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a b s t r a c t
An understanding of the proximate (morphological, physiological and behavioural) mechanisms that affect
locomotor speed can clarify reasons for intraspeciﬁc and interspeciﬁc variation in this ecologically relevant
performance measure. To explore such mechanisms, we selected a study system involving animals with
highly simpliﬁed external morphology (snakes) moving through a homogeneous medium (water). In
laboratory trials, swimming speeds in two species of amphibious sea kraits (61 Laticauda laticaudata and 35
L. saintgironsi) varied from 0.14 to 1.39 body lengths per second. Miniature accelerometers attached
externally to these snakes recorded the frequency and lateral acceleration of bodily undulations that the
snakes used to propel themselves through the water. Frequency of undulation was constant along the length
of the body, but amplitude of lateral acceleration increased in posterior sections. The frequency and
amplitude of lateral acceleration of undulations were highly correlated with swimming speeds, suggesting
(a) that intraspeciﬁc and interspeciﬁc variation in swimming speeds reﬂects underlying variation in
undulatory mechanics; and (b) that data from miniature accelerometers implanted in the body cavity could
provide accurate estimates of swimming speeds of free-ranging snakes.
© 2010 Elsevier B.V. All rights reserved.

1. Introduction
To understand the ways in which natural selection works on the
functional traits of organisms, we need information not only on
phenotypic variation among individuals in performance traits (e.g.,
locomotor speed), but also on the ﬁtness consequences of that
variation, and on the underlying proximate mechanisms that enable
one organism to perform better than another (Arnold, 1983; Garland
and Losos, 1994). Only by integrating information across these
multiple levels of organisation can we fully understand the adaptive
signiﬁcance of organismal traits linked to performance (Arnold, 1983;
Garland and Losos, 1994; Irschick and Garland, 2001). The challenge is
considerable, in that many kinds of animals are difﬁcult to observe in
the course of their day-to-day lives, so that even measuring the speed
with which they travel through the environment poses signiﬁcant
problems. Documenting ﬁtness consequences of performance variation also is difﬁcult (although mark-recapture approaches have the
potential to do so—e.g., Warner and Andrews, 2002; Miles, 2004; Le
Galliard et al., 2004; Husak, 2006). Understanding the proximate
mechanisms that determine performance levels also is challenging,
especially in free-ranging animals (Garland and Losos, 1994; Le
Galliard et al., 2003).
⁎ Corresponding author. Current address: Department of Biology, University of
Florida, 220 Bartram Hall, Gainesville, Florida, 32611, USA.
E-mail address: francois.brischoux@gmail.com (F. Brischoux).
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In the current study, we examine a system that facilitates empirical
documentation of the proximate mechanisms underlying a major
performance trait. Like most researchers in this ﬁeld, we selected
locomotor speed as the performance trait to study because it is easy to
measure, highly repeatable, and plausibly linked to individual ﬁtness
(e.g., through ability to escape predators or capture prey, Domenici
and Blake, 1991). To further reduce logistical problems, we selected
study organisms with highly simpliﬁed external morphology
(snakes), so that the mechanisms generating propulsion (body
undulations) can be quantiﬁed more easily than would be the case
with animals using a combination of other body parts (e.g., limbs, ﬁns,
or tails) for locomotion (Jayne, 1985; Gillis, 1996; Munk, 2008). Lastly,
we restricted our attention to swimming, thereby removing complexities arising from substrate heterogeneity that can massively
inﬂuence movement rates (Gans, 1962; Hertel, 1966). For a seasnake
swimming through clean still water, locomotor speed should be
determined primarily by the frequency and amplitude of undulations
that push against the water column and propel the snake through the
water (Jayne, 1985; Gillis, 1996; Munk, 2008; Pattishall and Cundall,
2008).
Previous studies on the biomechanics of snake locomotion have
relied on detailed video-based analysis of snake postures (Jayne,
1985; Graham et al., 1987; Munk, 2008; Pattishall and Cundall, 2008).
