; Langkilde, Lance, & Shine,
2005), symmetry (Alford, Bradfield, & Richards, 2007; Shine,
Langkilde, Wall, & Mason, 2005), and most recently, personality
(Ibáñez, Marzal, López, & Martin, 2013; Jandt et al., 2013; Menzies,
Timonin, McGuire, & Willis, 2013; Seyfarth, Silk, & Cheney, 2012).
Proxies of fitness or ‘phenotypic quality’ ideally meet several
criteria. There must be significant among-individual variation for
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the trait to be subject to selection, and of evolutionary importance
(Wilson & Nussey, 2010). The trait should be relevant to the study
species’ ecology and should also be correlated with an individual’s
actual fitness (e.g. Isden, Panayi, Dingle, & Madden, 2013; Wikelski
& Romero, 2003; Wilson & Nussey, 2010), although such correla-
tions can be extremely difficult to demonstrate, especially in long-
lived or rare species. Most importantly, the measured trait must
provide a repeatable estimate of fitness or performance.

Repeatability is particularly critical with potentially plastic
behavioural traits such as nesting phenology or locomotor per-
formance. Repeatability of behaviour is typically measured using
the intraclass correlation coefficient (ICC; Lessells & Boag, 1987),
and many behaviours show high individual repeatability based on
ICC (Bell, Hankison, & Lakowski, 2009; Briffa & Greenaway, 2011;
Dingemanse, Kazem, Réale, & Wright, 2010; Huey & Dunham,
1987). But individual fitness is a relative quantity, not an abso-
lute one. Therefore, for a fitness proxy or performance measure to
be used to compare fitness among individuals with different traits
(rather than among groups subjected to different treatments),
these measures must also demonstrate rank repeatability: they
must rank individuals in a consistent order when the
evier Ltd. All rights reserved.
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measurement is repeated (Huey & Dunham, 1987; Laming,
Jenkins, & McCarthy, 2013; Refsnider, 2013). Most studies
assessing repeatability of a trait calculate the ICC, but there is a
difference between high repeatability (high ICC) and rank
repeatability (repeatable ranking of individuals). Rank correlation
is often not assessed and its importance when considering
questions related to relative individual fitness cannot be
overstated.

The adaptive significance of various genetic or phenotypic traits
at the individual level can be tested using fitness proxies that
demonstrate rank repeatability. For example, male blue tits, Cya-
nistes caeruleus, that successfully sire offspring through extrapair
copulations with a neighbouring female are typically larger than
that female’s social mate (Kempenaers, Verheyena, & Dhondia,
1997). Kempenaers et al. (1997) point out that this study relies on
comparing the relative size and reproductive success of neigh-
bouring males (the relative rank by size of individual males
competing to fertilize a particular clutch), not on comparing size
among all males within a population. In another study testing the
effect of paternity on fitness, nestling bluethroats, Luscinia svecica,
fathered by extrapair males displayed significantly higher immune
responses than their half-siblings fathered by the mother’s social
mate (Johnsen, Andersen, Sunding, & Lifjeld, 2000). Comparison of
sibling pairs within a clutch controls for maternal and nest effects
and reveals effects of paternal variation that may not be detectable
by comparing immune response of extrapair and within-pair
offspring across an entire population.

In long-lived organisms where direct measures of fitness are
challenging, repeatable performance measures or fitness proxies
could also be used to test hypotheses about the relative fitness of
half-siblings sired by different fathers, or the fitness of offspring
produced by different pairs of mates (Banger, Blouin-Demers, Bulté,
& Lougheed, 2013; Byrne & Roberts, 2000). However, the appro-
priate unit of measurement for such questions is the individual
offspring, not the clutch. Therefore, this approach requires a mea-
sure of relative individual fitness that demonstrates rank repeat-
ability. In this study we assess a commonly used performance
measure in hatchling turtles to assess whether it demonstrates
rank repeatability, and test potential effects of low rank repeat-
ability in a performance measure on hypothesis testing.

