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ABSTRACT

MECHANISMS OF SNAKE LOCOMOTION: AN ELECTROMYOGRAPHIC STUDY

By

Bruce Carter Jayne

Quantitative techniques were developed to distinguish lateral
undulatory, sidewinding, and concertina modes of limbless terrestrial
locomotion based on analysis of cinematographic films of five species of
snakes and one amphisbaenian crawling on a variety of substrates.
Concertina locomotion was the only one of these three modes used by the

amphisbaenian, Rhineura floridana. Concertina locomotion of snakes is

described for Acrochordus javanicus and Nerodia fasciata. Sidewinding

1s described for N. fasciata, Cerberus rynchops and Crotalus cerastes.

An example of sidewinding combined with lateral undulation is described

for a Cerberus rynchops moving on sand.

Electromyography of major epaxial muscles was used to determine
muscular mechanisms of locomotor modes. Mechanisms of concertina
locomotion and terrestrial and aquatic locomotion were determined for N.
fasciata and E. obsoleta, and mechanisms of sidewinding were determined
for N. fasciata and C. cerastes. For terrestrial locomotion most muscle
activity occurred as descending, alternating, unilateral contractions.
Muscle activity usually initiated in a lateral region of the snake when

it was maximally convex and continued until the region was maximally



concave (flexed) on the side of the active muscle. During concertina
locomotion, some muscle activity also maintained concave regions of the
snake as it pressed against the sides of the tunnel. Bilateral activity
of the M. semispinalis-spinalis and M. multifidus occurred during
sidewinding of snakes as the body was lifted above the substrate. The
timing of bilateral muscle activity relative to the kinematic profile
differed for Nerodia and Crotalus during sidewinding. The wave of
muscle contraction showed a constant phase relation to lateral vertebral
flexion during terrestrial lateral undulation, whereas this phase
relation changed along the length of the snake during aquatic lateral
undulation.

Samples of skin from the mid-ventral, ventrolateral and mid-dorsal
regions of five species of snakes, including generalists and aquatic and
arboreal specialists, were mechanically tested in uniaxial extension.
Loading curves revealed substantial variation 1in 1loads and maximum
stiffnesses among samples from different regions within an individual
and anatomically similar regions from different species. The size of
the scales within a skin sample was an 1inadequate predictor of

mechanical properties.
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GENERAL INTRODUCTION

By most standards, snakes are an evolutionarily successful group.
The suborder Serpentes contains over 2200 species representing more than
400 genera and 14 families (Duellman, 1979). This is about comparable
to the species diversity shown by lizards which comprise the other major
group of squamate reptiles with about 3300 species, 360 genera and 17
families (Duellman, 1979). Both groups of squamates are ecologically
and phylogenetically diverse. Allowing for some limitations imposed by
ectothermy, squamate reptiles are found 1in almost every conceivable
habitat, 1including desert, rain forest, arboreal, fossorial and even
marine habitats (Bellairs, 1970).

Despite the similar phylogenetic and ecological diversity of snakes
and lizards, it 1is not uncommon for 1lizards to be viewed as
morphologically more diverse than snakes (Young, 198l1). Lizards occur
with or without limbs and great variation is also found among lizards in
the elongation of the trunk, robustness of the limbs, scalation of the
body and morphology of the feet (Bellairs, 1970). To a great extent,
snakes are defined by the reduction or loss of anatomical structures
(Bellairs, 1972). For example, snakes have only vestiges of limbs or no
1limbs, the 1left 1lung 1s reduced or absent, the epipterygoid bone is
absent and no interorbital septum is present (Bellairs, 1972). Because
so much morphological diversity may be found in the anatomical stuctures

that are present in 1lizards and absent in snakes, it is easy to



understand how snakes may be viewed as morphologically less diverse than
l1zards.

While the 1limbless condition causes some similarity of appearance
among snakes, additional characters can be found that confribute to some
overall uniformity of appearance of the vast majority of snake species.
For example, nearly all snakes have imbricate (overlapping) scales over
almost the entire body surface. Notable exceptions to this occur in
fully aquatic snakes such as Acrochordus and select species of
Hydrophiidae (Smith, 1943). In contrast, lizards may have either
imbricate scales as in most Iguanidae and Agamidae or granular scales as
in Helodermatidae and Varanidae (Bellairs, 1970). Whereas lizards most
often have no correspondence between the arrangement of scales and
underlying body segments, nearly all booid and colubroid snakes have a
1:1 correspondence between the ventral scales and the numbers of
vertebrae (Alexander and Gans, 1966). The ventral scales of snakes are
also usually very smooth upon gross examination and show relatively
little varation even when viewed microscopically (Gans, 1974). Once
again, the Acrochordidae and Hydrophiidae provide exceptions to these
general trends. Snakes also are somewhat unified by having high numbers
(>160) of vertebrae (Hoffstetter and Gasc, 1969).