An alternative methodology that has been applied with great success
to studies of locomotion in other kinds of animals involves miniature
animal-borne data-loggers to gather physiological and behavioural
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information (an approach known as bio-logging, see Ropert-Coudert
and Wilson, 2005). Logistical, cultural, and economic constraints have
limited the types of organisms to which this new technology has been
applied (i.e., species of economic values or large bodied species;
Bonnet et al., 2002; Clark and May, 2002; Ropert-Coudert et al., 2006,
2009). As a result, most bio-logging studies have focused on birds,
mammals and sea turtles, ignoring smaller animals (Ropert-Coudert
et al., 2006; Brischoux et al., 2008; Ropert-Coudert et al., 2009). Recent
technological improvements in bio-loggers are changing this situation, with a new generation of data-loggers small enough for
deployment on smaller species (Angelier et al., 2007; Brischoux et
al., 2007c; Lagarde et al., 2008; Brischoux et al., 2009). One type of
miniaturized animal-borne data-logger is the accelerometer, which
has revolutionized our understanding of animal movements (e.g.
Yoda et al., 2001; Ropert-Coudert et al., 2004; Kato et al., 2006). These
devices measure the acceleration (in one, two or three dimensions) of
the body of a freely-moving animal. That information allows
researchers to access biomechanical parameters of animal movements in the wild (e.g., to quantify limb movements; Ropert-Coudert
et al., 2004; Watanuki et al., 2006; Sato et al., 2007). In turn, such
information can clarify costs of transport (Mori et al., 2010) and
facilitate ﬁne-scale analyses of an animal's movements and/or energy
expenditure (Wilson et al., 2008).
Seasnakes provide excellent models in this respect because of their
structurally simple morphology (as previously discussed). Additionally,
studies on seasnakes have the potential for broad comparisons, because
snakes of several lineages have adapted to aquatic habitats (Heatwole,
1999). Thus, this system can clarify the locomotor challenges faced by
organisms in the course of a major evolutionary transition in habitat
types (Aubret and Shine, 2008). Finally, implanted data-loggers may
offer a way to document signiﬁcant aspects of snake behaviour when the
animals are at sea, and thus are unobservable by most methods of study.
Our aims in the present study were to measure swimming speeds of
two species of seasnakes, and explore the degree to which interspeciﬁc
and intraspeciﬁc variation in locomotor speeds was the result of
corresponding variation in biomechanical aspects (frequency and
amplitude of lateral acceleration of body undulations) that we could
record with miniature accelerometers attached to the snakes' body. Our
rationale was that robust empirical associations between accelerometer
data and snake speeds would clarify the reasons for among-individual
variation in locomotor performance, and also would enable us to
evaluate the feasibility of using miniature (internally-placed) accelerometers to predict speeds of free-swimming snakes in the ﬁeld.
2. Materials and methods
2.1. Study species
Sea kraits (laticaudine seasnakes, family Elapidae) are amphibious
medium-sized snakes (b1.40 m) common through coral-reef habitats
over most of the Indo-Paciﬁc (Heatwole, 1999). Two sympatric
species occur in the lagoon of New Caledonia: Laticauda laticaudata
and L. saintgironsi. Both species forage at sea, mostly for anguilliform
ﬁsh (eels) but return on land to digest, slough their skins, mate and lay
their eggs (Brischoux and Bonnet, 2009). Although easily observable
when on land, sea kraits evade direct observation during their
foraging trips at sea (which can last for at least 15 days: Brischoux et
al., 2007b,c; Brischoux and Bonnet, 2009). To quantify interspeciﬁc
differences in body shape, we measured total lengths (TL, ±0.5 cm),
and body heights and widths at intervals along the snake's length
(10% of TL starting 5% after the snout, ±0.1 mm) of 12 adult
individuals of each species (6 males and 6 females).
Snakes were captured by hand on a small coral island (Signal islet,
22°17′45 S, 166°17′34 E, see Brischoux and Bonnet, 2009 for details)
close (b15 km) to the city of Nouméa. Snakes were then sexed,
measured for body length (SVL [Snout-Vent Length] ± 0.5 cm) and

