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SUMMARY
Researchers often estimate the performance capabilities of animals using a small number of trials per individual. This procedure
inevitably underestimates maximum performance, but few studies have examined the magnitude of this effect. In this study we
explored the effects of intraindividual variation and individual sample size on the estimation of locomotor performance
parameters. We measured sprint speed of the lizard Sceloporus occidentalis at two temperatures (20°C and 35°C), obtaining 20
measurements per individual. Speed did not vary temporally, indicating no training or fatigue effects. About 50% of the overall
variation in speed at each temperature was due to intraindividual variation. While speed was repeatable, repeatability decreased
slightly with increasing separation between trials. Speeds at 20°C and 35°C were positively correlated, indicating repeatability
across temperatures as well. We performed statistical sampling experiments in which we randomly drew a subset of each
individual’s full set of 20 trials. As expected, the sample’s maximum speed increased with the number of trials per individual; for
example, five trials yielded an estimate averaging 89% of the true maximum. The number of trials also influenced the sample
correlation between mean speeds at 20°C and 35°C; for example, five trials yielded a correlation coefficient averaging 90% of the
true correlation. Therefore, intraindividual variation caused underestimation of maximal speed and the correlation between
speeds across temperatures. These biases declined as the number of trials per individual increased, and depended on the

magnitude of intraindividual variation, as illustrated by running sampling experiments that used modified data sets.

Key words: performance, correlation, intraindividual variation, repeatability, lizard, burst speed, bias, maximum.

INTRODUCTION

Locomotor performance is a central measure of whole-organism
function, and is considered a key link between fitness in the natural
environment and underlying biochemical, morphological and
physiological traits (Huey and Stevenson, 1979; Arold, 1983;
Arnold and Bennett, 1988; Garland and Losos, 1995; Norberg,
1995). Consequently, hundreds of studies have measured burst
speed, endurance, jumping distance and other aspects of locomotor
performance in the laboratory (Garland, 1994; Wainwright and
Reilly, 1994; Garland and Losos, 1995; Alexander, 2002).
Laboratory measurements of locomotor performance are used for
diverse purposes, ranging from identifying its mechanistic basis (e.g.
Garland, 1984; Gleeson and Harrison, 1988; Miles et al., 1995;
Bonine and Garland, 1999) to examining the fitness consequences
of among-individual variation in performance (Arnold and Bennett,
1988; Jayne and Bennett, 1990; Watkins, 1996; Le Galliard et al.,
2004; Miles, 2004; Husak et al., 2006; Peterson and Husak, 2006;
Irschick and Meyers, 2007).

Whereas the goals of locomotion studies are diverse, laboratory
procedures often share a common feature: maximum performance
[less commonly, mean performance (Jayne and Bennett, 1990)] is
estimated using a relatively small number of trials per individual.
Researchers have long recognized that the performance of individual
animals varies from one laboratory trial to the next. The presence
of intraindividual variation, coupled with relatively small sample
sizes per individual, guarantees that each individual’s performance
is estimated with some error, whether individual maximum or mean
values are used for statistical analysis. In particular, maximum

performance will always be underestimated, as individuals will
rarely achieve their true maximum in a small number of laboratory
trials. This problem was highlighted by Losos et al. (Losos et al.,
2002), who also described the related problem of individual subjects
who consistently perform submaximally in the laboratory.

In this study we examined how intraindividual variation and per
individual sample size affect the statistical estimation of
performance. To obtain an example data set we measured burst speed
performance in western fence lizards (Sceloporus occidentalis) 20
times per individual at 20°C and 35°C. We describe the intra- and
interindividual statistical distributions of performance, and estimate
overall repeatability and whether it varies over time. We then ran
statistical sampling experiments that simulated laboratory studies
in which speed was measured 1,2, 3, ... 20 times for each individual,
to evaluate how the accuracy and precision of performance estimates
vary with per individual sample size. This analysis addressed several
goals.

1. To quantify how observed maximum performance increases
as a function of the number of trials per individual.

2. To determine the effect of within-individual variability on the
above relationship, by performing the analysis on data sets adjusted
to have increased and decreased variability.

3. To determine the effect of within-individual variability and
number of trials on the estimated correlation between two traits.
Although our study used speed measured at two different
temperatures as the two traits, this analysis is more broadly
applicable to any correlational analysis of two traits, such as whether
performance covaries with a morphological or biochemical trait.
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MATERIALS AND METHODS
Study organism

The western fence lizard (Sceloporus occidentalis Baird and Girard)
is a small diurnal insectivorous lizard that lives in a wide variety
of habitats in the western United States (Stebbins, 2003). It is a
classic sit-and-wait predator with limited endurance capacity but
can run swiftly over short distances (Bennett and Gleeson, 1976;
Gleeson, 1979; Schall and Sarni, 1987). Locomotor performance
of S. occidentalis has been studied in diverse contexts (e.g. Bennett,
1980; Bennett and Gleeson, 1976; Garland et al., 1990; Gleeson,
1979; Holem et al., 2006; Marsh and Bennett, 1986; Schall et al.,
1982; Sinervo and Adolph, 1989; Sinervo and Huey, 1990; Sinervo
etal., 1991; Sinervo and Losos, 1991; Tsuji et al., 1989; van Berkum,
1988; van Berkum and Tsuji, 1987; van Berkum et al., 1989).

Collection and housing of subjects

We collected adult and subadult male lizards (N=21) from two sites
in Los Angeles County, California, in June 2004: Table Mountain
(2 km northwest of Wrightwood) and Joshua (8 km east of
Valyermo). Adolph (Adolph, 1990) and Sinervo and Adolph
(Sinervo and Adolph, 1994) provide further information on the
ecology of S. occidentalis at these sites. Lizard body mass averaged
10.1 g (range 5.6—-15.2 g) and snout—vent length averaged 68.1 mm
(range 60—79 mm). Lizards were held in the laboratory individually
in 381 terraria with an incandescent light bulb (75 W) on 8 h per
day. The air temperature of the room averaged 20.5°C at night, and
during the day the light permitted the lizards to attain their preferred
body temperature of 35°C. Lizards were fed crickets two to four
times per week.