Thus, the question arises of how a group with such similar overall
morphology has exploited ecologically diverse habitats. Perhaps there
is only superficial morphological similarity among snakes and more
detailed study of infrequently used characters would reveal correlations
with ecological specialization. Alternatively, behavioral and
physiological specialization could be more important for exploitation of

diverse habitats, or the general morphology of a snake may be versatile



3

enough that specilalized morphologies are unnecessary for different
habitats.

Probably the two most conspicuous aspects of ophidian biology are
feeding and locomotion. Many species of snakes are tathér secretive or
difficult to maintain 1in captivity, and this complicates the study of
more subtle aspects of their natural history. Numerous morphological
correlates with function have been found for the feeding apparatus of
snakes. In part this probably resulted from an historical emphasis on
the use of cranial morphology in systematic studies. For example, of
the 50 characters used by Marx and Rabb (1972) in their phyletic anlysis
of colubroid snakes, 41 characters involved cranial morphology and 25 of
these dealt with cranial osteology.

Although snakes are a strictly carnivorous group, considerable
diversity of diet exists (Bellairs, 1970), and often different species
of snakes may be quite specialized in their prey preference (e.g. Voris
and Voris, 1983). As prey preference 1is correlated with cranial
morphology, some general trends can be found, by comparing convergence
of phylogentically diverse 1lineages of snakes with similar prey type
(Savitzky, 1983).

The relation between cranial morphology and prey size has been
extensively studied (Albright and Nelson, 1959; Gans, 1961; Kardong,
1977). As a group, snakes have the ability to swallow whole large prey
items and this has long been the subject of much interest. Even within
snakes, however, considerable diversity in the cranial morphology and
size of prey taken indicates there are stout-bodied species apparently
specialized for consuming prey that is large relative to the mass of the

snake (Pough and Groves, 1983). Furthermore, snake venom may facilitate



the digestion of such 1large prey (Thomas and Pough, 1979). Many
detailed studies have examined the cranial musculature of snakes (eg.
Haas, 1962; Varkey, 1979), and recently electromyography has been used
to determine the role of certain cranial muscles during swallowing
(Cundall, 1983). Reasonable morphological diversity has been found in
the cranial region of snakes, and some characters such as dentition,
venom, gape (8ize of mouth opening) and cranial osteology and myology
correlate with feeding specializations.

Studies of snake feeding often allude to important correlated
changes in the body form of snakes (Pough and Groves, 1983). For
example, the stout stature of the vipers specialized for consumption of
large prey 1is generally believed to 1limit their ability to perform
different 1locomotor modes (Gans, 1974). Indeed, one often can observe
stout snakes performing rectilinear locomotion; however, generalities
regarding the effect of weight-length ratio on locomotor mode have not
been studied. In fact, the functional morphology of the trunk of snakes
has been largely neglected when compared to the cranial region.

Much of the morphological diversity seen in the trunk of snakes
involves differences of degree rather than of kind. For example, the
maximum length of different snake species varies from about 20 cm for
certain Leptotyphlopidae (Broadley, 1983) up to nearly 10 m for some
Boidae (Pope, 1967). The ratio of total length to maximum diameter
gives some indication of stoutness, and this quantity may be 15 for some
vipers of the genus Bitis (Pough and Groves, 1983) compared to about 100
for the highly arboreal colubrid Imantodes (personal observation).
Although all snakes have relatively high numbers of vertebrae compared

to 1lizards, within snakes the number of total vertebrae ranges from 160
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to 400 (Hoffstetter and Gasc, 1969). These total numbers of vertebrae
do not Just correlate with the maximum length of a species (Johnson,
1955). Ingstead, some of this variation in vertebral number correlates
with specialized habits such as constricting prey iJayne, 1982).
Considerable variation has been documented in the morphology of those
axial muscles believed important for locomotion (Mosauer, 1935a; Gasc,
1974). Some of these differences in the axial musculature do correlate
with habitat specialization (Gasc, 1974; Voris and Jayne, 1976; Jayne,
1982); however, the function of the epaxial muscles has not been
directly observed for snake 1locomotion. The shape of the vertebral
processes onto which major axial muscles attach varies widely among
snake taxa and to some extent correlates with habitat specialization
(Johnson, 1955), but the functional consequences of this vertebral
variability remain unclear. Hence, more detailed examinations of the
trunk of snakes 1indicate that there 18 considerable morphological
diversity, yet there has been considerable difficulty interpreting the
functional consequences of this variability. Ultimately it is desirable
to determine if the 1limbless condition may constrain morphological
diversity, or 1f there are significant differences within the general
body plan of limbless species.