Fitness, performance and phenotypic quality in hatchling turtles
and squamates are often estimated using righting time: the time it
takes an individual to right itself after being placed on its back
(Burger, 1989; Freedberg, Stumpf, Ewert, & Nelson, 2004; Micheli-
Campbell, Campbell, Cramp, Booth, & Franklin, 2011; Mullins &
Janzen, 2006; Patterson & Blouin-Demers, 2008; Steyermark &
Spotila, 2001). Righting time is considered an ecologically relevant
parameter for all hatchling turtles because they risk overturning as
they disperse from nests to aquatic environments, and because
mortality from predators and desiccation during this dispersal is
high (Burger, 1976; Finkler & Claussen, 1997). There is growing ev-
idence that environmental conditions such as temperature and
hydration during development affect righting response in hatchling
turtles (Delmas, Baudry, Girondot, & Prevot-Juillard, 2007; Finkler,
1999; Freedberg et al., 2004; Micheli-Campbell et al., 2011; Mul-
lins & Janzen, 2006; Refsnider, 2013). However, empirical evidence
that righting time accurately predicts fitness is equivocal. Delmas
et al. (2007) found that righting time was positively correlated
with growth and survival rates in nests incubated at fluctuating
temperatures, but not in a second, paired sample of nests incubated
at constant temperatures. Further confounding the situation is the
variation in crypsis among different species, which may also affect
optimal righting strategy. Specifically, the coloration of the plastron
may be cryptic enough that staying still provides a larger fitness
advantage than righting and moving to safety. Finally, a clear link
between fitness and righting time (whether faster or slower) has
not yet been established (Delmas et al., 2007; Refsnider, 2013).

Righting time is quantified in different ways among studies.
Some studies quantify active righting time, or the time spent
actively trying to turn onto the plastron (e.g. Ben-Ezra, Bulté, &
Blouin-Demers, 2008; Freedberg et al., 2004; Micheli-Campbell
et al., 2011). Others also measure latency time: the time the turtle
spends lying passively on the carapace before attempting to right
itself (e.g. Delmas et al., 2007; Rasmussen & Litzgus, 2010;
Refsnider, 2013). Still others measure total righting time, the time
from inverting the turtle until the turtle rights itself, equal to the
sum of latency time and active righting time (Finkler, 1999; Mullins
& Janzen, 2006; Steyermark & Spotila, 2001). Whichever measure is
used, rank repeatability based on the results remains a key
requirement for a proxy of individual fitness. To our knowledge, the
repeatability of relative fitness estimates based on righting time
(i.e. rank repeatability) has never been tested, as studies have either
measured each turtle once (Finkler, 1999; Freedberg et al., 2004;
Paitz, Clairardin, Griffin, Holgersson, & Bowden, 2009; Riley &
Litzgus, 2013), measured each individual several times but
selected the fastest time for analysis (Banger et al., 2013; Ben-Ezra
et al., 2008; Mullins & Janzen, 2006), used the average of several
trials (Maulany, Booth, & Baxter, 2012), or used the clutch as the
unit of measurement (Refsnider, 2013).

Here, we investigate the hypothesis that righting response can
be used as an indicator of relative fitness or phenotypic quality of
individuals by testing the following predictions: (1) interindividual
variation in righting response is higher than intraindividual varia-
tion; (2) individual repeatability of righting time (measured by the
intraclass correlation coefficient) is high; and (3) individuals within
a clutch rank in a similar order in repeated trials. We also test two
competing hypotheses about individual response to multiple
righting trials. If hatchlings learn to right themselves more quickly
with experience (or right themselves more quickly because of
handling stress), then individuals should right themselves more
quickly in consecutive trials. Alternatively, if hatchlings tire with
multiple trials, then individuals should right themselves more
slowly in consecutive trials. Figure 1 shows two extreme examples
of the expected results if righting time is a replicable measure of
relative performance or fitness. In these examples, individual
righting time changes among trials, but the rank of individuals
within a clutch is stable. If individuals show a consistent response
to multiple trials, we predicted three possible responses: (1)
righting time of an individual could be stable among trials, (2) it
could slow as hatchings tire (righting time increases with pro-
gressive trials; Fig. 1a), or (3) hatchlings could learn to right
themselves more quickly with experience (righting time decreases
with progressive trials; Fig. 1b).