117

total length (TL ± 0.5 cm), and weighed (± 0.5 g, Brischoux and
Bonnet, 2009). The animals were transported to Nouméa in cloth
bags, where they were housed with ad libitum freshwater. We
conducted three capture sessions on Signal islet (each b3 days),
followed by three swimming speed measurement sessions in Nouméa
(each b4 days), after which each individual was released at its
location of capture (b7 days after initial capture). A total of 96 snakes
were used in the experiments: 61 L. laticaudata and 35 L. saintgironsi.
2.2. Experimental procedures
2.2.1. Experimental pool
All experimental procedures were conducted at the “Aquarium des
Lagons” research facility (Nouméa, New Caledonia). The experimental
pool consisted of a concrete tub (5 m-long, 40 cm wide, 50 cm deep)
ﬁlled with constantly renewed seawater. This open-circuit system
provided water conditions similar to those experienced by freeranging sea kraits (mean temperature 25.8 °C).
Once ﬁtted with the data-logger (see sections 2.2.3 and 3.2 for
details on the logger position), each individual was released at one
end of the experimental pool. Most individuals immediately began
swimming toward the opposite end of the pool. We did not manually
stimulate the snake. We recorded times to travel the 4 m-long
raceway, for 10 consecutive swimming trials per individual (mean
number of trials per snakes 9.61 ± 1.11, range 3–10 because a few
snakes refused to keep swimming). Swimming speed was measured
using a stop-watch synchronized with the accelerometer. Swimming
speed was calculated relative to body length (SVL·s–1) to provide a
more meaningful measure of locomotor performance than absolute
speed (Van Damme and Van Doren, 1999; see also Shine et al., 2003a,
b). We conducted a total of 144 experimental bouts on the 96 snakes
(i.e., some snakes were tested more than once; see below, effect of
logger position).
2.2.2. Data-logger
We used a four-channel accelerometer (M190L-D2GT, cylindrical
60×15 mm, 20 g; Little Leonardo, Japan) to simultaneously monitor
depth (every second), temperature (every second) and acceleration
(32 Hz) along two axes. The logger weighed, on average, 10% of snake
mass (range 3–19%), about half the mass of prey items taken by these
snake species (mean relative prey mass 18%, range 3–95%, Brischoux et al.,
2007a). The logger was externally attached to the snake's back using small
pieces of adhesive tape (Tesa tape). The snake's scales were cleaned and
dried before attachment and the tape encompassed the entire circumference of the circular body. The tape width (b2 cm) was designed to
avoid impeding the normal lateral ﬂexion of the snakes' vertebral column.
The attachment of the logger was manually checked before each trial to
ensure a close ﬁt between the logger and the snake's body. The orientation
of the logger was precisely set in order to measure acceleration along two
axes: surging acceleration was measured along the longitudinal body axis
of the snake, and swaying acceleration was measured laterally to record
the undulatory movements of a swimming snake (Fig. 1a and b).
To investigate the frequency and amplitude of lateral (sway)
acceleration (henceforth “sway amplitude” for simplicity) of undulations (Fig. 1b), a spectrogram of the sway acceleration was calculated by
continuous wavelet transformation with the Morlet wavelet function
using Ethographer (Sakamoto et al., 2009) on Igor Pro (version 6.04,
Wavemetrics, USA). For each trial, a mean value was calculated for both
the sway amplitude and the frequency of undulation, providing for each
value of relative swimming speed a corresponding value of sway
amplitude and frequency of snake movements.
2.2.3. Effect of logger position on swimming speeds and undulations
As well as recording overall patterns of association between
speeds and undulation parameters, we conducted initial trials to
check the reliability of the data obtained from the logger.
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Fig. 1. (a): View from above of a snake ﬁtted with the logger in mid-body position (grey box). Acceleration was measured along two axes: surging (surge) along the longitudinal body
axis of the snakes, and swaying (sway) laterally to record the typical undulatory movements of a swimming snake. (b): examples of recordings of sway acceleration for two
swimming speeds (both expressed as body lengths per second). Left: a female L. saintgironsi (0.51 SVL·s–1); right: a male L. saintgironsi (1.01 SVL·s–1). Note the difference in both the
sway amplitude and frequency of the undulations.

Biomechanical studies on swimming snakes indicate that the
frequency of undulations remains constant along the snake's length,
but that the amplitude of undulations increases posteriorly (Jayne,
1985; Graham et al., 1987; Munk, 2008). To check that the logger data
exhibit this pattern, the logger was attached at three different
positions: anteriorly (ANT, 15% TL), at mid-body (MID, 50% TL) and
posteriorly (POST, 85% TL) on a sub-sample of individuals (N = 12 L.
laticaudata and N = 12 L. saintgironsi). Each of these individuals swam
three series of 10 consecutive trials (3 experimental bouts with a
different logger position each time, 1 day between bouts). The order
of the logger position was randomised to avoid any effects of testing
sequence.
2.3. Statistics
Because individual snakes contributed more than once in the
analyses we used generalized linear mixed-effects models (GLMM,
Schall, 1991) ﬁtted by restricted maximum likelihood (REML, Patterson
and Thompson, 1971). We nested each trial within the individual, which
was set as a random factor, in order to avoid problems of pseudoreplication and individuals with varying statistical weights. Most of the
following analyses follow this statistical design, unless otherwise stated
(see Results). Preliminary analyses showed that swimming speed was
constant over time through the 10 successive trials, except for L.
saintgironsi which displayed a lower swimming speed for the ﬁrst trial
only (repeated-measures ANOVA, post-hoc tests reveal the ﬁrst trial to
differ signiﬁcantly from the others at p = 0.03 for L. saintgironsi, all other
p N 0.05). Thus, for consistency, we excluded the ﬁrst swimming trial for
all snakes (including L. laticaudata) in the following analyses. We tested
the data for deviations from normality before using parametric statistics
(ANOVAs, repeated-measures ANOVAs), although the F-test is robust to
violations of the normality and homoscedasticity assumptions (Lindndman, 1974). The snakes' body condition index (BCI) was calculated as
the residuals of the regression between SVL and body mass (log-