Measurement of sprint speed

We measured sprint speed following the procedures of Hertz et al.
(Hertz et al., 1983). Prior to each run, lizards were held individually
in 11 plastic containers within a constant-temperature chamber at
either 35°C or 20°C for at least 1 h; 35°C is the optimal temperature
for sprint locomotion in this species, and is approximately the mean
body temperature of field-active animals, whereas 20°C is at the
lower end of the field body temperature distribution for these
populations (Bennett, 1980; Marsh and Bennett, 1986; van Berkum,
1988; Adolph, 1990). We removed each lizard from the chamber
and chased it along a horizontal racetrack (2.5 m longX28 cm wide)
that had a rough particle board surface. Photocells spaced every
0.25 m were connected to a computer that recorded elapsed times
(Huey et al., 1981; Hertz et al., 1983). We gave each lizard five
training runs several days prior to the experiment (Bennett, 1980).
Trials were conducted between 10:00 h and 17:00 h. Each lizard
ran five trials per day, with at least 1 h rest in the environmental
chamber between trials. The fastest 0.75 m interval was used as the
lizard’s speed for a given trial. Lizards were run in haphazard order
for each trial on a given day. We weighed and measured (snout—vent
length) each lizard on the first day of racing. Lizards were given
1-2 days of rest between each set of five trials. All trials at 35°C
were run first, followed by the trials at 20°C. On one trial day at
35°C, three subjects were run six times to replace data lost from
previous runs.

Repeatability
We assessed the repeatability of sprint performance in several ways.
Overall repeatability of speed within each of the two temperatures
was examined by estimating intraclass correlation coefficients (r;)
following Haggard (Haggard, 1958) (see also Sokal and Rohlf, 1981;
Lessells and Boag, 1987). Standard errors for intraclass correlation
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coefficients were calculated following Becker (Becker, 1984). We
also calculated pairwise Pearson product-moment correlations
between mean, median, maximum and minimum speed both within
and across temperatures as additional measures of individual
consistency and repeatability.

We tested for temporal dependence of repeatability within each
temperature by calculating all pairwise correlations r; between
speeds on trials i and j, where i#;j and both i and j range from 1 to
20. We tested the hypothesis that the magnitude of r;; should decrease
with the separation between trials (|i—j|); i.. trials that immediately
follow one another should have more similar speeds than widely
spaced trials (T. Garland, Jr, personal communication). We used
Mantel tests (Mantel, 1967) to assess the statistical significance of
the relationship between pairwise correlation of speeds and the
spacing between trials because the number of pairwise correlations
(190) exceeded the number of independent trials (20). We wrote a
Matlab program using Manly’s (Manly, 1986) algorithm to perform
the Mantel tests.

Statistical sampling experiments

To determine the effects of sample size (number of trials per
individual) on estimates of performance parameters, we performed
a sampling experiment in which we randomly chose Nyias speed
measurements from each individual (without replacement), where
Nisiais ranged from 1 to 20. We chose the maximum and mean speeds
from the random sample for each individual as performance
estimates. This procedure was repeated 1000 times for each value
of Nisals at each temperature, using programs written in Matlab. This
sampling experiment allowed us to quantify the effect of Nyi,5 on
the precision and accuracy of estimating maximum speed, mean
speed and the correlation between speeds at the two temperatures.

We used the same procedure to evaluate how the magnitude of
intraindividual variation influences the sampling distribution of
sprint speed statistics. To do this, we modified the data set by
multiplying each individual’s sprint speed residuals by a constant
factor and adding these rescaled residuals back to the individual’s
mean sprint speed, thereby changing the within-individual variance
but not the among-individual variance. We adjusted the data to
achieve repeatabilities (r;) of 0.25, 0.50 and 0.75 (for examining
correlations of mean speeds across temperatures) and to achieve
mean within-individual coefficients of variation (CV) of 10%, 20%
and 30% (for examining maximum speed). We then repeated the
statistical sampling experiments using these modified data sets.
Mathieu et al. (Mathieu et al., 1981) performed a conceptually
similar study involving the effects of measurement error and
sampling variation in stereological analysis of microscope images.

RESULTS
Intra- and interindividual variation in sprint performance

Mean speed did not increase or decrease with time at either 35°C
(linear regression, *=0.103, P=0.168) or 20°C (r*=0.023, P=0.526;
Fig. 1). The trial number on which a lizard attained its maximum
speed ranged from 1 to 20 at both 35°C and 20°C; the median trial
number at which maximum speed was attained was 6 at 35°C and
9 at 20°C. Thus, lizards did not show evidence of either fatigue or
training during this study.

Both maximum and mean speeds were greater at 35°C than at
20°C (repeated measures ANOVA; Table 1, Fig. 1). Maximum
speed at 20°C was 72% of maximum speed at 35°C. Mean speed
at 20°C was 72% of maximum speed at 20°C, and mean speed at
35°C was 73% of maximum speed at 35°C. Neither maximum nor
mean speed differed between lizards from the Joshua and Table
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Fig. 1. Sprint speed (m s~ over 75 cm; mean = s.e.m.; N=21) vs trial
number in the western fence lizard Sceloporus occidentalis. Mean speed
did not increase or decrease linearly with time at either temperature (see
Results).

Mountain populations (repeated measures ANOVA, P>0.70), and
neither maximum nor mean speed covaried with body mass
(regression, P>0.10).