METHODS

Ethical Note

Animal care protocols were approved independently by the
Animal Care Committee of the Royal Ontario Museum (ROM AUP
number 2011-18) and the Wildlife Animal Care Committee of the
Ontario Ministry of Natural Resources (OMNR) (WACC number 11-
249). This research was also authorized under Wildlife Scientific
Collector’s Authorization 1062210 and permit AY-B-013-11 from
the OMNR, and a research authorization from Ontario Parks.

Nest Collection and Care

We collected turtle nests in June and July 2011, during an
ongoing conservation project in a wetland complex on Lake Erie,
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Figure 1. Hypothetical righting times of hatchling turtles in three consecutive trials if
individuals demonstrate (a) exhaustion or (b) learning. Both examples assume that
individuals respond to additional trials similarly and there is no interaction of trial
with individual.
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ON, Canada (exact locationwithheld to prevent increased collection
pressure on populations). Predation by racoons, Procyon lotor,
striped skunks, Mephitis mephitis, and Virginia opossums, Didelphis
virginiana, at this site destroys more than 95% of the nests in some
years. Nesting females were observed from a distance and were not
disturbed until egg laying was complete or nesting was aborted.
Females were then measured, marked and released at the nest site.
All nests had different mothers. We targeted nests of the spiny
softshell turtle, Apalone spinifera, and the Blanding’s turtle, Emy-
doidea blandingii.

We incubated eggs in vermiculite mixed with water (1:1 by
weight), incubating each clutch separately. Because E. blandingii
exhibits temperature-dependent sex determination (TSD), clutches
were halved and incubated at both 26 �C and 30 �C to produce both
males and females. In A. spinifera, which does not exhibit TSD, all
eggs were incubated at 30 �C. We weighed incubation containers
on the day of collection and monitored their weight during incu-
bation, adding distilled water as needed to maintain constant hy-
dric conditions.
Hatchling Care and Release

Once clutches began to hatch we monitored the eggs daily.
When a turtle emerged fully from the eggshell we placed it in a
small tub with damp paper towel until the yolk sac was absorbed
fully. Hatchlings with fully absorbed yolk sacs were kept in shallow
water (20e30 mm deep) with their clutchmates until release. Each
turtle was measured (straight line carapace length �0.1 mm; SCL)
and weighed (�0.5 g), and given three trials of righting time (see
below). Finally, each turtle was marked with visible implant elas-
tomer and a 1.5 mm decimal coded wire tag (Northwest Marine
Technologies, Shaw Is., WA, U.S.A.; Davy, Coombes, Whitear, &
Mackenzie, 2010) and released after 48 h of observation. Coded
wire tags have been used on hatchling turtles previously without
any known harm or impediment to movement (Schwartz, 1981),
and no signs of distress, swelling or impaired movement have been
observed in their use on over 4000 hatchlings involved in this
conservation project.

Hatchling righting time trials all occurred within 1 day of yolk
sac absorption, which occurred approximately 24e48 h after
hatching. All hatchlings within a clutch were tested on the same
day. Hatchlings were released during daylight hours at the edge of
aquatic habitats adjacent to their original nest locations, and within
100 m of the original nest site.
Measuring Righting Time

We gave each hatchling three successive righting trials under
identical conditions. To conduct a trial, a hatchlingwas placed on its
carapace on a smooth table top. We recorded total righting time to
the nearest second (s) with a digital stopwatch (time elapsed from
the moment the hatchling was overturned until the moment it
successfully righted itself). Hatchlings that righted themselves in
less than 1 s were assigned a score of 0.5 s. Hatchlings that did not
right themselves within 60 s were manually righted and assigned a
score of 60 s. We chose to end trials at 60 s because we reasoned
that the ecological relevance of this trait is restricted to a short time
span (a predator that detected an overturned hatchling would have
ample opportunity for predation within a minute). We also wanted
to minimize the stress of trials to the hatchlings, and 60 s trials
were sufficient to test the individual repeatability of righting time
and the variation of individual rank among trials. We chose to
conduct three trials because this was the lowest number of trials
that would allow us to test whether individual righting time was
repeatable while also minimizing the length of time hatchlings
were in captivity and the amount of time spent processing in-
dividuals. Righting tests did not appear to be stressful for turtles
and all individuals behaved normally and moved towards cover
after release.

