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CHAPTER 13

The kinematics of aquatic locomotion
in Osteolaemus tetraspis Cope

E. FREY!'and S. W, SALISBURY'?

The kinematics of the different aquatic locomotor stytes employed by an African Dwarf Crocodile Osteolaemus
tefraspis swimming in & tank are analysed using cinematcgraphy. Swimming styles not only include exclusively
paraxial and axial modes, but also "hybrid” ones, during which both the limbs and body are used in combination.
Paraxial swimming involves symmetrical rowing with the limbs, and is accompanied by slight tateral undulations
of the body. During axial swimming, thrust is produced exclusively by the laterally undulating taii. Hybridized
swimming s characterized primarily by asynchronous rowing with the hind limbs and lateral undulations of the
tail. The forelimbs aid with steering and are moved independently of the hind limbs. During turns, both sets of
limbs are used for a steering and braking, regardless of the swimming mode. Rapid bursts are initiated by lateral
undufations of the tail followed by the retraction of the limbs by means of a synchronous power stroke. To dive
from a floating position at the water surface, the crocedilian either releases air out of its nostrils and mouth and
sinks down gently, or moves backwards rapidly, using both hind limbs and the tall to produce a synchronized,

unidirectional power stroke.

INTRODUCTION

WHILE the terrestrial locomotion of extant
crocadilians has been the subject of several
publications (e.g., Huene 1913; Schaeffer
1941; Kilin and Knisel 1944; Kntsel 1944;
Cott 1961; Guggisberg 1972; Zug 1974;
Brinkman 1980; Webb and Gans 1982; Gatesy
1991, 1997, Reilly and Elias 1998), only a
few have dealt with aquatic locomotion. There
are possibly two reasons for this. Firstly,
aquatic locomotion is difficult to observe, and
secondly, crocodilians are usually regarded as
mostly axial swimmers, using only the cauda
(tail) for thrust generation. For example,
Kilin and Knisel (1944, P. 392) and Knusel
(1944, P. 80) mention that crocodilians swim
by means of {aterai undulations of the
cauda, with the membra (limbs) more or less
retracted and held close to the body. They
note that the undulation wave starts in the
regio basis caudae (tail base) and travels
terminally towards the “free end” (Le,
terminus caudae; tip of the tail). According
to Kilin and Enisel (1944: 392) and Eniisel
(1944: 80) this is comparable to the cauda
beat observed in swimming urodeles. Cott
(1961: 232) reports on different swimming
speeds in Crocedylus niloticus, but does not
refer to the type ol cauda movement nor
quantify the swimming speed. Axial swimming
is also the most commonly observed swimming
mode in wild crocodilians {e.g., Brehm 1869;
Reese 1915; Brander 1927, Schmidt 1928;
Allee 1958; Brock 1965; Gans 1969; Charbeck
1971; Guggisberg 1972; Peoley and Gans

1976; Garrick and Wang 1977; Gorzula 1978;
Vanzolini and Gomes 1979).

The first kinematic analysis of axtal loco-
motion in Alligator mississippiensis (total body
length 510 mm) was that of Manter (1940).
Manter found that the cranial half of the regio
crista caudae pars singularis (portion of the
tail that includes the single scale crest) was the
most efficient portion of the cauda with regard
to thrust generation. This is because it
represents the portion of the cauda with the
largest lateral surface area. In addition, it is
moved with an optimal angle of attack in
respect to the swimming direction for the
longest amount of time. In his results, Manter
(1940) states that the swimming mode of A
mississippiensis can be described as anguilliform
(similar to an eel, in which the whole body
undulates lalerally). Manter's inlerpretation
was later challenged by Lighthill (1969), who
assumed a carangiform mode of swimming
(simtlar to Carenx where the amplitude of the
laterally undulating truncus is less than that
of the cauda), but no kinematic evidence for
this was provided. According to Braun and Reif
(1985}, crocodilians are subundulatory swimmers.
This type of swimming would be intermediate
between angulliform (axial undulatory, sensu
Braun and Reif 1985) and carangiform (axial
subundulatory partim, sensu Braun and Reif
1985). Seymour {1982) suggested that thrust in
A. mississippiensis is generated by “sculling”
movements of the cauda, but, similar to
Lighthiil (1969}, he did not provide kinematic
evidence for this hypothesis.
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Like Manter (1940), Fish (1984) only
investigated the axial locomotor modes in
Jjuvenile A. mississippiensis. Fish states that the
undulation wave of the cauda starts in
the regio sacralis (pelvic region), and found
that swimming speed is only modified by
the frequency of the cauda beat and not by its
amplitude.