Because of the lack of information on the functional morphology of
the trunk during snake 1locomotion, a number of different levels of
approach can be productive. At the simplest level, one may study
species varying in the musculo-skeletal anatomy of the trunk and attempt
to determine differences in performance for a particular locomotor mode.
Necessarily, one must first develop some method of determining which

locomotor mode is being performed, and then some measure of performance
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such as maximum forward velocity can be meaningfully compared between
species. Chapter 1 outlines a quantitative system for determining
locomotor mode and then compares maximum speeds of snakes_with different
numbers of vertebrae. This method of measuring performance of whole
organisms can be complicated by the behavior and physiology of the
species, but this approach may at least indicate potential functional
morphological differences which can then be pursued in greater detail.

Another approach 18 to directly observe the function of an
anatomical structure  during the activity of an intact animal.
Electromyography provides a direct means of observing the activity of
muscles, and when this 1is combinied with a cinematographic record of
movement, correlations with mechanical events in the body of the snake
can be determined. The axial muscles of snakes are large enough that
gross dissection reveals much information about the anatomy of the
system whose activity is being observed. In Chapter 2 the most
integrated approach is used for understanding the functional morphology
of snake locomotion, using electromyography to determine muscle
activity, cinematography to determine mechanical events, and dissection
to describe the anatomy of the system.

A third approach is to directly determine the mechanical behavior of
some isolated element of the snake's anatomy in order to explore whether
gignificant functional differences can be found between species
specialized for different habitat. By isolating some element from the
intact snake one can avoid the complicating influences of behavior and
physiology inherent in an organismal approach. In Chapter 3 the
mechanical properties of isolated skin samples are examined for various

species of snakes. Because of the limbless condition of snakes, the



skin provides the contact with the substrate necessary for the
transmission of locomotor forces for all modes of lomomotion.
Furthermore, a specific set of muscles attaches the skin of snakes to
the skeleton and generates 1locomotor forces during rectilinear
locomotion by moving the skin relative to the skeleton and substrate.
Hence, the skin of snakes plays an important role during snake
locomotion. Even if one uses somewhat of a "black box" approach (Gans,
1974) for the underlying anatomy of the skin, understanding the elastic
properties of skin 1s 1likely to provide insight into potentially
different roles of skin during different modes of locomotion.

All of the above methods rely to some extent on a comparative
approach to begin to isolate the effects of morphological variation. 1In
some cases, 8pecles of extremely specialized morphology could be
obtained (for example use of sea snake skin in Chapter 3). However,
restricted availablility of species 1limited the comparative scope of
this overall study. The variablity (or lack of it) observed in this
work should be viewed within the context of the diversity of form found
among different snake lineages.

The advanced snakes (colubroids) used in this study are replete with
presumed parallelisms and convergence of form, and this has considerably
complicated phylogenetic analysis of the major portion of this group
formed by the colubrids (Underwood, 1967; Marx and Rabb, 1972). As
mentioned earlier, snakes may have s8some superficial uniformity of
morphology, but it remains to be determined if the morphological
diversity of the trunk region that emerges under close scruntiny has
functional consequences. The functional approach used in this work

provides a useful aid for sifting through some of the morphological



diversity found among snakes.