Each hatchling was rested for 10 s between trials. We ran trials
consecutively with only a short interval between trials (1) to ensure
that environmental conditions did not vary between trials for each
hatchling and (2) to test our hypotheses regarding the potential
roles of learning and tiring in determining individual performance.
Ambient temperature was constant among trials, as performance is
strongly temperature dependent in ectotherms (Huey & Stevenson,
1979; Kingsolver & Huey, 2008).
Quantifying Rank Repeatability

We assessed individual rank repeatability within each clutch
based on total righting time, considering each species separately.
We used Spearman rank correlation coefficient (rS) to determine
whether the rank orders of hatchlings within a clutch were
significantly correlated between each of the three pairs of trials.
This approach required two tests with each trial, so we adjusted
the P value required for significance using sequential Bonferroni
correction for multiple tests of the same data (Rice, 1989). Bon-
ferroni correction reduces the chance of type I error but is suffi-
ciently conservative to increase the chance of type II error, and we
therefore considered results both with and without the
correction.
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Quantifying Individual and Clutch Repeatability

We constructed generalized linear mixed effects models to
explain variation in total righting time due to sex, size, individual
identity (individual repeatability), trial (learning or tiring), clutch
(maternal genetic effects) and interactions between these variables.
For A. spinifera, sex was determined by the presence (in males) or
absence (in females) of complete black outlines around spots on the
carapace (Greenbaum & Carr, 2001). For E. blandingii, we assumed
all hatchlings incubated at 26 �C were males and all hatchlings
incubated at 30 �C were females (Ewert & Nelson, 1991). The
righting time of hatchlings was not normally distributed, and
normality was not significantly increased with data trans-
formations. Because of violations of the assumptions in normality
and homoscedasticity for traditional linear regression, righting
time was modelled using generalized linear mixed effects models
using a Poisson distribution and a log-link function. Coefficients
were fitted using the Laplace approximation (Raudenbush, Yang, &
Yosef, 2000), and separate models were used for A. spinifera and
E. blandingii.

The mixed effects models explaining variation in righting time
were compared using Akaike’s Information Criteria (AIC) to remove
extra explanatory variables and avoid overfitting (Burnham &
Anderson, 1998). Models with the lowest AIC scores were consid-
ered to be most supported. The fixed effect explanatory variables
included sex, SCL (continuous variable in mm), and an interaction
between these variables. The random effect explanatory variables
included hatchling identity nested within clutch, clutch identity,
trial and an interaction between trial and individual identity. Model
construction started with all fixed effects and random effects, and
factors were deleted using stepwise backwards model selection
using log-likelihood tests. To examine repeatability, we calculated
intraclass correlation coefficients (Lessells & Boag, 1987) using re-
sidual variance and the variance components from the random
effect components. Generalized linear models were constructed in
R (R Development Core Team, 2012) using the ‘lme4’ package
(Bates, Maechler, & Bolker, 2011). All tests were conducted with
a ¼ 0.05 unless stated otherwise.

Effect of Repeated Measurement on Hypothesis Testing

The relationship between righting time and body size (a po-
tential co-correlate of phenotypic quality or fitness) is frequently
tested in studies involving righting time (e.g. Micheli-Campbell
et al., 2011; Refsnider, 2013). To investigate the effect of among-
trial variation in righting time on biological conclusions, we
tested whether different trials provided the same evidence for or
against the ‘bigger is better’ hypothesis: that larger hatchlings have
higher phenotypic quality or fitness than smaller hatchlings. We
used a generalized linear model to quantify the relationship be-
tween body size and righting time for A. spinifera and E. blandingii.
We tested this relationship for each trial independently to imitate
scenarios where righting time was either measured only once
(Freedberg et al., 2004; Riley & Litzgus, 2013), or based on a single
measurement derived from multiple trials (e.g. mean, median or
fastest righting time; Mullins & Janzen, 2006; Refsnider, 2013).