Lizards showed substantial interindividual and intraindividual
variation in speed at both temperatures (Fig.2). Maximum speed
of individual subjects ranged from 1.34 to 2.27 ms! at 20°C and
from 1.70 to 3.41 m s~ at 35°C. Likewise, mean speed of individual
subjects ranged from 0.56 to 1.91 m s at 20°C and from 1.36 to
2.88 ms™! at 35°C. Two individuals were unusually fast outliers at
35°C (Figs 2, 3). CV for speeds of individual lizards were similar
at the two temperatures: the mean CV was 22.8% at 20°C (range
10.0-56.2%) and mean CV was 20.3% at 35°C (range 13.0-26.6%).
The distribution of residual speeds around each subject’s average
speed did not differ significantly from normality (Ryan—Joiner tests).
A randomization test (1000 trials; Matlab program) revealed no
significant variation among individuals in the magnitude of residual
speeds either at 20°C (P=0.815) or at 35°C (P=0.579). The symmetry
of residual speeds is also reflected by the fact that median and mean
speeds for each individual were nearly identical at each temperature
(Fig. 3).

Speed was repeatable among trials within each temperature:
intraclass correlation coefficients (+s.e.) were 0.559 (x0.083) for
speed at 20°C and 0.502 (+0.085) at 35°C (ANOVA, using all 20
trials per individual; P<0.0001 for each temperature). Thus, the total
variance in speed was approximately equally partitioned among and
within individuals. Repeatability in sprint performance both within
and between temperatures was also indicated by significant positive
correlations between minimum, maximum, median and mean speeds
among individuals (Table 2). Correlations involving measurements
of speed at two different temperatures were weaker than correlations
involving speeds at the same temperature, and correlations involving

Table 1. Maximum and mean burst speeds of individual western
fence lizards (Sceloporus occidentalis) at 35°C and 20°C

35°C 20°C
Maximum speed (m s™") 2.4620.43 1.77+0.23
Mean speed (m s7") 1.79+0.38 1.27+0.31

Values are means + s.d., measured over 75 cm. N=21 individuals.

means or medians were typically stronger than those involving
maxima or minima (Table 2).

The magnitude of the pairwise correlations between sprint speeds
for two different trials decreased with increasing separation between
the trials (Fig.4). These declines were significant for both 20°C
and 35°C (Mantel tests, P=0.010 and P=0.002, respectively). The
regression equations for these relationships predicted a decrease in
the pairwise correlation from 0.62 for successive trials to 0.50 for
trial 1 vs trial 20 at 20°C, and from 0.60 for successive trials to 0.35
for trial 1 vs trial 20 at 35°C. Thus, repeatability of sprint speed
declined with time over a 1-2 week time frame. However, separation
between trials explained relatively little of the overall variation in
pairwise correlations (+*=0.123 for 35°C and *=0.058 for 20°C).
Mean pairwise correlations (+s.d.) were 0.579 (+0.128) for 20°C
and 0.516 (20.176) for 35°C.

The standard deviation of speed for each individual was
negatively correlated with individual mean speed at 20°C (r=—0.442,
P=0.043) but positively correlated with mean speed at 35°C
(r=0.565, P=0.007). The within-individual standard deviations of
speed at 35°C and 20°C were not correlated (r=0.153, P=0.514).
Likewise, the within-individual CV of speed at 35°C and 20°C were
not correlated (r=0.331, P=0.144). Thus, while speed itself was
repeatable across the two test temperatures, the amount of within-
individual variability in speed was not.
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Fig. 2. Inter- and intraindividual variation in burst sprint speeds of western
fence lizards (Sceloporus occidentalis) at 35°C and 20°C. Each point
represents the mean (+s.d.) of 20 trials for a single individual. The same
individuals (N=21) are shown for each temperature, but some individual
rankings differed between temperatures.
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Statistical sampling and the estimation of performance

parameters
Statistical resampling of the data sets showed that estimates of
maximum sprint speed were biased when small samples were used:
all values of Nyi,s<20 yielded underestimates on average (Fig. 5).
Both the magnitude of the bias and variability of the estimate
decreased as Nyiys increased (Fig.5), and the form of this
relationship was virtually identical for the 20°C and 35°C data. For
example, choosing the fastest speed of two trials per individual
would underestimate maximum performance by 20% (on average),
whereas using five trials per individual would reduce this bias to
11%.

In contrast, increasing Nyias did not provide a more accurate
estimation of mean sprint speed. Overall, the estimated mean speed
(average of all sample means) remained the same (71-72% of
maximum speed) for all values of Nyius. Increasing Nyiqs also
increased the precision of estimating both mean and maximum
speeds.

The resampling experiment also showed that the correlation
between individual mean speed at 20°C and individual mean speed
at 35°C was underestimated; the magnitude of this bias was inversely
related to Nyias (Fig. 6). For example, the correlation between mean
speeds at 20°C and 35°C averaged 0.47 for Nyi,=2 and increased
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Fig. 5. Effect of number of trials per individual (Nyiqs) on estimated
maximum speed (normalized for each individual) of western fence lizards
(Sceloporus occidentalis). Data were randomly sampled from empirical
distributions of sprint speeds. Symbols indicate the mean of maximum
speed (normalized for each individual) obtained from 1000 random
samples (from 21 individuals) for each value of Nkias. Error bars indicate
75th and 25th percentiles. These data are for 35°C (results for 20°C are
virtually identical, and are not shown).
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Table 2. Pairwise correlations between individual maximum, minimum, median and mean
sprint speeds among Sceloporus occidentalis lizards

DISCUSSION
Repeatability and bias in estimating
performance parameters

35°C 20°C
Burst sprint speed in S. occidentalis was
Maximum Minimum Median Mean Maximum  Minimum Median Mean repeatable both within and between
35°C temperatures.  Statistically  significant
Maximum 1.000 0.622 0.802 0.841 0.589 0.552 0.695 0.672 repeatability of locomotor performance has
Minimum 1.000 0627 0673 0.444 0479 0583 0571 been demonstrated in numerous other
mggfn 1.000 ?ggg gggg 82?1 g:ggg ggg; species (e.g. Bennett, 1980; Bennett, 1987;
Tolley et al., 1983; Huey and Hertz, 1984;
20°C Garland, 1985; Huey and Dunham, 1987;
M.a).('mum 1.000 0.765 0.805 0844 Jayne and Bennett, 1990; Austin and
Minimum 1000 0820 0871 qptter, 1992; Reidy et al, 2000)
Median 1.000 0.988 i ’ v :
Mean 1.000 Repeatability is considered to set the upper

N=21 subjects tested at 35°C and 20°C (20 trials per subject at each temperature).

bound for heritability of quantitative traits,
and therefore indicates the potential for

t0 0.59 for Nyias=5. The sample variance of the estimated correlation
coefficient was also much higher for lower values of Nyi,s (Fig. 6).
The correlation between maximum speeds at 20°C and 35°C likewise
increased as a function of Ny, (Fig. 6). The correlation between
maximum speeds was lower than the correlation between mean
speeds for all values of Ngiqs except 1 (in which case the maximum
and mean speed for an individual were the same).

