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ABSTRACT.—The effects of temperature, body size, and inter-individual variation on forced and voluntary
swimming and crawling velocities were tested in Nerodia sipedon and Regina septemvittata. All measures
of velocity generally increased with temperature, although the magnitude of increase depended on the
locomotor substrate and whether the animal was being tested under forced or voluntary conditions. Aquatic
velocity exceeded terrestrial velocity during both forced and voluntary movement by a factor strongly dic-
tated by temperature and substrate. Voluntary velocity was much closer to forced velocity during swimming
than during crawling. Forced velocity scaled with body size in many instances, but there was little corre-
lation between voluntary velocity and body size. Nerodia sipedon demonstrated some correlation between
forced and voluntary performance levels, and there was some evidence of correlation between aquatic and
terrestrial performance under forced conditions in R. septemvittata. These findings suggest that a rather
complicated array of environmental and organismal factors may influence overall performance in semi-

aquatic snakes.

Many species of snakes frequently move both
on land and through water. Locomotor perfor-
mance may differ considerably between the two
substrates due to differences in buoyancy and
friction (Lillywhite, 1987), and due to differenc-
es in kinematic patterns during lateral undula-
tion (Cundall, 1987). Comparisons of locomotor
capabilities under both conditions may thus
provide useful insights into numerous aspects
of the ecology of semi-aquatic snakes. Little in-
formation is available for comparison of these
two modes of locomotion under similar testing
conditions in different species, or for describing
the comparative impact of other factors influ-
encing locomotion (e.g., temperature and body
size). Stevenson et al. (1985) noted that the dif-
ference between maximal swimming and crawl-
ing speeds in Thamnophis elegans varied with
temperature, and that locomotion over the two
substrates appeared to have different optimal
body temperature ranges. Scribner and Weath-
erhead (1995) noted that the swimming veloci-
ties of Nerodia sipedon, T. sirtalis, and T. sauritus
were greater than their crawling velocities at 20
C, and that the magnitude of these differences
in velocity between swimming and crawling in-
creased with increasing body mass, suggesting
differential scaling of performance with body
size between the two media.

Most studies examining locomotor speed
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have focused on maximum speed (Garland and
Losos, 1994). Although this information pro-
vides insights into the ability of an animal to
perform such ecological functions as prey cap-
ture and predator avoidance, the occurrence of
near maximal locomotion is quite infrequent
during the normal activity of squamates (cf.
Hertz et al., 1988). Most of the locomotion per-
formed during routine activities (e.g., foraging)
is well below the maximal level. Data on the in-
fluence of factors affecting locomotor perfor-
mance under non-forced conditions are relative-
ly scant, although such information could po-
tentially provide valuable insights into such as-
pects of animal life history as daily energetic
budgets, home range size, and rates of disper-
sion. Heckrotte (1967) found that temperature
had little effect on voluntary crawling speed in
Thamnophis sirtalis. In contrast, Adams et al.
(1989) reported that increased temperature in-
creased voluntary walking speed in the box tur-
tle, Terrapene carolina. With the minimal infor-
mation available, it is unclear how size, temper-
ature, and substrate influence voluntary loco-
motion, or how the influence of these factors on
voluntary speed differs among species.

The influence of inter-individual variation on
physiological traits has received a great deal of
interest in recent years, particularly in studies
of whole animal performance (e.g., Garland and
Else, 1987; Bennett et al.,, 1989; Friedman et al.,
1992; Chappell et al., 1995). While a number of
studies have examined correlations between dif-
ferent measures of locomotor performance in in-
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dividuals, such as burst speed and endurance
(e.g., Arnold and Bennett, 1988; Garland, 1988;
Jayne and Bennett, 1990a), or have tested the
same measure of locomotor performance under
similar environmental conditions for repeatabil-
ity over time (e.g., Austin and Schaffer, 1992;
Brodie, 1993), little is known about the degree
to which performance measures for an individ-
ual under different environmental conditions
correlate, or whether performance during non-
forced activity correlates with maximum perfor-
mance.