transformed for linearity, Bonnet and Naulleau, 1994). All analyses
were performed using JMP 6.03 (SAS Institute, USA), and means are
presented ±S.D.
3. Results
3.1. Snake morphology
The two species differed signiﬁcantly in body shape. L. saintgironsi
is more heavy-bodied, and thus exceeded L. laticaudata in relative
body height (repeated-measures ANOVA with height at each position
along the body as the repeated measure, F9,198 = 2.78, p b 0.001,
Fig. 2a) and relative body width (repeated-measures ANOVA as above,
F9,198 = 6.57, p b 0.001, Fig. 2b).
3.2. Effect of logger position on swimming speeds and undulations
The logger position affected swimming speed in L. saintgironsi
(F1,302 =3.55, p=0.04, post-hoc test has ANT signiﬁcantly different
from MID, Fig. 3), but not in L. laticaudata (F1,321 =1.05, p=0.36, Fig. 3).
For both species, snakes tended to swim slowly when the logger was
attached anteriorly (Fig. 3), where its cross-sectional area is almost equal
to the diameter of the snake (relative cross-sectional area of the logger for
L. laticaudata, ANT 0.93±0.06, MID 0.69±0.04 and POST 0.73±0.05; and
for L. saintgironsi, ANT 0.93±0.08, MID 0.64±0.05 and POST 0.69±0.05).
Logger position affected sway amplitude but not frequency of
undulations in both species (with swimming speed as a covariate: for
L. laticaudata, effect of logger position on undulation frequency,
F1,321 = 0.09, p = 0.91 and sway amplitude, F1,321 = 10.16, p b 0.001;
and for L. saintgironsi, effect of logger position on frequency,
F1,302 = 0.27, p = 0.76 and on sway amplitude, F1,302 = 33.90,
p b 0.001; Fig. 3). That is, for a given speed, the frequency of body
undulations was constant along the snake's body length, but the sway
amplitude of undulations increased from anterior to posterior (Fig. 3).
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Fig. 2. Body shape (relative body height (a) and body width (b)) measured regularly along the length of two species of laticaudine sea snakes. The two species differed signiﬁcantly
for both morphological measurements. Means are presented ± SD. Note that the difference is strongly marked from mid-body posteriorly (~ 45% TL), the area where lateral ﬂattening
occurs in actively swimming sea kraits.

Because logger position affected swimming speed, we standardised
logger position (in MID position) and all following analyses were
based on data gathered with the logger in MID position only.
3.3. Effect of snake species, sex and body size on swimming speed and
undulations
The species and sex of a snake affected its swimming speed, and
the frequency and the sway amplitude of its undulations (Table 1,
Fig. 4). L. saintgironsi was quicker than L. laticaudata and displayed
more frequent and extreme undulations (Fig. 4). Within both species,
males were faster than females and displayed more frequent and
more extreme undulations (Fig. 4, see also Fig. 1b).
Mean body sizes differed between species (Student's t-test
t = 4.51, df = 94, p b 0.0001; mean SVL = 91.4 ± 1.5 for L. laticaudata
and 81.6 ± 1.8 for L. saintgironsi) and between sexes within each
species (for L. laticaudata, t = −4.37, df = 58, p b 0.0001, mean
SVL = 99.8 ± 2.0 for females and 87.4 ± 1.4 for males, for L. saintgironsi, t = −8.25, df = 34, p b 0.0001, mean SVL = 94.8 ± 1.9 for females
and 72.2 ± 1.6 for males). Swimming speed relative to SVL decreased
in larger snakes (Spearman rank correlation SVL vs relative speed,
rs = −0.48, p b 0.05), so we repeated the above analyses on speeds and
undulations after correcting for SVL by including this factor as a
covariate. Relative to body length (SVL), L. saintgironsi was faster and
exhibited more rapid and wider undulations than did L. laticaudata,
but males and females within each species did not differ signiﬁcantly
either in mean speeds or in undulation parameters (Table 1).
3.4. Can we predict swimming speed from undulation sway amplitude
and frequency?
A model that incorporated snake species, sex, body size, tail size and
condition into a single analysis suggested that the frequency and the