Magnitude of intraindividual variation and the estimation of
performance parameters

The manipulated data sets illustrated how the amount of
intraindividual variation affects the bias in estimating performance
parameters. Maximum sprint performance was biased by the greatest
amount (for a given value of Nyj,5) Wwhen the CV for each individual
averaged 30%, and least biased when average CV was adjusted to
10% (Fig.7A). Similarly, the bias in the estimated correlation
between mean speed at 20°C and mean speed at 35°C was greatest
when repeatability was low (7;=0.25), and bias decreased as
repeatability increased (Fig. 7B).

Jlliseies
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g
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Number of trials

Fig. 6. Estimated correlations between individual mean speeds at 20°C and
35°C (filled circles) and individual maximum speeds at 20°C and 35°C
(open circles) in the lizard Sceloporus occidentalis, as a function of the
number of trials sampled per individual. Points show the mean correlation
of 1000 independently drawn samples from the empirical distribution of
speeds. Upper error bars indicate the 75th percentile of the distribution of
correlations between means, and lower error bars indicate the 25th
percentile of the distribution of correlations between maxima. The
corresponding error bars are nearly symmetrical but are omitted for clarity.

traits to respond to directional selection
(Falconer and Mackay, 1997) (but see Dohm, 2002; Nespolo and
Franco, 2007). Previous studies have documented both repeatability
and broad-sense heritability of sprint speed in S. occidentalis from
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Fig. 7. Effect of intraindividual variability on the bias in estimating locomotor
performance parameters in the lizard Sceloporus occidentalis. Original data
were adjusted to achieve different degrees of intraindividual variability, then
used in computer sampling experiments like those illustrated in Figs 5 and
6. (A) Mean proportion of maximum sprint speed at 35°C plotted against
number of trials per individual (each point is the mean of 1000 independent
samples). Data were adjusted to achieve average CV of 10% (filled
squares), 20% (open circles) and 30% (filled circles). (B) Correlation
coefficient between average individual speeds at 20°C and 35°C plotted
against number of trials per individual (each point is the mean from 1000
independent samples). Data were adjusted to achieve repeatability
(intraclass correlation coefficients) for both traits of 0.75 (filled squares),
0.50 (open circles) and 0.25 (filled circles).
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Washington state (van Berkum and Tsuji, 1987; Tsuji et al., 1989;
van Berkum et al., 1989). Bennett (Bennett, 1980) found that
individual differences in sprint speed in S. occidentalis from southern
California were consistent across temperatures. Our study confirms
these earlier findings for this species.

However, a trait can be significantly repeatable and still exhibit
substantial intraindividual variation. Intraindividual variation
comprises about 50% of the overall phenotypic variation in sprint
performance of fence lizards at both 20°C and 35°C. In contrast to
interindividual variation, intraindividual variation is not informative
for researchers; it is functionally equivalent to measurement error.
Nevertheless, it is important to quantify intraindividual variation
because it leads to biased estimates of maximum performance and
of the correlations between traits. These biases can be substantial
for the sample sizes often used in locomotion studies.

Studies of sprint locomotion in lizards typically use from two to
five trials per individual per condition (e.g. different temperatures,
slopes, perch diameters). If the magnitude of intraindividual variation
is similar for different species, our analysis indicates that published
maximum performance values are underestimated by 10-20% on
average. This bias may not be a problem in some contexts; for
example, the estimated optimal temperature for sprint performance
would probably not be affected much. However, comparisons of
maximum performance between species or populations could be
affected if either the number of trials per individual or the amount
of intraindividual variation differed between the samples. Therefore,
we recommend that researchers report average CV for individuals
in addition to reporting Nyiys; future quantitative analyses may
provide correction factors that rely on this information.

Few studies report information about the absolute amount of
intraindividual variation in speed in lizards or other animals. One
noteworthy exception is Bennett’s (Bennett, 1980) study of burst
sprint speed in S. occidentalis and several other lizard species
[Aspidoscelis (Cnemidophorus) murinus, Dipsosaurus dorsalis,
Plestiodon  (Eumeces) obsoletus, FElgaria (Gerrhonotus)
multicarinatus and Uma inornata]. In each of these six species the
maximum speed from three trials was approximately 15% higher
than the average speed. Our results for S. occidentalis were very
similar: the maximum speed from three trials averaged 17.6% higher
than the mean speed for 35°C and 17.9% higher for 20°C. This
suggests that the CV of speeds for each individual is similar for
these six lizard species, which represent six different families.
Consequently, the statistical properties of the estimated maximum
sprint speed (Fig. 5) might be similar for diverse groups of lizards.

Fuiman and Cowan (Fuiman and Cowan, 2003) reported averages
of individual CV for a variety of anti-predator performance traits
in larval fish (Sciaenops ocellatus). Average CV varied widely
among traits, ranging from 14.5% for visual response latency score
to 91.3% for acoustic response score. Their results illustrate that
CV of performance variables can be quite high, underscoring the
importance of using multiple trials for estimating maximum values.
Interestingly, routine swimming speed in S. ocellatus has a high
CV (38.7%) but also a high repeatability (r;=0.86), reflecting a large
among-individual variance.