Turner ef al. (1985) investigated temperature
dependence on axial and burst swimming in
A massissippiensis, but do not provide any
kinematic data.

Davenport and Sayer (1989) studied different
types of aquatic locomotion in Crocodylus
porosus. Using video takes, they analysed the
kinematics of the membra pelvica during
slow, paraxial swimming (Davenport and Sayer
1989: figs 1 and 2). They also recognized a
type of “hybrid” locomotion during medium
speed swimming, in which axial and paraxial
locomotor modes were combined (Davenport
and Sayer 1989: fig. 3). Additionally, they
describe in detail surface resting as well as the
kinematics of fast swimming, escape reactions
and jumps for the seizing of food. During
axial swimming modes, they found that the
frequency of the undulation wave speed was the
main factor determining different swimming
speeds and not the amplitude, confirming the
observations of Fish (1989).

In 1982, a diploma thesis of one of us
(E.F.) was submitted to the committee of the
Faculty of Zoology, Tubingen University with
the title “Der Bau des Bewegungsapparates
der Krokodile und scine Funktion bei der
aquatischen Fortbewegung” {The construction
of the locomotor apparatus of crocodilians and
its function during aquatic locomotion].
Originally, the objective of this study was
to reconstruct the locomotor mode of the
metriorhynchids, a group of Jurassic marine
crocodilians with flipper-like membra thoracica
et pelvica and a supposed terminal fin.
Neither an anatomical nor a kinematic basis
for such a project existed at that time, and
consequentiy a kinematic study had to be
carried out first. The diploma thesis was
never published. The objective of this chapter
is to provide an up-to-date account of this
work, combining it with a concise historical
summary of the current state of knowledge
concerning the kinematics of aquatic loco-
motion in crocodilians. The locomotory styles
employed by different types of crocodilians
were also compared, most notably: the African
Dwarf Crocodile Osteolaemus tetraspis, which
forms the basis of our kinematic investiga-
tions; the Estuarine Crocodile Crocodylus porosus
(Davenport and Sayer 1989); and the American
Alligator Alligator mississippiensis.

We feel this study to be not only helpful For
improving our knowledge of extant croco-
dilians, but crucial for further work on the
locomeotor capabilities of extinct crocodlians.

MATERIALS AND METHODS
Animals, anatomy and nomenclature
Animals

For live observations of swimming, a hand-
raised specimen of Osteclaemus tetraspis was
used. This animal was obtained by the Germ an
Sonderforschungsbereich 53 “Palskologie”
[Special Research Division #53 “Palaeoecology ™).
It was a female of approximately four yezars
of age and at the time the experiment was
conducted had a total length of 110 cm and
mass of approximately 10 kg. It was kept in
an Eternit tank (2.50 X 1.80 metres) and fed
with freshwater fish, small mammals and
pieces of chicken.

The tank in which the crocodilian had to
swim measured 200 cm X 300cm X 85 cm
and was made from polyvinyl chloride (Fig. 1).
The perimeter of the tank was reinforced with
two equally spaced iron struts, each square
in cross-section. Gridlines, 20 ¢m apart, were
drawn on the bottom of the tank with a
felt pen. A camera stand was placed above
the tank on two (400 cm X 35 cm) wooden
beams set between support scaffolding (Fig. 1).
During the experiment a water depth of
70 cm was used, and the water temperature
was maintained at 28°C with an electric heater.
The experiment was conducted in the car park
of the Geology and Palaeontology Institute at
the University of Tubingen, and for most of
the period during which it was conducted, the
outside air temperature was around 26°C.
Sunlight was the only form of lighting used.