sway amplitude of body undulations were the main determinants of
speed (Table 2). However, the relationship linking undulation parameters and speed differed between the species: for any given
combination of undulation speed and sway amplitude, L. saintgironsi
was faster than L. laticaudata (with undulation parameters added as
covariates, species effect F1,1121 = 93.47, pb 0.0001, mean speed= 0.49±
0.004 and 0.58 ±0.005 for L. laticaudata and L. saintgironsi respectively,
Fig. 5). Multiple linear regressions generated the following equations to
calculate swimming speeds based on undulation characteristics (Fig. 5):
for L. laticaudata, Swimming Speed (SVL.s−1) =0.0866+ 0.0234 Sway
amplitude (m.s−2)+ 0.2079 Frequency (Hz), r² =0.70, F2,747 =884.11,
pb 0.0001; and for L. saintgironsi, Swimming Speed (SVL.s−1) =0.1474 +
0.0285*Sway amplitude (m.s−2)+ 0.2084 Frequency (Hz), r²=0.65,
F2,466 = 378.56, p b 0.0001. To further test the reliability with which we
can predict swimming speeds from undulation parameters, we recalculated these equations on a sub-set of swimming speeds and
undulation parameters (half of the trials per individuals, odd numbers),
and then applied those equations to predict swimming speeds in the
remaining part of the data set (half of the trials per individual, even
numbers). There was no signiﬁcant difference between measured and
predicted swimming speeds (paired t-test, t= 0.43, df= 1218, p =0.66;
for L. laticaudata, 0.43 ± 0.13 SVL·s–1 versus 0.45 ± 0.13 SVL·s–1
for measured and predicted speeds respectively, and for L. saintgironsi,
0.68±0.19 SVL·s–1 and 0.65±0.17 SVL·s–1 for measured and predicted
speeds respectively).
4. Discussion
Our deployment of animal-borne accelerometers to analyse snake
movement has provided encouraging results. Although external
attachment of the data-logger affected snake hydrodynamics and
thus speeds (as also occurs in some endothermic species, Wilson et al.,
1986; Ropert-Coudert et al., 2000, 2007; see Fig. 3), the broad patterns
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Fig. 3. (a) relative swimming speeds recorded for sea snakes as a function of three
alternative positions of the logger (ANT, MID and POST) on the snake's body.
(b) frequency of undulations relative to swimming speed for the three positions of
the logger. (c) sway amplitude of undulations relative to swimming speed for the three
positions of the logger. Means are presented ±SD. See text for details.

Table 1
Summary of the results of statistical tests (GLMM-REML, see text for details) to examine
the effect of sea snake species, sex and the interaction between species and sex, on
swimming speed (body lengths [SVLs] per second), and the frequency and the sway
amplitude of body undulations. Boldface font indicates statistically signiﬁcant (P b 0.05)
differences.
Speed

Frequency

Sway amplitude

F

P

F

P

F

P

Species
Sex
Species × Sex

189.11
11.43
0.01

b 0.0001
0.001
0.91

98.14
4.08
0.09

b0.0001
0.04
0.75

53.22
4.06
1.49

b 0.0001
0.04
0.22

Relative to SVL
Species
Sex
Species × Sex

122.17
2.74
0.07

b 0.0001
0.10
0.78

65.35
0.89
0.01

b0.0001
0.34
0.96

32.13
1.50
1.05

b 0.0001
0.22
0.30

Fig. 4. Effects of sex on swimming performance in two species of laticaudine sea kraits.
The panels show sex differences in: (a) swimming speed, (b) frequency of undulations,
and (c) sway amplitude of undulations. All data were recorded with the logger in the
mid-body position. Means are presented ± SD. See text for details.

of locomotor biomechanics do not appear to have been affected. For
example, undulation frequency was constant along the snake's length,
whereas sway amplitude of the oscillation increased posteriorly
(Fig. 3). As documented for unencumbered snakes (Jayne, 1985;
Graham et al., 1987; Munk, 2008), the frequency of undulations

Table 2
Summary of the results of statistical tests (GLMM-REML, see text for details) to test for
the determinants of the relative swimming speed of two species of sea snakes. SVL:
snout-vent length, BCI: body condition index (see text). Boldface font indicates
statistically signiﬁcant (P b 0.05) effects.
Relative swimming speed