Statistical remedies for bias in estimating performance
parameters
The underestimation of correlation coefficients (Fig.6) due to
intraindividual variation (or measurement error) has long been
known to statisticians (Spearman, 1904; Fuller, 1987), but is not well
known in organismal biology. There is a simple estimator that corrects
for this bias, as long as the repeatabilities for both traits are known
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(Adolph and Hardin, 2007). Using this estimator yields an estimate
of r=0.686 for the correlation between mean speeds at 20°C and
35°C, which is slightly higher than the correlation between mean
speeds obtained using all 20 samples for each individual (0.657;
Table 2). This indicates that even a large per individual sample will
underestimate the correlation coefficient on average.

Attenuation of correlation coefficients can affect our ability to
detect functional relationships between traits. For example, a
number of studies have investigated whether individual variation
in muscle fiber morphology, enzyme activity, and other lower-level
physiological and biochemical traits is correlated with individual
variation in whole-organism locomotor performance (Garland,
1984; Gleeson and Harrison, 1988; Bennett et al., 1989; Husak et
al., 2006). Attenuation due to within-individual variation in either
or both traits could reduce the sample correlation coefficient to a
non-significant value. The degree of attenuation can be reduced by
using the mean of multiple measurements for each individual, which
has dual benefits: it increases statistical power and it permits an
unbiased estimate of the correlation (Adolph and Hardin, 2007).

Whereas bias in correlation coefficients involving individual mean
values is straightforward to correct, we do not know of a simple
statistical remedy for the underestimation of maximal performance
per se, or of the correlations involving maximum performance
values. Statistical distributions of maxima and minima are generally
more complicated than are distributions of mean values (Gumbel,
1958; Gaines and Denny, 1993), and are likely to differ among
organisms and due to laboratory procedures.

Temporal changes in repeatability

While burst speed was significantly repeatable both within and
between temperatures, the magnitude of repeatability declined with
the temporal separation between trials (Fig. 4). Because we measured
sprint speed over a relatively short time span (several weeks), it is
unlikely that the decline in repeatability was due to changes in the
physiological factors affecting speed, particularly given the lack of
a decline in speed during this study (Fig. 1). Instead, it seems more
likely that temporal fluctuations in labile behavioral factors such as
motivation are responsible for the decline in repeatability over time.
For example, two successive races may be more likely to be run
under similar motivational levels, contributing to the greater
similarity of sprint speeds measured close together in time.

Other researchers have reported decreases in repeatability of
locomotor performance over time, particularly when measurements
were separated by time spans of several months to several years
(van Berkum et al., 1989; Shaffer et al., 1991; Watkins, 1997,
Elnitsky and Claussen, 2006). For example, Jayne and Bennett
(Jayne and Bennett, 1990) found that the magnitude of correlations
involving speed and endurance in garter snakes decreased with
increasing time separating the measurements. Similarly, Austin and
Shaffer (Austin and Shaffer, 1992) found that repeatability of speed
in tiger salamanders was lower over a 15 month period than over
shorter time intervals. However, long-term declines in repeatability
are not inevitable for locomotor performance or other physiological
traits, as several other studies illustrate (Rgnning et al., 2005; Vézina
and Williams, 2005; Elnitzsky and Claussen, 2006; Nespolo and
Franco, 2007).

Implications of intraindividual variability for performance in
the field
Several recent studies have combined laboratory and field
measurements of locomotor performance by lizards (Irschick and
Garland, 2001; Braiia, 2003; Irschick, 2003; Irschick et al., 2005;
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Husak, 2006; Husak and Fox, 2006). These studies have shown that
individual lizards in the field often do not use their maximum
locomotor capacity during activities such as predator avoidance and
foraging. These findings highlight the importance of accurately
estimating maximum sprint performance in the laboratory, because
realized performances in the field are evaluated by direct comparison
to laboratory values. Bias and lack of precision in estimating
laboratory performance values will result in reduced statistical power
for detecting interesting patterns that involve individual field-to-
laboratory comparisons.

Exceptional individual performances

Two individuals at 35°C were substantially faster than the rest of
the sample (Figs 2 and 3). The mean speeds of each of these two
individuals were 2.5 and 2.9 s.d. greater than the population mean
speed at 35°C. These two individuals were likewise among the
fastest individuals at 20°C, ranking 2nd and 6th out of 21 individuals.
However, we did not observe any unusually fast outliers at 20°C
(Figs 2 and 3). Other studies have sometimes identified unusually
strong performances by a few individuals in a sample (Bennett and
Huey, 1990). For example, Huey et al. (Huey et al., 1990) measured
endurance times in two Sceloporus merriami females that exceeded
the population mean by more than 6 s.d. The physiological or
behavioral bases for these exceptional performances by lizards are
unknown. Intriguingly, Garland et al. (Garland et al., 2002) have
discovered a discrete polymorphism in leg muscle structure and
function within artificially selected mouse populations. These two
muscle types differ in their biochemistry and contractile properties
and exhibit a trade-off between endurance and power. The discrete
polymorphism evidently results from variation at a single genetic
locus (Garland et al., 2002; Houle-Leroy et al., 2003). Single-locus
effects on muscle structure and running performance have also been
described in whippets (Mosher et al., 2007).

In lizards, muscle fiber-type composition varies substantially
among species, and is correlated interspecifically with locomotor
performance capability [burst speed vs endurance (Bonine et al.,
2001; Bonine et al., 2005)]. Similarly, Gleeson and Harrison
(Gleeson and Harrison, 1988) found significant negative correlations
between some measurements of muscle fiber size and sprint speed
among individual desert iguanas, suggesting a possible causal
relationship. Although Gleeson and Harrison (Gleeson and Harrison,
1988) did not mention exceptional individual performances, they
did report approximately twofold variation in speed among
individuals, which is typical for lizards in general. Populations that
reveal exceptional individual performances, such as we observed
in two individuals at 35°C, might serve as promising candidates for
exploring whether genetic variants with discretely different
locomotor capabilities exist in lizards, and for detecting discrete
differences in morphological or biochemical traits associated with
performance.