Further observations were made in Berlin
Zoo, which at that time was the only zoo in
Germany having a crocodile tank with glass
walls. Additional eight millimetre footage of
swimming crocodilians taken by K. Klemmer
(Frankfurt) at a crocodile farm in South Africa
was also examined. Numerous sequences taken
out of TV documentaries, in particular
“Sielmanns Tierwelt” (produced by Heinz
Sielmann), and “Wunder der Erde” (produced
by Ernst Waldemar Bauer) were also used.

Anatomical nomenclature

Throughout this chapter we have followed
the Latin anatomical terminology codified in
the Nomina anatomica (NA 1989), Nomina
analonica veterinaria (NAV 1983) and Nomina
anatomica quiun (NAA; Baumel ef al. 1993), as
well as that used in Frey (1988a), Rauhe
(1993), Witmer (1995), Rossmann (1996) and
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Fig. 1. Setup for monitoring the aquatic locomotion of Osteolaemus tetraspis.

Salisbury et al. (1999). Further details concern-
ing the use of this nomenclature are discussed
in Salisbury and Frey (2000).

Upon their first appearance in the text, all
anatomical terms are followed by an English
translation in parentheses. An appendix of all
anatomical terms that have been used in the
text not listed in Salisbury and Frey (2000)
and their English translations is also provided.

Anatomical position of a crocodilian

The adjectives designating the relative
positions of body parts, their locations or
relationships, planes, axes or surfaces used
in this chapter are in accordance with the
anatomical position of a crocodilian presented
in Salisbury and Frey (2000).

Concerning the nomenclature of paraxial
locomotor modes, we have used the terms
defined by Gambaryan (1974).

Cinematography and video

All movements made during swimming were
captured on video using a black and white
National Camcorder equipped with a Vidicon
standard lens (f-stop 50 mm, lens width
¥ inch).

Approximately four hours of filming were
required to produce 25 minutes of useable
footage. This film was then connected to a
U-MATIC-System and replayed with the help

of a digital time-counter (accurate to Yoo sec.
and capable of displaying shots every V50 sec.).
Photographs of the final sequence were
then taken directly off the monitor using
an Olympus OM 2 anti-reflexive camera.
These photographs formed the basis of the
locomotion diagrams presented in this study.

RESULTS

Resting posture (0. tetraspis)

In shallow water, O. tetraspis rests with the
tips of cauda and digiti manus et pedis
(fingers and toes) touching the bottom. Only
the oculi {eves), aures externae {ears) and
raised valvular nares (nostrils) protude above
the water surface (Fig. 2). With increasing
water depth, the membra thoracica lose contact
with the bottom, become slightly adducted at
the articulatio cubitalis (elbow joint} and are
held in ventrolateral orientation. The palmar
surface of the manus (hand) faces caudally. If
necessary, the membra pelvica are stretched
oul in order to maintain bottom contact as
long as possible, supporting the caudal part
of the body. The deeper the water, the larger
the angle betwcen the dorsum (back) and
water surface.

If the water reaches a depth where the
crocodile can no longer contact the bottom,
it then floats with the body hanging at a
steep angle to the water surface, with the caput
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{(head) remaining in a horizontal position. The
membra are held out nearly horizontally from
the truncus with the digiti manus et pedis
extended. The plantar surface of the pes (foot)
faces laterally. The cauda hangs downward
as a prolongation of the truncus, and is held
either straight or with a weak ventral kink
{Fig. 2).