CHAPTER ONE

KINEMATICS OF LATERAL UNDULATION, CONCERTINA AND SIDEWINDING



INTRODUCTION

Four major modes of terrestrial snake locomotion are generally
recognized: lateral undulatory, concertina, sidewinding, and rectilinear
(Gray, 1946; Gans, 1974). Common to lateral undulation, concertina
locomotion, and sidewinding 1is the generation of propulsive forces by
some pattern of vertebral flexion. Lateral undulation is generally used
when there are sufficient irregularities of the substrate. The body of
the snake pushes against these irregularities to generate anteromedially
directed reactive forces great enough to overcome sliding frictional
resistance (Gans, 1974). The speed of a laterally undulating snake is
equal to the velocity with which the wave of lateral bending propagates
posteriorly along the body of the animal. In this mode all points along
the body of the snake follow a more or less identical sinusoidal path
and all points on the body move simultaneously (Mosauer, 1932; Gray,
1946). In contrast to this is the movement pattern observed during
concertina 1locomotion and sidewinding. In these modes one portion of
the body of the snake makes static contact with the substrate while
another portion moves relative to the substrate (reviewed in Gans,
1974). Concertina locomotion is often used in tunnels which lack the
anteromedially oriented surfaces that are necessary for lateral
undulation. Snakes progressing in the concertina mode form a series of
lateral bends which are pressed against the sides of the tunnel to

generate static points of contact. These points of contact are used to



10

accelerate adjacent regions of the snake's body. Additionally,
concertina locomotion may be used on smooth flat surfaces. Under such
conditions, the weight of the snake in the regions of latgral bending is
used to generate static frictional forces sufficient to permit the snake
to propel itself. Sidewinding is also used on very flat surfaces that
lack projections needed to serve as lateral pivotal points. During
sidewinding, a combination of lateral and dorsal vertebral flexion is
used to 1ift a portion of the snake's body from one region of static
contact to the next region of static contact.

Good general descriptions of each of these three distinct locomotor
modes have been provided by various workers (eg. Mosauer, 1932; Gray,
1946; Gans, 1974). However, quantified kinematic descriptions of these
different locomotor modes are scarce or incomplete. After viewing
extensive movie footage of snake locomotion, Gray (1946) generated
models of each of these three locomotor modes. His models clarified
characteristics of each locomotor mode. However, it is not clear from
data provided by Gray or others how realistic each of his models are.

Most species of snakes are capable of using all of these three modes
of terrestrial locomotion, and individual snakes will often appear to
use two modes simultaneously (Gans, 1974). For such observations, it is
not always obvious whether different regions within a snake are
performing discrete locomotor modes or if the entire snake 1{is
simultaneously combining characteristics of one or more distinct modes.
This versatility in the 1locomotor repertoire is a major obstacle to
comparative investigations of the terrestrial 1locomotion of snakes
because without cinematography, observers are unlikely to distiguish

discrete locomotor modes from combinations of locomotor modes.
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In addition to the different modes of snake locomotion, comparisons
of the maximum speeds attained by snakes have been of interest to many
authors who have related speed to differences in species, substrates,
snake size and temperature. Mosauer (1935b) timed six spécies of snakes
crawling on substrates similar to those naturally encountered by the
different species. Heckrote (1967) timed Thamnophis s. sirtalis
crawling through an array of pegs, in order to investigate the influence
of temperature and snake size on speed. Bennet et al (1974) also timed
snakes travelling measured distances to investigate the effects of peg
spacing on snake speed. Unfortunately, none of these studies records
the 1locomotor mode wused by the snakes and the lack of cinematographic
records of these studies prevents the determination of locomotor mode.
A few speeds can be determined from some publications which include
photographs made from films of snake locomotion (Gray, 1946; Gans and
Mendelssohn, 1972). Because of uncertainty regarding locomotor mode,
the use of different techniques in determining speed, the complicating
effects of snake size and peg spacing, and the small number of taxa that
have been studied, few valid comparisons can currently be made of the
maximum speeds of snakes.

This portion of the study investigates lateral undulatory,
concertina, and sidewinding locomotion with four main objectives.
First, the characteristics of each of these single modes are clarified.
Second, an objective method is developed for detecting the simultaneous
ugse of more than one of these modes. Third, variation in speed and
frequency of undulation is quantified. Fourth, comparisons are made for
the maximum velocities of different locomotor modes and of different

species.
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MATERIALS and METHODS

Animals were chosen for this study based on availability and their
ability to perform different locomotor modes. Like all amphisbaenians,

Rhineura floridana is 18 an extremely specialized burrower (Gans, 1974).

Filming Rhineura presented an opportunity to determine the versatility
of 1its locomotor repertoire compared to the snakes of this study.