Whereas two individuals at 35°C were exceptionally fast runners,
we did not observe any unusually slow individuals that were clearly
performing submaximally. Instead, lizards had similar magnitudes
of within-individual variation in speed, and the distribution of mean
speeds among individuals did not show any discontinuities or outliers
that would indicate submaximally performing individuals (Losos et
al., 2002).

CONCLUSIONS
Intraindividual variation, especially when combined with small per
individual sample sizes, leads to a biased estimation of maximum
performance and of the correlation between two traits. Our analyses

illustrate how these biases are affected by the per individual sample
size and by the magnitude of intraindividual variation. Biased
correlations between individual mean values of two performance
traits can be corrected if the within- and among-individual
components of variance are known. However, unbiased estimators
for maximum performance, and for correlations involving maximum
performance, have not yet been devised. Future studies that describe
the statistical distributions of individual performance data will help
researchers develop estimation procedures that correct for bias.

We thank Dee Asbury, Christine Buckley and Simon Stump for help with collecting
lizards; Jesse Abrams, Chuck Matlack, Aileen Ng, Ken Dye, Tonya Icenogle and
Andrew Yip for building the racetrack and writing the timing software, and Sam
Tanenbaum for facilitating the construction of the racetrack as an engineering
class project. T.P. was supported by a grant to Harvey Mudd College from the
Howard Hughes Medical Institute (F. S. Wettack, PI). Manuscript preparation was
supported by Mellon Foundation sabbatical enhancement funds and a grant from
the W. M. Keck Foundation to Harvey Mudd College, via the Center for
Quantitative Life Sciences. We thank Ted Garland, C. R. Tracy, Ray Huey,
Duncan Irschick, Donna Folk, Peter Niewiarowski, Jo Hardin and an anonymous
reviewer for their helpful suggestions. S.C.A. thanks Monica Geber and the
Department of Ecology and Evolutionary Biology at Cornell University for
providing space and assistance during his sabbatical.

REFERENCES

Adolph, S. C. (1990). Influence of behavioral thermoregulation on microhabitat use by
two Sceloporus lizards. Ecology 71, 315-327.

Adolph, S. C. and Hardin, J. S. (2007). Estimating phenotypic correlations: correcting
for bias due to intraindividual variability. Funct. Ecol. 21, 178-184.

Alexander, R. M. (2002). Principles of Animal Locomotion. Princeton: Princeton
University Press.

Arnold, S. J. (1983). Morphology, performance, and fithess. Am. Zool. 23, 347-361.
Arnold, S. J. and Bennett, A. F. (1988). Behavioural variation in natural populations.
V. Morphological correlates of locomotion in the garter snake (Thamnophis radix).

Biol. J. Linn. Soc. Lond. 34, 175-190.

Austin, C. C. and Shaffer, H. B. (1992). Short-term, medium-term, and long-term
repeatability of locomotor performance in the tiger salamander Ambystoma
californiense. Funct. Ecol. 6, 145-153.

Becker, W. A. (1984). A Manual of Quantitative Genetics. Pullman, WA. Academic
Enterprises.

Bennett, A. F. (1980). The thermal dependence of lizard behaviour. Anim. Behav. 28,
752-762.

Bennett, A. F. (1987). Interindividual variability: an underutilized resource. In New
Directions in Ecological Physiology (ed. M. E. Feder, A. F. Bennett, W. W. Burggren
and R. B. Huey), pp. 147-169. Cambridge: Cambridge University Press.

Bennett, A. F. and Gleeson, T. T. (1976). Activity metabolism in the lizard Sceloporus
occidentalis. Physiol. Zool. 49, 65-76.

Bennett, A. F. and Huey, R. B. (1990). Studying the evolution of physiological
performance. In Oxford Surveys in Evolutionary Biology (ed. D. J. Futuyma and J.
Antonovics), pp. 251-284. Oxford: Oxford University Press.

Bennett, A. F., Garland, T., Jr and Else, P. (1989). Individual correlation of
morphology, muscle mechanics, and locomotion in a salamander. Am. J. Physiol.
256, R1200-R1208.

Bonine, K. E. and Garland, T., Jr (1999). Sprint performance of phrynosomatid
lizards, measured on a high-speed treadmill, correlates with hindlimb length. J. Zool.
Lond. 248, 255-265.

Bonine, K. E., Gleeson, T. T. and Garland, T., Jr (2001). Comparative analysis of
fiber-type composition in the iliofibularis muscle of phrynosomatid lizards
(Squamata). J. Morphol. 250, 265-280.

Bonine, K. E., Gleeson, T. T. and Garland, T., Jr (2005). Muscle fiber-type variation
in lizards (Squamata) and phylogenetic reconstruction of hypothesized ancestral
states. J. Exp. Biol. 208, 4529-4547.

Brana, F. (2003). Morphological correlates of burst speed and field movement
patterns: the behavioural adjustment of locomotion in wall lizards (Podarcis muralis).
Biol. J. Linn. Soc. Lond. 80, 135-146.

Dohm, M. R. (2002). Repeatability estimates do not always set an upper limit to
heritability. Funct. Ecol. 16, 273-280.

Elnitsky, M. A. and Claussen, D. L. (2006). The effects of temperature and inter-
individual variation on the locomotor performance of juvenile turtles. J. Comp.
Physiol. B 176, 497-504.

Falconer, D. S. and Mackay, T. F. C. (1997). Introduction to Quantitative Genetics
(4th edn). New York: Longman.

Fuiman, L. A. and Cowan, J. H. (2003). Behavior and recruitment success in fish
larvae, repeatability and covariation of survival skills. Ecology 84, 53-67.

Fuller, W. A. (1987). Measurement Error Models. New York: John Wiley and Sons.

Gaines, S. D. and Denny, M. W. (1993). The largest, smallest, highest, lowest,
longest, and shortest: extremes in ecology. Ecology 74, 1677-1692.