If buoyancy is disturbed, the crocodile
controls its position in the water by means
of small rowing movements of the membra,
the terminal fourth of the cauda, or both
(Brock 1965). The venter part ventralis
(ventral part of the belly) of the floating
animal is concave and the venter pars lateralis
(lateral part of the belly) bulges (Fig. 2C). The
latus truncus et ventris make very short
ventilatory contractions,

Remarks

This type of resting posture is also observed
in A. mississippiensis, C. niloticus, C. johnstoni,
C. porosus, Catman crocodylus and Gavialis
gongelicus.

Diving
Two different modes of diving were observed

in O. tetraspis from a relaxed floating position
at water surface:

l. The crocodile releases air out of the nares
and cavitas oris (mouth) and gently sinks
down without any movement.

2. The crocodile produces a single power
stroke by moving both membra pelvica
cranially at the same time. The digiti pedis
are straight and extended. Depending
on its initial resting position, these move-
ments result in a backwards and downwards
acceleration (Fig. 3A). Backward diving is
often aided by a cauda stroke, during which
the cauda is moved laterally at its base.
The terminal half of the cauda is moved
cranially, producing a terminal power stroke
as its curvature gradually increases (Fig. 34,
B). This unidirectional stroke of the cauda
not only assists in the downwards and back-
wards movement of the animal, but also
causes it to travel in a slight curve (Fig. 3B).
Despite the fact that they are sometimes
moved cranially, it is unlikely that the
membra thoracica play a significant role
during this type of diving. Following a back-
ward dive, the animal becomes stationary.

Osteoleamus tetraspis was never observed
diving forward, either from a floating position
or during swimming.

Remarks

Foreward diving from swimming at the water
surface is documented in the Discovery

production “The ultimate guide to crocodil es”
for C. porosus. In a German production on
Australian crocodilians (“Sielmanns Tierwelt”),
C. johnstoni is shown diving from surface
swimming in a rostral direction.

Fig. 2. Osteclaemus tetraspis, schematic representation of
resting postures. A) Resting in shallow water with
ali membra and the terminus caudae contacting
the bottom. B) Resting in shaflow water with the
membra pelvica and terminus caudae supporting
the body. C} Resting in deep water with the body
freely afloat. Note the concavity of the venter pars
ventralis and how the membra pelvica are spread
laterally for buoyancy.

Fig. 3. Osteoloemus tetraspis, schematic representation of
backward diving. A} lateral view, B} dorsal view.
Note the asymmetrical cauda stroke and the
synchronous protraction of the extended membra
pelvica with the digiti pedis spread, exposing the
tela. Backward diving is also accompanied by an
abrupt exhalation,
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Bottom-walking

Despite the fact that bottom-walking is
frequently used by crocodilians, it will only
be mentioned briefly, since thrust is generated
by the friction of the membra on bottom.
There were no obvious differences in dorsal
view between the step cycle of Osteolaemus
tetraspis during bottom-walking and the sprawl-
ing gait of a caiman described by Brinkman
(1980). For a detailed analysis, however, film
sequences in lateral view would be required.

Sprawling, as described by von [Huene
(1913), Kilin and Knisel (1944), Brinkman
(1980} and Reilly and Elias (1998), was the
only type of bottom-walking observed in our
individual of Q. fetraspis.

Remarks

In a BBC documentary entitled “Crocodile”,
an individual of A. mississeppiensis was shown
bottom-walking using the membra pelvica
only. The water was shallow, and the caput
and cranial half of the dorsum were exposed
above the water surface. There were also slight
lateral undulations of the cauda. The step
cycle of the membra pelvica was much more
in accordance with that seen during high-
walking (Gatesy 1991, 1997; Reilly and Elias
1998) than sprawling. This swimming mode
is best described as hybrid swimming (see
below) with bottom contact.

Paraxial swimming

Similar to sprawling or bottom-walking,
during paraxtal swimming the membra
are moved in a symmetrical manner (cf.
Gambarayan 1974; Fig. 4). During the sequence
shown in Figure 4, the crocodilian reached a
maximum velocity of 120 mm per second.

time (sec)
02 0.4 0.6 0.8

Occasionally, velocities as fast as 200 mm per
second were recorded. During filming, with
the exception of bottom-walking, paraxial
swimnming was observed much more often than
axial swimming, possibly due to the small size
of the tank.