RESULTS

Hatching Success

Hatch success (percentage of fertilized eggs that hatched) was
high for both A. spinifera (85%) and E. blandingii (92%); this is a
higher hatch success than documented in either species under
natural conditions (Bolton, Marshall, & Brooks, 2008; Congdon,
Tinkle, Breitenbach, & van Loben Sels, 1983; Standing, Herman, &
Morrison, 1999).

Rank Repeatability

We tested righting time in 374 hatchling turtles from 39
clutches. Of 1122 individual trials, 10% were assigned a value of 60 s
because hatchlings did not right themselves in the allotted time.
Table 1 summarizes performance of each species, and lists the
frequency of significant (a ¼ 0.05) positive rank correlations be-
tween righting trials both before and after sequential Bonferroni
correction. Individual rank varied greatly among trials within most
clutches (Fig. 2a, b). Of 117 pairs of righting trials within clutches
(39 clutches given three trials each), individual ranks based on
righting time were significantly correlated in 34/117 pairs (29.1%)
before sequential Bonferroni correction. Twenty-one pairs of trials
(17.9%) were negatively correlated (rS ¼ �0.049 to �0.707), but
none of the negative correlations was significant. After correction
for multiple pairwise tests, ranks from only 5/117 pairs of trials
(from 4/39 clutches) were significantly correlated at a ¼ 0.05. No
clutches showed significant correlations in individual rank order
among all three pairs of trials. Ranks of clutches based on mean
righting time were significantly correlated in one of three pairs of
trials for A. spinifera and in two of three pairs of trials in E. blandingii
(Table 2, Fig. 2c, d).

Individual and Clutch Repeatability

Apalone spinifera
We used data from 222 individuals from 14 clutches for all

generalized linear mixed effects models on righting time in
A. spinifera. Twenty-one individuals were excluded because they
were not tested in all three trials or were missing size measure-
ments. The best model for righting time for A. spinifera hatchlings
included significant fixed effects of sex, SCL, and an interaction
between sex and SCL (AIC ¼ 1427; Supplementary Fig. S1). There
were significant random effects of hatchling identity, clutch iden-
tity, and an interaction between individual and trial. The co-
efficients, test statistics and associated P values of explanatory
variables from the best model are presented in Table 3. Righting
time was faster in males than in females and was negatively
correlated with size. The interaction term between size and sex
indicated that righting time decreased with size more in females
than males (more negative slope in female hatchlings). Significant
random effects of individual and clutch indicate variation in per-
formance at the individual and clutch level, even when accounting
for size (SCL) and sex differences. However, random effects of an
interaction between trial and individual identity indicate that in-
dividuals’ righting times responded differently to the three trials
and that performance between trials was not always correlated
(Fig. 3). The trial did not explain any variation in righting time
among hatchlings in this species. The ICC was 0.165 for individual
A. spinifera and 0.049 for clutch identity.

Emydoidea blandingii
Models for E. blandingii righting time used 152 individuals from

25 clutches. The best model for righting time for E. blandingii
hatchlings (AIC ¼ 1620) had a significant fixed effect of size, but not
of sex (Supplementary Fig. S2). Larger turtles had faster righting
times. The coefficients, test statistics and associated P values of
explanatory variables from the best model are presented in Table 3.
The random effects portion of the model indicate that individuals
and clutches both significantly affect righting time. The random
effect of trial was significant, and average righting time was shorter
in later trials. There was a significant interaction effect of trial with



Table 1
Sample sizes and total righting time (mean � SE) for hatchling turtles given three trials per individual, and number (proportion) of clutches exhibiting a significant (a ¼ 0.05)
correlation in individual ranks

Species No. clutches
tested (mean
clutch size)

Total no.
individuals
tested

Total righting time (mean�SE) No. clutches with significant rank correlation

Before Bonferroni correction After correction

Trial 1 Trial 2 Trial 3 Between one or
more trial pairs

Between all
trial pairs

Between one or
more trial pairs*

Apalone spinifera 14 (16) 222 5.33�0.86 5.60�0.92 5.67�0.89 6 (43%) 2 (14%) 3 (21%)
Emydoidea blandingii 25 (6.9) 152 23.91�1.96 18.96�1.80 16.36�1.74 12 (48%) 4 (20%) 1 (5%)
Total 39 374 18 (46%) 6 (15%) 4 (10%)

Results are shown for significant rank correlation between at least one pair of righting time trials and among all three pairs of trials, both before and after sequential Bonferroni
correction for multiple pairwise comparisons.