Garland, T., Jr (1984). Physiological correlates of locomotory performance in a lizard:
an allometric approach. Am. J. Physiol. 247, R806-R815.

Garland, T., Jr (1985). Ontogenetic and individual variation in size, shape, and speed
in the Australian agamid lizard Amphibolurus nuchalis. J. Zool. Lond. 207, 425-439.

Garland, T., Jr (1994). Phylogenetic analyses of lizard endurance capacity in relation
to body size and body temperature. In Lizard Ecology: Historical and Experimental

THE JOURNAL OF EXPERIMENTAL BIOLOGY



Perspectives (ed. L. J. Vitt and E. R. Pianka), pp. 237-259. Princeton: Princeton
University Press.

Garland, T., Jr and Losos, J. B. (1995). Ecological morphology of locomotor
performance in squamate reptiles. In Ecological Morphology: Integrative Organismal
Biology (ed. P. C. Wainwright and S. M. Reilly), pp. 240-302. Chicago: University of
Chicago Press.

Garland, T., Jr, Hankins, E. and Huey, R. B. (1990). Locomotor capacity and social
dominance in male lizards. Funct. Ecol. 4, 243-250.

Garland, T., Jr, Morgan, M., Swallow, J., Rhodes, J., Girard, |., Belter, J. and
Carter, P. (2002). Evolution of a small-muscle polymorphism in lines of house mice
selected for high activity levels. Evolution 56, 1267-1275.

Gleeson, T. T. (1979). The effects of training and captivity on the metabolic capacity of
the lizard Sceloporus occidentalis. J. Comp. Physiol. 129, 123-128.

Gleeson, T. T. and Harrison, J. M. (1988). Muscle composition and its relation to
sprint running in the lizard Dipsosaurus dorsalis. Am. J. Physiol. 255, R470-R477.

Gumbel, E. J. (1958). Statistics of Extremes. New York: Columbia University Press.

Haggard, E. A. (1958). Intraclass Correlation and the Analysis of Variance. New York:
Dryden Press.

Hertz, P. E., Huey, R. B. and Nevo, E. (1983). Homage to Santa Anita: thermal
sensitivity of sprint speed in agamid lizards. Evolution 37, 1075-1084.

Holem, R. R., Hopkins, W. A. and Talent, L. G. (2006). Effect of acute exposure to
malathion and lead on sprint performance of the western fence lizard (Sceloporus
occidentalis). Arch. Environ. Contam. Toxicol. 51, 111-116.

Houle-Leroy, P., Garland, T., Jr, Swallow, J. G. and Guderley, H. (2003). Artificial
selection for high activity favors mighty mini-muscles in house mice. Am. J. Physiol.
284, R433-R443.

Huey, R. B. and Dunham, A. E. (1987). Repeatability of locomotor performance in
natural populations of the lizard Sceloporus merriami. Evolution 41, 1116-1120.

Huey, R. B. and Hertz, P. E. (1984). Is a jack-of-all temperatures a master of none?
Evolution 38, 441-444.

Huey, R. B. and Stevenson, R. D. (1979). Integrating thermal physiology and ecology
of ectotherms: a discussion of approaches. Am. Zool. 19, 357-366.

Huey, R. B., Schneider, W., Erie, G. L. and Stevenson, R. D. (1981). A field-portable
racetrack and timer for measuring acceleration and speed of small cursorial animals.
Experientia 37, 1357.

Huey, R. B., Dunham, A. E., Overall, K. L. and Newman, R. A. (1990). Variation in
locomotor performance in demographically known populations of the lizard
Sceloporus merriami. Physiol. Zool. 63, 845-872.

Husak, J. F. (2006). Does survival depend on how fast you can run or how fast you
do run? Funct. Ecol. 20, 1080-1086.

Husak, J. F. and Fox, S. F. (2006). Field use of maximal sprint speed by collared
lizards (Crotaphytus collaris): compensation and sexual selection. Evolution 60,
1888-1895.

Husak, J. F., Fox, S. F., Lovern, M. B. and Van Den Bussche, R. A. (2006). Faster
lizards sire more offspring: sexual selection on whole-animal performance. Evolution
60, 2122-2130.

Irschick, D. J. (2003). Studying performance in nature: implications for fitness variation
within populations. Integr. Comp. Biol. 43, 396-407.

Irschick, D. J. and Garland, T., Jr (2001). Integrating function and ecology in studies
of adaptation: investigations of locomotor capacity as a model system. Annu. Rev.
Ecol. Syst. 32, 367-396.

Irschick, D. J. and Meyers, J. J. (2007). An analysis of the relative roles of plasticity
and natural selection in the morphology and performance of a lizard (Urosaurus
ornatus). Oecologia 153, 489-499.

Irschick, D. J., Herrel, A. V., Vanhooydonck, B., Huyghe, K. and Van Damme, R.
(2005). Locomotor compensation creates a mismatch between laboratory and field
estimates of escape speed in lizards: a cautionary tale for performance-to-fitness
studies. Evolution 59, 1579-1587.

Jayne, B. C. and Bennett, A. F. (1990). Scaling of speed and endurance in garter
snakes: a comparison of cross-sectional and longitudinal allometries. J. Zool. Lond.
220, 257-277.

Le Galliard, J.-F., Clobert, J. and Ferriére, R. (2004). Physical performance and
Darwinian fitness in lizards. Nature 432, 502-505.

Lessells, C. M. and Boag, P. T. (1987). Unrepeatable repeatabilities: a common
mistake. Auk 104, 116-121.

Losos, J. B., Creer, D. A. and Schulte, J. A, Il (2002). Cautionary comments on the
measurement of maximum locomotor capabilities. J. Zool. Lond. 258, 57-61.

Manly, B. F. J. (1986). Multivariate Statistical Methods: A Primer. London: Chapman &
Hall.

Mantel, N. (1967). The detection of disease clustering and a generalized regression
approach. Cancer Res. 27, 209-220.

Marsh, R. L. and Bennett, A. F. (1986). Thermal dependence of sprint performance of
the lizard Sceloporus occidentalis. J. Exp. Biol. 126, 79-87.