During paraxial swimming, the membra
of the crocodile operate according to the
principle of water resistance, in which the
caudally directed power stroke provides thrust
(Fig. 5, frames 9-16). The cranially directed
recovery stroke resets the membrum, and in
doing so produces drag (Fig. 5, frames 1-8).
The membra pelvica, having a surface area
three times larger than the membra thoracica
and stronger muscularization produce the
greatest amount of thrust.

The power stroke of the membra thoracica
is carried out in the planum horizontale.
Following Robinson (1975), this type of
membrum movement is called “rowing”. As
seen in the cinematography sequence, the
power stroke of the membra thoracica
comprises two phases. During the first phase,
the manus is pronated into the power stroke
position by a cranial rotation of the ante-
brachium (lower arm; Fig. 4). The digita
manus are spread simultancously and the
brachium {(upper arm) is abducted slightly.
The second phase produces thrust through
an extension of the articulatio cubitalis
combined with further abduction of the
brachium. The power stroke is terminated
when the membrum thoracicum is oriented
caudally and held at an acute angle to the
body, the palmar surface of the manus faces
medially and the cubitus dorsally (Fig. 4:
frame 4, membrum thoracicum sinister = left
forelimb; frame 7, membrum thoracicum
dexter = right forelimb).

- 1.0

paraxial swimming

Fig. 4. Osteolaemus tetraspis, paraxial swimming (time unit = 0.2 sec.; distance unit = 0.2 m). Velocity (V) is approximately
0.1 m/sec. Note the small amplitude of the terminus caudae. The tracks of the termini rostri et caudae are shown

in the frames 1 and 8 respectively.

() aouesip
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direction of locomotion

Fig. 5. Crocodylus niloticus, kinematics of a beat cycle of a membrum pelvicum dexter in ventral aspect during paraxial
swimming (modified after Davenport and Sayer 1989). The circular arrow indicates the direction of the seguence.
Frames 1-8: recovery stroke. Note the supination of the pes during protraction. Frames 9-15: power stroke, Note
the pronation of the pes at the beginning of the retraction movement,

The recovery stroke begins with flexion of the
articulatio cubitalis. The membrum thoracicum
is moved craniodorsally at an angle of
approximately 45° to the planum horizontale,
with the articulatio cubitalis fully flexed (Fig.
4: frame 3, membrum thoracicum sinister).
During the recovery stroke, the manus shows
a strong palmar flexion. The maximum cranial
extent of the recovery stroke is reached when
the angle between brachium and truncus, as
well as between brachium and antebrachium,
is approxmately 90° (Fig. 4: frame |, membrum
thoracicum sinister). In this position, the manus
points cranizally, the palma (palm of the hand)
is facing ventrally, and the cubitus laterally.

Compared to the movement of the membra
thoracica, the operation of the membra pelvica
is more complex because several motions are
transduced into one another (Fig. 5). The
femur (thigh) swings cranially and caudally in
the planum horizontale, with an excursion
angle of 45° to 50° At the beginning of the
power stroke, the cranial surface of the crus
(lower leg) almost touches the wall of the
venter pars lateralis. The crus faces ventrally
and the pes is in dorsal flexion, approximately
parallel to the planum medianum (medial
plane) of the body. The planta (plantar surface
of the foor) faces ventrally and the digiti
pedis are slightly extended laterally (Fig. 4,
frame 4, membrum pelvicum sinister; frame

8, membrum pelvicum dexter, Fig. 5, frames
1-8).

During the retraction of the femur the crus
is rotated laterally around its axis proximodis-
talis together with the pes until the gradually
spreading digiti pedis are pointing ventro-
laterally and the planta is at a right angle
to the planum medianum (Fig. 4, frames
6 and 7, membrum pelvicum sinister = left
hind limb; Fig. 5, frames 9-15). As soon as
this intermediate position of the membrum
pelvicum is acquired, the angle between the
femur and planum sagittale, femur and crus
as well as crus and pes, is about 90°. From this
position, the entire membrum pelvicum is
extended caudolaterally. This means that the
planta, with its fully extended webbed digiti
pedis, is pushing against the water, propelling
the crocodilian forward (Fig. 5, frames 9-14).