Acrochordus javanicus is generally considered an aquatic snake; however,

I had observed the 1individual used in this study readily performing
concertina locomotion, both underwater and on land. The viperid

Crotalus cerastes was chosen as a species that is behaviorally and to

some extent morphologically specialized for sidewinding (Gans and
Mendelssohn, 1972; Jayne, 1982). The rest of the snakes filmed for this

study are all colubrids. The homalopsine Cerberus rynchops is a mostly

aquatic species with the relatively short segmental lengths of epaxial
muscles characteristic of most aquatically specialized snakes (Jayne,

1982). The natricine Nerodia fasciata pictiventris is a semi-aquatic to

terrestrial species whose epaxial musculature 18 characteristic of

nonconstricting terrestrial colubroids, wvhereas Elaphe obsoleta

quadrivittata 1is a terrestrial to semi-arboreal species of colubrine

morphologically representative of constricting colubrids (Jayne, 1982).
Animals were filmed on a variety of substrates. Substrates were
chosen which most readily elicited the locomotor mode desired for study.

Nerodia were filmed on a layer of sand at least 1.5 cm deep covering a
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46 x 110 cm area. Because of the greater size of Cerberus and Crotalus,
these snakes were filmed in a larger arena (120 x 120 cm) with sand at
least 1.5 cm deep. Straight-gsided tunnels, used for eliciting
concertina locomotion, had a floor of glass placed over a one cm grid
which provided points of reference. Pieces of wood 4.4 cm high formed
the sides of these tunnels which were 8 or 10 cm wide. For some
sequences, strips of dense rubber matting were used to line the tunnel
walls to elicit conertina locomotion. For other sequences, the bare
surfaces of the wood served as the sides of the tunnel. If animals
attempted to crawl out of the tunnel, a sheet of glass was placed over
the tunnel.

Several trials were filmed using 5 mm diameter wooden pegs which
were arranged on a square grid pattern. These pegs were inserted
through the holes of 3 mm thick tempered pegboard into an underlying
sheet of stryrofoam that was 2.5 cm thick. About 3.5 cm of each 5 cm
peg protruded above the surface of the pegboard. All peg distances
given 1in Table 1.1 refer to the shortest straight-line distance between
centers of adjacent pegs. To reduce frictional resistance between the
snakes and the pegs, sheaths of glass tubing 5 cm long, with an inside
diameter of 6 mm and an outside diameter of 8 mm, were placed over the
pegs. Because Rhineura seemed to slip when the glass sheaths were in
place, they were removed when filming this species. A piece of pegboard
60 x 240 cm was used for filming all snakes, but Rhineura was filmed in
a 45 x 60 cm arena.

A Bolex H16 16 mm movie camera with a 12 V DC motor drive, operated
at 50 f.p.s. with an exposure time of 1/300 sec was used. Films were

made with either Kodak Tri-X (ASA 200) or 4-X (ASA 400) black and white
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reversal stock and developed comercially (Filmcraft Labs, Detroit, MI).
All animals were filmed indoors with a Vario-Switar 100 POE zoom lens
and with the camera positioned directly above the test surface to
eliminate parallax. Target-to-camera distance was 3 m. Film transport
speed was verified by 1including in the field of view a specially
constructed neon 1light (with R-C circuit) blinking at 2.0 flashes/sec.
Four floodlights provided illumination, and the air temperature at the
time of filming approximated 25°C. Paint marks were placed at regular
intervals along the mid-dorsal line of each animal to provide points of
reference. Table 1.1 indicates the number of locomotor sequences that
were analyzed for the single amphisbaenian and the five snake species.
The films were projected with a Lafayette stop-action movie
projector and a single paint mark (usually from the middle 1/3 of the
animal's body) was traced over a period of time. The resulting record
of displacement was then placed on a graphics tablet interfaced with an
Apple II+ microcomputer for digitizing. As illustrated in Figure 1.1,
tracings were oriented so that the overall direction of travel was in
the positive x direction. The overall direction of travel was
determined by drawing a straight line through two points that were 360°
out of phase. After digitizing, changes in displacement were divided by
the time between traced points to calculate average velocities. Each
resultant velocity, Vr, was then resolved into longitudinal (Vx) and
lateral (Vy) components. Hence, positive and negative values of Vx
indicate forward and backward movements, respectively. Positive and
negative values of Vy respectively indicate movement to the right and
left. All velocities were converted to total lengths (of animal)/ sec

to facilitate comparisons among different size individuals. For each
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Table 1.1. Motion analysis sample grouped by substrate. Figures in
parentheses after species 1indicate range in total length of animals in
cm. lu = 1lateral undulatory, c¢ = concertina, and sw = sidewinding.
Distances listed under substrate indicate widths of tunnels and distances

between pegs used. See text for more complete explanation.