Estimating maximum performance 1343

Mathieu, O., Cruz-Orive, L. M., Hoppeler, H. and Weibel, E. R. (1981). Measuring
error and sampling variation in stereology: comparison of the efficiency of various
methods for planar image analysis. J. Microsc. 121, 75-88.

Miles, D. B. (2004). The race goes to the swift: fithess consequences of variation in
sprint performance in juvenile lizards. Evol. Ecol. Res. 6, 63-75.

Miles, D. B., Fitzgerald, L. A. and Snell, H. L. (1995). Morphological correlates of
locomotor performance in hatchling Amblyrhynchus cristatus. Oecologia 103, 261-
264.

Mosher, D. S., Quignon, P., Bustamante, C. D., Sutter, N. B., Mellersh, C. S.,
Parker, H. G. and Ostrander, E. A. (2007). A mutation in the myostatin gene
increases muscle mass and enhances racing performance in heterozygote dogs.
PLoS Genet. 3, e79.

Nespolo, R. F. and Franco, M. (2007). Whole-animal metabolic rate is a repeatable
trait: a meta-analysis. J. Exp. Biol. 210, 2000-2005.

Norberg, U. M. (1995). Wing design, flight performance, and habitat use in bats. In
Ecological Morphology: Integrative Organismal Biology (ed. P. C. Wainwright and S.
M. Reilly), pp. 205-239. Chicago: University of Chicago Press.

Peterson, C. C. and Husak, J. F. (2006). Locomotor performance and sexual
selection: individual variation in sprint speed of collared lizards (Crotaphytus collaris).
Copeia 2006, 216-224.

Reidy, S. P., Kerr, S. R. and Nelson, J. A. (2000). Aerobic and anaerobic swimming
performance of individual Atlantic cod. J. Exp. Biol. 203, 347-357.

Ronning, B., Moe, B. and Bech, C. (2005). Long-term repeatability makes basal
metabolic rate a likely heritable trait in the zebra finch Taeniopygia guttata. J. Exp.
Biol. 208, 4663-4669.

Schall, J. J. and Sarni, G. A. (1987). Malarial parasitism and the behavior of the
lizard, Sceloporus occidentalis. Copeia 1987, 84-93.

Schall, J. J., Bennett, A. F. and Putnam, R. W. (1982). Lizards infected with malaria:
physiological and behavioral consequences. Science 217, 1057-1059.

Shaffer, H. B., Austin, C. C. and Huey, R. B. (1991). The consequences of
metamorphosis on salamander (Ambystoma) locomotor performance. Physiol. Zool.
64, 212-231.

Sinervo, B. and Adolph, S. C. (1989). Thermal sensitivity of growth rate in hatchling
Sceloporus lizards: environmental, behavioral, and genetic aspects. Oecologia 78,
411-419.

Sinervo, B. and Adolph, S. C. (1994). Growth plasticity and thermal opportunity in
Sceloporus lizards. Ecology 75, 776-790.

Sinervo, B. and Huey, R. B. (1990). Allometric engineering: an experimental test of
the causes of interpopulational differences in performance. Science 248, 1106-1109.

Sinervo, B. and Losos, J. B. (1991). Walking the tight rope: arboreal sprint
performance among Sceloporus occidentalis lizard populations. Ecology 72, 1225-
1233.

Sinervo, B., Hedges, R. and Adolph, S. C. (1991). Decreased sprint speed as a cost
of reproduction in the lizard Sceloporus occidentalis: variation among populations. J.
Exp. Biol. 155, 323-336.

Sokal, R. R. and Rohlf, F. J. (1981). Biometry. San Francisco: W. H. Freeman and
Co.

Spearman, C. (1904). The proof and measurement of association between two things.
Am. J. Psychol. 15, 72-101.

Stebbins, R. C. (2003). A Field Guide to Western Reptiles and Amphibians (3rd edn).
New York: Houghton Mifflin.

Tolley, E. A., Notter, D. R. and Marlowe, T. J. (1983). Heritability and repeatability
of speed for 2- and 3-year-old standardbred racehorses. J. Anim. Sci. 56, 1294-
1305.

Tsuji, J. S., Huey, R. B., van Berkum, F. H., Garland, T., Jr and Shaw, R. G.
(1989). Locomotor performance of hatchling fence lizards (Sceloporus occidentalis):
quantitative genetics and morphometric correlates. Funct. Ecol. 3, 240-252.

van Berkum, F. H. (1988). Latitudinal patterns of the thermal sensitivity of sprint speed
in lizards. Am. Nat. 132, 327-343.

van Berkum, F. H. and Tsuiji, J. S. (1987). Inter-familial differences in sprint speed
of hatchling Sceloporus occidentalis (Reptilia: Iguanidae). J. Zool. Lond. 212, 511-
519.

van Berkum, F. H., Huey, R. B., Tsuiji, J. S. and Garland, T., Jr (1989). Repeatability
of individual differences in locomotor performance and body size during early
ontogeny of the lizard Sceloporus occidentalis (Baird and Girard). Funct. Ecol. 3, 97-
105.

Vézina, F. and Williams, T. D. (2005). The metabolic cost of egg production is
repeatable. J. Exp. Biol. 208, 2533-2538.

Watkins, T. B. (1996). Predator-mediated selection on burst swimming performance in
tadpoles of the Pacific tree frog, Pseudacris regilla. Physiol. Zool. 69, 154-167.

Watkins, T. B. (1997). The effect of metamorphosis on the repeatability of maximal
locomotor performance in the Pacific tree frog Hyla regilla. J. Exp. Biol. 200, 2663-
2668.

THE JOURNAL OF EXPERIMENTAL BIOLOGY



	Claremont Colleges
	Scholarship @ Claremont
	1-1-2008

	Estimating Maximum Performance: Effects of Intraindividual Variation
	Stephen C. Adolph
	Trevor Pickering '05
	Recommended Citation


	_