The recovery stroke begins with the closing
of the digiti pedis at the end of the power
stroke, combined with a flexion in the genu
(knee) (Fig. 4, frame 4, membrum pelvicum
dexter = right hind limb; frame 9, membrum
pelvicum sinsiter; Fig. 5, frames 15 and 1).
During the protraction of the femur, terminal
rotation of the crus occurs, and in the final
phase of the recovery stroke, a medial rotation
and dorsal flexion of the pes (Fig. 4, frames
4-8; Fig. 5, frames 2-7),
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All the movements mentioned above could
be reliably reconstructed from the cinema-
tography. According to these observations, the
power stroke of the membra pelvica begins in
the planum sagittale, but gradually changes
into the planum horizontale as each membrum
moves through the water. The operation of
the membra pelvica can therefore neither
be described as rowing nor paddling sensu
Robinson (1975), and would appear to represent
a propulsion mode unique to crocodilians.
In order to provide a more detailed analysis
of the membrum pelvicum movement, x-ray
cinematography would be exceedingly helpful,
but could unfortunately not be carried out
during this study.

The symmetrical movement of the membra
is accompanied by lateral body undulations
(Fig. 4), the amplitude of which increases
only slightly towards the terminus caudae
(tip of the tail) (Fig. 4, dotted trace 5,
frames 1 and 8). An increase in the speed
of the paraxially swimming crocodilian is
accormpanied by a higher amplitude of this
body undulation wave. Flexion of the body
always occurs to the side where the membra
thoracicum et pelvicum approach each other
(Fig. 4, frames 1, 2, 4, 5, 7 and 8). The cranial
half of the cauda bends in the same direction
as the terminal half (Fig. 4, frames 2 and 3).
It is unlikely that the cauda participates in
thrust generation, since the discontinuity of
this swimming mode is compensated mostly by
the alternating operation of the membra.

Remarks

Observations of wild and captive crocodilians
reveal that paraxial swimming with a
symmetrical movement of the membra is

frequently used even by large (>3 m) animals
(Klemmer, pers. comm.; Hecht, pers. comm.,
pers. obs.).

Axial swimming

Thrust is produced exclusively by the laterally
undulating cauda. The speed is always higher
compared with paraxial locomotor modes:
the maximum velocity attained by O. tetraspis
was 1 000 mm per second, while the slowest
was 400 mm per second. Slower velocities
were observed but not filmed. According to
observations in zoos, high speed can only be
maintained for a few cauda beat cycles.

The amplitude of the beat cycle of the cauda
remained constant regardless of beat frequency.
This means that the swimming velocity is
entirely dependant on the frequency of the
body wave (cf. Fish 1989 for A. mississippiensis).
During the slow undulation sequence (Fig. 6),
a complete beat cycle lasts approximately 1
second, with the animal covering a distance of
a little more than 400 mm. During the fast
undulation sequence (Fig. 7}, the animal also
covers a distance of 400 mm per beat cycle,
but in half the time.

Differences in velocity might additionally
be the result of the drag induced by the
protracted membra pelvica during slow
undulation, where the crus and pes are held
in the planum sagittale (Béker 1935; Kilin
and Knfisel 1944; Fig. 6). It is important to
note that the membrum on the contracting
side of the basis caudae is more protracted
compared with that on the extended side
(Fig. 6).