Species
Sex
Species × Sex
SVL
Relative tail length
BCI
Frequency
Sway amplitude

F

P

80.04
3.00
0.19
1.34
1.33
0.75
77.47
164.35

b 0.0001
0.09
0.66
0.25
0.25
0.39
b 0.0001
b 0.0001
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Fig. 5. Relationships between relative swimming speed of sea snakes and the frequency
and sway amplitude of their lateral undulations, recorded with the logger in mid-body
position. Equations of the multiple regressions are: Swimming Speed (SVL·s–1) =
0.0866 + 0.0234 Sway amplitude (m s-2) + 0.2079 Frequency (Hz) for L. laticaudata
and Swimming Speed (SVL·s–1) = 0.1474 + 0.0285 Sway amplitude (m·s–1) +
0.2084 Frequency (Hz) for L. saintgironsi. See text for details.
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per unit length, and the thrust generated will be linearly correlated
with this surface area. The two sea krait species differ signiﬁcantly in
overall body shape. Although relative body height and width are not a
direct quantiﬁcation of the ventral keel, these measurements are
related to the potential for lateral ﬂattening (the greater the relative
diameter, the greater the potential extent of lateral ﬂattening). The
direction and magnitude of this difference between species accord
well with the difference in swimming speed. Future investigations of
seasnake locomotor mechanics could usefully consider variations of
body shape linked to activities (e.g., feeding and reproduction) that
impose signiﬁcant bodily distension (Brischoux et al., in press) and
hence exert selective forces on morphology in aquatic snakes (Shine,
1988).
Our experimental data suggest that bio-loggers may be able to
record physiologically and behaviourally relevant data on seasnakes
(see also Brischoux et al., 2007c). Deployment of accelerometers on
free-ranging individuals has revolutionized our understanding of the
ecology of air-breathing marine vertebrates (Yoda et al., 2001;
Ropert-Coudert et al., 2004; Kato et al., 2006; Sato et al., 2007).
Internal implantation of such bio-loggers in seasnakes would facilitate
studies on the behaviour and physiology of marine snakes when the
animals are at sea, and thus are unobservable by most methods of
study. Finally, miniaturized accelerometers in seasnakes may help to
clarify the locomotor challenges faced by these organisms in the
course of their evolutionary transition to marine life.
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propagation of the propulsive wave (and thus its sway amplitude)
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undulation frequency and sway amplitude were robust predictors of
swimming speeds (see validation of the predictive equations). Below,
we discuss the implications of our results for (a) the determinants of
locomotor speed in seasnakes, and (b) emerging opportunities for
studies on locomotor activity of free-ranging snakes in the ﬁeld.
Our results show that the swimming speed of seasnakes is mainly
determined by a combination of the frequency and sway amplitude of
undulations (see also Munk, 2008). Within species, a snake's size
affects the undulation parameters, whereas interspeciﬁc differences
in undulation parameters do not seem to be related to body size. Two
hypotheses (not mutually exclusive) can explain both the interspeciﬁc and intraspeciﬁc differences we detected using accelerometers,
and thus, clarify the determinants of swimming speed in seasnakes.
First, the fastest species (L. saintgironsi) is heavier-bodied (Bonnet
et al., 2005; see Fig. 2) and has more muscular strength than L.
laticaudata (Bonnet et al., 2005). Within both species, males are
stronger than females (Bonnet et al., 2005). Clearly, a stronger snake
should be able to put more energy into each undulation, thereby
resulting in greater speed for any given set of undulation parameters.
Although this hypothesis is compelling for the interspeciﬁc difference
we observed, it is less satisfactory at explaining the intraspeciﬁc
variation in swimming speed or undulation parameters. Although
males are stronger than females (Bonnet et al., 2005), both the
undulation parameters and the resulting swimming speeds were
similar (relative to body size) between sexes.
Our second hypothesis involves the body shapes of aquatic snakes.
Highly aquatic species exhibit a laterally compressed body during
swimming (Hydrophiids: Heatwole, 1999; Acrochrodids: Shine and
Houston, 1993; Colubrids: Pattishall and Cundall, 2008; Laticaudines:
personal observations). A laterally compressed body presumably
allows a more efﬁcient thrust against the water than a cylindrical one
(Shine, 1988). Accordingly, higher bodies present more surface area

We thank P. Leblanc and R. Farman for access to the facilities at the
Aquarium des Lagons (Nouméa). C. Chevillon (DENV Province Sud,
Nouméa), S. Andréfouët, L. Carassou, F. Bouilleret and L. Pizzatto
provided help at various stages of the project. We thank X. Bonnet for
his permission to capture and use snakes from the study sites of the
“sea krait population study” from the CEBC. We thank A. Ramirez and
B. Mège for livening up the atmosphere between experimental bouts.
Funding was provided by the Australian Government (Endeavour
Award # 930_2009), the Australian Research Council (ARC), and the
Centre National de la Recherche Scientiﬁque (CNRS). The study was
carried out under permit 503/DENV/SMER issued by the DENV,
Province-Sud, NC. Experimental procedures were approved by the
University of Sydney Animal Ethics Committee (approval number
L04/5-2009/1/5064). [RH]