The present study of locomotion in two semi-
aquatic species of colubrid snake (Nerodia sipedon
and Regina septemvittata) investigated a number
of factors influencing performance and potential
interactions of these factors. We hypothesized
that locomotor performance would increase
with increasing temperature and body size, and
we examined changes in voluntary and forced
velocity that occur at different body sizes, at dif-
ferent temperatures and on different substrates.
Because more of the animal’s surface area is in
contact with the substrate when swimming than
when crawling, and because the energetic cost
of swimming is generally less than that of
crawling (Schmidt-Nielsen, 1972; Seymour,
1982), we predicted that swimming perfor-
mance should exceed that for crawling, and
should be less sensitive to changes in ambient
temperature. Lastly, we predicted that the rela-
tive performance of individuals among different
environmental conditions (temperature, sub-
strate) should correlate, and that individuals
with higher performance capacities under
forced conditions (i.e, maximum velocity)
should also show higher performance levels un-
der non-forced conditions.

MATERIALS AND METHODS

Ten N. sipedon (7.1-149.2 g mass, 19.2-57.2 cm
snout-vent length [SVL]) and ten R. septemvit-
tata (5.3-112.4 g mass, 21.3-52.0 cm SVL) were
hand collected from Collins Run and Four Mile
Creek in the vicinity of Oxford, Butler County,
Ohio, USA (approximately 39°51'N, 84°73'W)
between 15 July and 7 September 1993. To re-
duce potential effects on locomotor performance
due to size differences between the two species,
only N. sipedon less than 60 cm in SVL were col-
lected for this study. All animals were accli-
mated to 20 C for seven days prior to testing
and were maintained on a 12:12 L:D cycle dur-
ing their captivity. Minnows and recently molt-
ed crayfish were offered once per week to N.
sipedon and R. septemvittata, respectively. Ani-
mals were fasted 48 h prior to testing. Snout—
vent lengths to the nearest 0.1 cm were mea-
sured on the first day of testing.

Animal locomotion was evaluated at three

different temperatures (10, 20, and 30 C) and in
two different media (terrestrial and aquatic). To
avoid possible test sequence effects, snakes from
each species were assigned randomly to six dif-
ferent testing orders, in which the sequences of
temperature and substrate combinations were
altered.

Velocities were measured in an environmental
chamber at the appropriate test temperature (10,
20, or 30 C) * 0.5 C using linear racetracks 2 m
long, 0.45 m wide, and 40 cm deep. Animals
were placed in the chamber a minimum of two
hours prior to the runs to allow body tempera-
ture to reach the test temperature. For aquatic
measurements, the racetrack was lined with
plastic and filled with tap water of the appro-
priate temperature to a depth of 12 cm. Terres-
trial velocity was determined in a second race-
track lined with artificial turf. Each animal was
placed under an inverted, black, perforated con-
tainer at one end of the racetrack and allowed
to adjust to its new surroundings under the con-
tainer for 10 min. The container was attached to
a pulley system that allowed the container to be
lifted from outside the environmental chamber.
At the end of the adjustment period, the con-
tainer was slowly lifted to release the animal
without startling it. The animal was allowed to
freely roam the inside of the track until the an-
imal traversed the middle 1 m of the racetrack
nonstop. After the measurement for voluntary
locomotion was obtained, the observer imme-
diately entered the environmental chamber and
proceeded to tap the animal lightly in the tail
region with the end of a meter stick in an at-
tempt to motivate the snake into moving as fast
as possible down the length of the racetrack.
Snakes employed lateral undulation as the pri-
mary locomotor pattern during both forced and
voluntary runs, and all snakes swam subsurface
during both voluntary and forced runs. The
movements of the animal were recorded with a
Magnavox video camera linked to a remote Em-
erson VHS system. Velocity was evaluated as ab-
solute velocity (m/sec) and body length-relative
velocity (SVL/sec) over the middle 1 m of the
racetrack. Each animal was allotted a minimum
of 24 h between velocity tests to allow recovery
from the previous run.

Absolute velocity (m/sec) and body length-
relative velocity (SVL/sec) were analyzed using
PROC GLM on SAS (SAS Institute, 1989) to
evaluate differences in locomotor performance
in relation to species, temperature, substrate
(aquatic or terrestrial), and stimulus level (vol-
untary or forced movement). Individual animals
were nested within species to account for the
repeated measures design of the experiment
(Zar, 1996). In instances where significant inter-
actions were detected, pair-wise comparisons