* No clutch demonstrated significant (a ¼ 0.05) individual rank correlation among all three pairs of trials after sequential Bonferroni correction.
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individuals on performance, indicating that individuals responded
differently to the trials and that performance in one trial was not
correlated with performance in another trial (Fig. 3). The ICC was
0.246 for individual E. blandingii and 0.147 for clutch identity.

Effect of intraindividual among-trial variation on hypothesis testing
Considering significance at a ¼ 0.05, intraindividual variation

among trials had a strong effect on the outcome of hypothesis
testing based on our tests of righting time (Table 4). For A. spinifera,
the hypothesis that larger turtles perform better (right themselves
more quickly) would be rejected based on trials 1 and 3, and
accepted based on trial 2. For E. blandingii, the hypothesis would be
rejected based on trial 1 and accepted based on trial 3. It would be
tentatively rejected based on trial 2 (P ¼ 0.06, a value sometimes
interpreted in behavioural or ecological studies as ‘approaching
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Figure 2. Righting times of individual hatchling turtles in a single clutch of (a) Apalone spini
A. spinifera (N ¼ 14) and (d) E. blandingii (N ¼ 25), ranked from fastest to slowest righting t
significance’; e.g. Parsons, Foster, & Osmond, 2012; Telemeco,
Radder, Baird, & Shine, 2010).

DISCUSSION

Our results indicate that although there is an individual
component to righting time (as with most behaviours), intra-
individual variation in righting time is high, making distinguishing
performance between individuals unreliable and difficult. Re-
sponses to multiple trials vary strongly among individuals and
species, and ranks of individuals and clutches are not highly
repeatable among trials. Individual rank was significantly corre-
lated in only 4% of paired righting time trials within clutches (5/117
trials), and clutches were ranked in the same order in only half of
the pairwise comparisons based on mean righting time of clutches.
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Table 2
Rank correlation (Spearman rS) of clutches based on average righting time of in-
dividuals given three consecutive trials (T1eT3)

T1eT2 T2eT3 T1eT3

Apalone spinifera
(N¼14)

rS 0.55 0.50 0.08
P value (two-sided) 0.04* 0.07 0.78

Emydoidea blandingii
(N¼25)

rS 0.02 0.90 0.78
P value (two-sided) 0.91 <0.01y <0.01y

* Denotes pairs of trials that were significantly correlated at an uncorrected
a ¼ 0.05.

y Denotes significance after correction for multiple pairwise comparisons.
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Furthermore, using our data to test a hypothesis about the rela-
tionship between size and righting time resulted in different con-
clusions depending on which trial was used. Therefore, we reject
righting time as an appropriate proxy for relative fitness, perfor-
mance or ‘quality’ in hatchling turtles. The concerns raised here
apply to any performancemeasure (or other proxy used to estimate
relative fitness or quality) for which rank repeatability cannot be
demonstrated.

Righting time is already a complicated proxy for fitness because
of variation due to sex, size, experience, endurance and maternal
effects (Delmas et al., 2007; Rasmussen & Litzgus, 2010), and our
results show that it cannot provide an honest measure of individual
performance or fitness because it does not provide replicable
ranking of individuals. The lack of significance in our rank corre-
lation tests cannot be ascribed to using criteria that were too
stringent (statistically but not biologically representative) for sig-
nificance, or to type II error, because the majority of trial pairs were
not significantly correlated even before correction for multiple
pairwise comparisons.