References
Angelier, F., Clement-Chastel, C., Gabrielsen, G.W., Chastel, O., 2007. Corticosterone and
time-activity budget: an experiment with Black-legged kittiwakes. Hormones and
Behavior 52, 482–491.
Arnold, S.J., 1983. Morphology, performance and ﬁtness. American Zoologist 23,
347–361.
Aubret, F., Shine, R., 2008. The origin of evolutionary innovations: locomotor
consequences of tail shape in aquatic snakes. Functional Ecology 22, 317–322.
Bonnet, X., Naulleau, G., 1994. Utilisation d'un indice de condition corporelle (BCI) pour
l'étude de la reproduction chez les serpents. Comptes Rendus de l'Académie des
Sciences de Paris 317, 34–41.
Bonnet, X., Shine, R., Lourdais, O., 2002. Taxonomic chauvinism. Trends in Ecology and
Evolution 17, 1–3.
Bonnet, X., Ineich, I., Shine, R., 2005. Terrestrial locomotion in sea snakes: the effects of
sex and species on cliff-climbing ability in sea kraits (Serpentes, Elapidae,
Laticauda). Biological Journal of the Linnean Society 85, 433–441.
Brischoux, F., Bonnet, X., 2009. Life history of sea kraits in New Caledonia. Zoologia
Neocaledonica 7. Mémoires du Muséum national d'Histoire naturelle 198, 133–147.
Brischoux, F., Bonnet, X., Cook, T.R., Shine, R., 2007a. Snakes at sea: diving performance
of free-ranging sea kraits. Proceedings of the 11th Annual Meeting on Health,
Science & Technology. Tours University, France.
Brischoux, F., Bonnet, X., De Crignis, M., 2007b. A method to reconstruct anguilliform
ﬁshes from partially digested items. Marine Biology 151, 1893–1897.
Brischoux, F., Bonnet, X., Shine, R., 2007c. Foraging ecology of sea kraits (Laticauda spp.)
in the Neo-Caledonian lagoon. Marine Ecology Progress Series 350, 145–151.
Brischoux, F., Bonnet, X., Cook, T.R., Shine, R., 2008. Allometry of diving capacities:
ectothermy versus endothermy. Journal of Evolutionary Biology 21, 324–329.

Author's personal copy
122

F. Brischoux et al. / Journal of Experimental Marine Biology and Ecology 394 (2010) 116–122

Brischoux, F., Bonnet, X., Shine, R., 2009. Kleptothermy, an additional category of
thermoregulation and a possible example in sea kraits (Laticauda laticaudata,
Serpentes). Biology Letters 5, 729–731.
Brischoux, F., Bonnet, X., Shine, R., in press. Conﬂicts between reproduction and feeding
in amphibious snakes (sea kraits, Laticauda spp.). Austral Ecology.
Clark, J.A., May, R.M., 2002. Taxonomic bias in conservation research. Science 297,
191–192.
Domenici, P., Blake, R.W., 1991. The kinematics and performance of the escape response
in the angelﬁsh (Pterophyllum eimekei). Journal of Experimental Biology 156,
187–205.
Gans, C., 1962. Terrestrial locomotion without limbs. American Zoologist 2, 167–182.
Garland Jr, T., Losos, J.B., 1994. Ecological Morphology of Locomotor Performance in
Squamate Reptiles. In: Wainwright, P.C., Reilly, S.M. (Eds.), The University of
Chicago Press, pp. 240–302.
Gillis, G.B., 1996. Undulatory locomotion in elongate aquatic vertebrates: anguilliform
swimming since Sir James Gray. American Zoologist 36, 656–665.
Graham, J.B., Lowell, W.R., Rubinoff, I., Motta, J., 1987. Surface and subsurface swimming
of the sea snake Pelamis platurus. Journal of Experimental Biology 127, 27–44.
Heatwole, H., 1999. Sea snakes. Australian Natural History Series. University of New
South Wales.
Hertel, H., 1966. Structure Form and Movement. Rheinold, New York.
Husak, J.H., 2006. Does speed help you survive? A test with collared lizards of different
ages. Functional Ecology 20, 174–179.
Irschick, D.J., Garland Jr, T., 2001. Integrating function and ecology in studies of
adaptation: investigations of locomotor capacity as a model system. Annual Review
of Ecology and Systematics 32, 367–396.
Jayne, B.C., 1985. Swimming in constricting (Elaphe g. guttata) and nonconstricting
(Nerodia fasciata pictiventrus) colubrid snakes. Copeia 1985, 195–208.
Kato, A., Ropert-Coudert, Y., Grémillet, D., Cannell, B., 2006. Locomotion and foraging
strategy in foot-propelled and wing-propelled shallow-diving seabirds. Marine
Ecology Progress Series 308, 293–301.
Lagarde, F., Guillon, M., Dubroca, L., Bonnet, X., Ben Kaddour, K., Slimani, T., et al., 2008.
Slowness and acceleration: a new method to quantify the activity budget of
chelonians. Animal Behaviour 75, 319–329.
Le Galliard, J.-F., Le Bris, M., Clobert, J., 2003. Timing of locomotor impairment and shift
in thermal preferences during gravidity in a viviparous lizard. Functional Ecology
17, 877–885.
Le Galliard, J.-F., Clobert, J., Ferrière, R., 2004. Physical performance and Darwinian
ﬁtness in lizards. Nature 432, 502–505.
Lindman, R.H., 1974. Analysis of variance in complex experimental designs. W.H.
Freeman and Co., San Francisco.
Miles, D.B., 2004. The race goes to the swift: ﬁtness consequences of variation in sprint
performance in juvenile lizards. Evolutionary Ecology Research 6, 63–75.
Mori, Y., Takahashi, A., Trathan, P.N., Watanuki, Y., 2010. Optimal stroke frequency
during diving activity in seabirds. Aquatic Biology 8, 247–257.
Munk, Y., 2008. Kinematics of swimming garter snakes (Thamnophis sirtalis).
Comparative Biochemistry and Physiology A 150, 131–135.
Patterson, H.D., Thompson, R., 1971. Recovery of inter-block information when block
sizes are unequal. Biometrika 58, 545–554.
Pattishall, A., Cundall, D., 2008. Dynamic changes in body form during swimming in the
water snake Nerodia sipedon. Zoology 111, 48–61.