No. No.
SPECIES animals trials MODE SUBSTRATE
Acrochordus javanicus(74) 1 3 c linoleum
Nerodia f. pictiventris(84-110) 2 13 ¢, ctlu 8, 10 cm tunnel
Crotalus cerastes(33-36) 3 17 8w sand
Cerberus rynchops(46-50) 2 10 8w, lu, lutsw sand
Nerodia f. pictiventris(30) 2 4 gw, lutsw sand
Elaphe o. 3 27 lu 7.5, 12.5 cm
quadrivittata (120-147) pegs
Nerodia f. pictiventris(70-91) 9 49 1lu, lutsw 7.5,10,12.5 cm

pegs

Rhineura floridana(29) 1 9 c 2.5, 5.0 cm pegs
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LATERAL UNDULATORY

N

CONCERTINA

+y

SIDEWINDING

Figure 1.1. Orientation of axes for digitizing displacements of snakes.
The large horizontal arrows indicate the overall direction of travel for
each of the locomotor modes. The thick horizontal lines surrounding the

snake performing concertina represent the sides of the tunnel.
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film sequence, Vx’ Vy, and Vr were plotted versus time.

Velocity profiles of film sequences were compared with those
predicted from descriptions and models proposed by Gray (1946). Gray's
models of lateral undulation and sidewinding were digitized in a fashion
similar to that of the film tracings. A photocopy of Figure 10 from
Gray (1946) was placed on the digitizing tablet with the orientation of
axes as indicated in Figure 1.2. For both models, the point at one end
of the line representing segment XV provided the record of displacement.
This point was digitized for two cycles of activity for each model
assuming the period of motion was equal to 1 sec. The length of the 24
segment line representing a snake was used to convert velocities into
lengths/ sec. Operational definitions of each mode were then developed
based on the observed patterns of Vx, Vy and Vr and previous definitions
(Gray, 1946; Gans, 1974). After determining the locomotor mode of each
trial, mean forward velocity was calculated for one or more complete
periods of motion.

Two procedures were used to estimate errors associated with the
digitizing process. First, to assess error resulting from inaccurate
placement of the digitizing pen on the graphics tablet, various series
of equally spaced points on graph paper were digitized, with the spread
between points representative of the range 1in values found in the
tracings made from the actual films of snake locomotion. Error from
inaccurate placement of the digitizing pen produced a coefficient of
variation (CV) of less than 5% in Vr. Second, tracings were made from a
single film sequence of snake locomotion. The film sequence contained a
range of displacements comparable to those observed among all of the

film sequences. For each equivalent estimate of Vr, the CV was
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calculated for the replicates. This yielded CV values less than 13%Z for

vV .
r
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X

Figure 1.2. Modified Figure 10 from the models of Gray (1946) predicting
the displacements of a hypothetical snake 24 segments long performing
sidewinding (top) and lateral undulation (bottom). Displacements of

segment XV are shown for equal intervals of time within one cycle of

activity (XVa - XVi).
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RESULTS

Figure 1.2 1illustrates Gray's (1946) mathematical model of lateral
undulatory locomotion which was digitized for analysis. For this
example of lateral wundulation, Vx and Vy behave sinusoidally (Figure
1.3). The period of the sinusoidal function of Vx is one-half the
period for Vy, and the absolute value of Vx is always at a maximum when
Vy equals zero. For the digitized data from this model, Vr had little
variation (CV = 107). Considering the error of the digitizing
procedure, Vr is effectively constant.

Figure 1.4 1llustrates velocity profiles for lateral undulation of
snakes filmed 1in this study. A slight difference can be seen in the

pattern of Vx for Nerodia compared to Elaphe and Cerberus. The Nerodia

was not travelling in a regular sinusoidal path as were the Elaphe and
the Cerberus. Hence, Vx shows a somewhat irregular pattern which
reflects these rather irregular changes in direction. However, Vx is
still always at a maximum when Vy equals zero. Vr for this sequence of
Nerodia was also effectively constant with the small coefficient of
variation of 27.1%Z, and respective values of this quantity were 11.1%
and 27.6%7 for the sequences of Elaphe and Cerberus. For other
sequences of lateral undulatory locomotion, there was not always a clear
periodic pattern of variation in Vx. However, for many of the sequences
with no clear pattern of Vx, vr wags effectively constant and this should

indicate that the mode was lateral undulation.
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LATERAL UNDULATORY
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