Intraclass correlation coefficients for both species were low
(0.165 for A. spinifera and 0.246 for E. blandingii), also indicating that
righting time was not strongly repeatable within individuals and
did not explain a significant amount of variation. These values are
low compared to ICC values for behaviours such as startling
response in anemones (ICC ¼ 0.8e0.9; Briffa & Greenaway, 2011) or
boldness in marine mammals (ICC ¼ 0.4, Patrick, Charmantier, &
Table 3
Best generalized linear mixed effects models of righting time (Poisson distribution)
for hatchlings of Apalone spinifera (N ¼ 222) and Emydoidea blandingii (N ¼ 152)
with all turtles sampled three times

Species Variable Estimated
coefficient

Test statistic* P

Apalone
spinifera

Fixed effects
Intercept 5.20 Z¼2.79 0.0053
Sex(M) �5.04 Z¼�2.08 0.037
SCL �0.11 Z¼�2.41 0.016
Sex(M):SCL 0.11 Z¼1.98 0.048
Random effects
Individual �0.90 to 2.19 c2

1 ¼ 60:34 <0.0001
Clutch �0.13 to 0.62 c2

1 ¼ 6:71 <0.01
Trial 0 c2

1 ¼ 0 0.999
Individual:trial �1.20 to 2.69 c2

1 ¼ 1855:7 <0.0001
Emydoidea

blandingii
Fixed effects
Intercept 8.36 Z¼2.95 0.0030
SCL �0.18 Z¼�2.18 0.029
Random effects
Individual �0.81 to 1.06 c2

1 ¼ 130:88 <0.0001
Clutch �0.87 to 0.87 c2

1 ¼ 7:42 0.006
Trial �0.18 to 0.26 c2

1 ¼ 16:28 <0.0001
Individual:trial �1.89 to 1.60 c2

1 ¼ 1621:6 <0.0001

SCL: straight line carapace length.
* Statistical tests are Z tests for fixed effects and log-likelihood tests with a chi-

square test statistic for random effects. Separate and independent models were
fitted for each species.
Weimerskirch, 2013). Because repeatability decreases as the time
between measurements increases (Bell et al., 2009) and because
our three measurements were taken within 5 min, it is likely that
studies using multiple trials that are more temporally distinct will
suffer from increased variance. Finally, even if ICC values of 0.165
and 0.246 are considered high enough to indicate ‘individual
repeatability’, the problem of a lack of rank repeatability remains.

Conclusions drawn from our repeated tests of the ‘bigger is
better’ hypothesis varied depending on which trial was used in the
analysis, demonstrating that intraindividual variation in righting
time is strong enough to affect a study’s conclusions. In the GLMM,
which controlled for clutch, individual and sex, and incorporated all
three trials, we detected a significant effect of size on righting time.
In this analysis, larger hatchlings of both A. spinifera and
E. blandingii flipped faster than smaller hatchlings. However, the
repeatability of this conclusion could not be assessed because we
only had one complete set of datawith three trials that could not be
further partitioned. Thus, we do not consider this result to be more
biologically meaningful than the results based on single trials.
Previous tests of the ‘bigger is better’ hypothesis based on righting
time have also produced equivocal results. Some found a significant
effect of size on righting time (Delmas et al., 2007; Steyermark &
Spotila, 2001) while others did not (Micheli-Campbell et al., 2011;
Mullins & Janzen, 2006; Paitz et al., 2009; Rasmussen & Litzgus,
2010; Refsnider, 2013). Similarly, size and short-term survival of
hatchlings in the wild or in the laboratory were correlated in some
studies (Delmas et al., 2007; Janzen, 1993; Janzen, Tucker, &
Paukstis, 2000), but not in others (Congdon et al., 1999; Delmas
et al., 2007; Paterson, Steinberg, & Litzgus, 2014). Regardless, our
goal was not to test the ‘bigger is better’ hypothesis, but to evaluate
whether a particular fitness proxy produced repeatable conclusions
when applied to a hypothesis.