Ropert-Coudert, Y., Wilson, R.P., 2005. Trends and perspectives in animal-attached
remote sensing. Frontiers in Ecology and the Environnement 3, 437–444.
Ropert-Coudert, Y., Bost, C.-A., Bevan, R.M., Handrich, Y., Le Maho, Y., Woakes, A., et al.,
2000. Impact of externally attached logger on the diving behaviour of the King
penguin (Aptenodytes patagonicus). Physiological and Biochemical Zoology 74,
438–444.
Ropert-Coudert, Y., Grémillet, D., Kato, A., Ryan, P.G., Naito, Y., Le Maho, Y., 2004. A ﬁnescale time budget of Cape gannets provides insights into their foraging strategies.
Animal Behaviour 67, 985–992.
Ropert-Coudert, Y., Kato, A., Wilson, R.P., 2006, June. The Penguiness book. World Wide
Web electronic publication (http://polaris.nipr.ac.jp/ penguin/penguiness/), version 1.0.
Ropert-Coudert, Y., Wilson, R.P., Yoda, K., Kato, A., 2007. Assessing performance
constraints in penguins with externally-attached devices. Marine Ecology Progress
Series 333, 281–289.
Ropert-Coudert, Y., Beaulieu, M., Hanuise, N., Kato, A., 2009. Diving into the world of
bio-logging. Endangered Species Research 10, 21–27. doi:10.3354/esr00188.
Sakamoto, K.Q., Sato, K., Ishizuka, M., Watanuki, Y., Takahashi, A., Daunt, F., et al., 2009.
Can ethograms be automatically generated using body acceleration data from freeranging birds? PLoS ONE 4, e5379.
Sato, K., Watanuki, Y., Takahashi, A., Miller, P., Tanaka, H., Kawabe, R., et al., 2007. Stroke
frequency, but not swimming speed, is related to body size in free-ranging seabirds,
pinnipeds and cetaceans. Proceedings of the Royal Society B: Biological Sciences
274, 471–477.
Schall, R., 1991. Estimation in generalised linear models with random effects.
Biometrika 78, 719–727.
Shine, R., 1988. Constraints on reproductive investment: a comparison between aquatic
and terrestrial snakes. Evolution 42, 17–27.
Shine, R., Houston, D., 1993. Acrochordidae. In: Walton, D. (Ed.), Fauna and Flora
of Australia, Volume 2. Australian Government Publishing Service, Canberra,
pp. 322–324.
Shine, R., Bonnet, X., Cogger, H.G., 2003a. Antipredator tactics of amphibious sea-snakes
(Serpentes, Laticaudidae). Ethology 109, 533–542.
Shine, R., Cogger, H.G., Reed, R.N., Shetty, S., Bonnet, X., 2003b. Aquatic and terrestrial
locomotor speeds of amphibious sea-snakes (Serpentes, Laticaudidae). Journal of
Zoology (London) 259, 261–268.
Van Damme, R., Van Doren, T.J.M., 1999. Absolute versus per unit body length speed of
prey as an estimator of vulnerability to predation. Animal Behaviour 57, 347–352.
Warner, D.A., Andrews, R.M., 2002. Laboratory and ﬁeld experiments identify sources of
variation in phenotypes and survival of hatchling lizards. Biological Journal of the
Linnean Society 76, 105–124.
Watanuki, Y., Wanless, S., Harris, M., Lovvorn, J.R., Miyazaki, M., Tanaka, H., et al., 2006.
Swim speeds and stroke patterns in wing-propelled divers: a comparison among
alcids and a penguin. Journal of Experimental Biology 209, 1217–1230.
Wilson, R.P., Grant, W.S., Duffy, D.C., 1986. Recording devices on free-ranging marine
animals: does measurement affect foraging performance? Ecology 67, 1091–1093.
Wilson, R.P., Shepard, E.L.C., Liebsch, N., 2008. Prying into the intimate details of animal
lives: use of a daily diary on animals. Endangered Species Research 4, 123–137.
Yoda, K., Naito, Y., Sato, K., Takahashi, A., Nishikawa, J., Ropert-Coudert, Y., et al., 2001. A
new technique for monitoring the behaviour of free-ranging Adélie penguins.
Journal of Experimental Biology 204, 685–694.