We found no effect of incubation temperature (sex) on righting
time in E. blandingii, in contrast to several previous studies (Delmas
et al., 2007; Freedberg et al., 2004; Micheli-Campbell et al., 2011;
Mullins & Janzen, 2006; but see Paitz et al., 2009). In contrast, sex
had a significant effect on righting time in A. spinifera, but this
species has genetically determined sex differentiation and all
A. spinifera eggs were incubated at equal temperatures. This vari-
ation in the factors affecting righting time among species and
studies further reinforces our caution that this complex behav-
ioural response is not an informative fitness proxy.

Individuals responded differently to repeated trials, as indicated
by significant interactions between individual and trial in both
E. blandingii and A. spinifera. Our results support the learning hy-
pothesis (righting time decreases across trials) in E. blandingii, but
both learning and tiring hypotheses (righting time increases across
trials) were rejected in A. spinifera. These findings suggest that
righting time is further complicated as a fitness proxy by pheno-
typic variation within species and even within clutches. Behav-
ioural variation among related individuals is an important form of
phenotypic plasticity and may increase the adaptive potential of a
related cohort born into unpredictable and varying conditions. In
turtles, which are iteroparous and long-lived, successive clutches
from the same parents will likely experience wide variations in
selective pressures due to temporal variation in environmental
conditions (Davy et al., 2011). Thus, increased variation (both
genetically and environmentally determined) in clutchmates can
increase overall survivorship of offspring over the lifetime of a
reproductive female.

Conclusions based on ambiguous measures of fitness or per-
formance are problematic not only within academia, but also at a
broader scale. For example, results based on righting time and
similar performance measures have led to a range of conclusions
with implications for research, wildlife conservation and even land
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Figure 3. Righting time (in seconds) of individual hatchling A. spinifera (N ¼ 222) and E. blandingii (N ¼ 152) for (a) trial 1 versus trial 2, (b) trial 1 versus trial 3, and (c) trial 2 versus
trial 3.
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management. These include conclusions about the fitness conse-
quences of multiple paternities (Banger et al., 2013), recommen-
dations for hatchery management in threatened sea turtles
(Maulany et al., 2012) and the potential effects of predicted climate
change on fitness of endangered turtle populations (Micheli-
Campbell et al., 2011; Refsnider, Bodensteiner, Reneker, & Janzen,
2013). Thus, the accuracy of performance measures or fitness
proxies is not a trivial concern, because the conclusions resulting
from their use may have real effects on policy, conservation effec-
tiveness and future research directions.

Conclusions

In summary, our results show that despite a significant indi-
vidual effect on righting time, righting time displayed low
Table 4
Effect of among-trial variation in righting time on tests of the ‘bigger is better’ hy-
pothesis in Apalone spinifera (N ¼ 222) and Emydoidea blandingii (N ¼ 152), each
given three trials of righting time

Species Trial Coefficient
of SCL

t P Is bigger
better?

A. spinifera 1 �0.08 �1.41 0.159 No
2 �0.12 �2.35 0.02 Yes
3 �0.04 �0.72 0.473 No

E. blandingii 1 �0.07 �1.15 0.25 No
2 �0.12 �1.91 0.06 Possibly
3 �1.91 �1.99 0.049 Yes

SCL: straight carapace length.
individual and clutch repeatability, and rank order of individuals
and clutches varied significantly among trials. We therefore do not
consider righting time a reliable proxy for relative fitness or per-
formance. Many behaviours demonstrate repeatability at the indi-
vidual level (Bell et al., 2009; Dingemanse et al., 2010), but this does
not guarantee rank repeatability, which is essential for relative
quantities such as fitness and performance (Huey & Dunham,1987).
Other similar measurements (for example, crawling or swimming
speed in turtles, or locomotor speed in lizards) may suffer from the
same difficulty (Adolph & Pickering, 2008; Huey & Dunham, 1987).
A plethora of studies have reiterated the importance of validating
fitness proxies (Irschick, Herrel, Vanhooydonck, Huyghe, & Van
Damme, 2005; Isden et al., 2013; Wikelski & Romero, 2003;
Wilson & Nussey, 2010). Validations of rank repeatability for per-
formance proxies or measures of personality, which are by defini-
tion relative and not absolute measurements, are equally critical.
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