The undulation of the cauda is the result of
body waves running caudally from the cervix

time (sec)
0 008 0.16 0.24 032 0.40 0.48 0.56 064 0.72 0.78 0.86 084 102
1 | i 13 1 { 1 | H i 3 | _12
L 1.0
- 0.8
-06 &
- 04
Q
-02 ©
Lo 2

slow axial swimming

Fig. 8. Osteolnemus lefraspis, slow axial swimming (Lime unit = .08 sec.; distance unit = 0.2 m}. Velocity (V) is
approximately 0.2 m/sec. Note the synchronous aliernating protraciion of the femur and flexion of the cauda.
The membra pelvica do not participate in thrust generation. The tracks of the termini rostri et caudac are shown

in the frames 1 and 14 respectively.
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time (sec)
0 0.04 008 0.12 0.16 020 0.24 028 032 036 040 044 0148
| 3 I L | H ] 1 3 I 1

Fig. 7. Ostevlaemus tetraspis, fast axial swimming (time unit

{w) souesip

fast axial swimming

= 0.04 sec.; distance unit = 0.2 m). Velocity (V) is

approximately 0.45 m/sec. The membra pelvica are held extended along side the latus caudae. The tracks of
the termini rostri et caudae are shown in the frames 1 and 13 respectively.

(neck) to the terminus caudae (Manter 1940).
The velocity of the wave (u} is almost twice
the swimming speed (v) (Breder 1926; Manter
1940): v = 0.6 u.

The amplitude of the undulation wave from
the cervix to the regio sacralis is only about
30 mm in Osteolaemus, but increases rapidly
from the regio sacralis towards the terminus
caudae. As noted by Manter (1940), this dis-
continuous increase of amplitude marks the
cauda as the main organ responsible for thrust
generation. With increasing swimming speed,
compensatory movements of the caput only
increase a little. The same holds true for the
terminus caudae (Figs 6 and 7, dotted traces).
In the terminal quarter of the cauda, the
radius of bending and the length of the
partial sinus wave is at its minimum, while
the amplitude reaches its maximum (Fig. 6,
frames 6 and 7: Fig. 7, frames 7 and 8). This
is coincident with the observations of Manter
(1940) and Fish (1989).

Combined with the lateral undulation of the
cauda is a torsion, strongest in the regio crista
caudae pars singularis. The cauda is warped
in such a way that the dorsal margin of the
crista caudae pars singularis is oriented
opposite to the direction of movement.
Unfortunately, this was not seen clearly
enough on the video sequences, but could be
observed during the experiments. Although it
could not be determined exactly, this means
that the angle of attack of the proximal part
of the crista caudae pars singularis during
axial locomotion is positive.

Remarks

The exclusively axial swimming mode
described above for O. tetraspis is observed in
all extant crocodilians.

Hybrid swimming modes

Occasionally, O. tetraspis was observed using
locomotor modes intermediate between axial
and paraxial swimming. These are character-
ized by asynchonous rowing movements of
the membra pelvica and a high amplitude
lateral undulation of the cauda. Such hybrid
thrust generation is mostly used at speeds
between 200 and 400 mm per second. One
stroke cycle of the membra equals one beat
cycle of the cauda (Fig. 8). The animal covers
600 mm with each hybrid beat cycle, which is
a little further compared with an exclusively
axial locomotion mode, at a speed  of
approximately 300 mm/sec.

In most cases, rowing movements of the
membra pelvica are asynchronous (Fig. 7).
Synchronous rowing with the membra pelvia
was also observed but not filmed. The membra
thoracica aid with steering and balancing, and
are mainly moved independent of the membra
pelvica. Rowing movements of the membra
thoracica were never observed during hybrid
locomotion.

0. tetraspis only used hybrid locomotion
for short periods. It was often observed when
the animal changed from paraxial to axial
swimiming or vice versa.

Remarks

Davenport and Sayer (1989} recorded hybrid
locomotion in C. poresus, and we were able to
verify this type of swimming for A.
mississippiensis, Palaeosuchus trigonatus, Caiman
crocodylus, C. niloticus, and C. johnstoni.

Swimming manoeuvres

Until now, the kinematics of swimming
manoceuvres in recent crocodilians have not
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hybrid swimming

Fig. 8. Osteolaemus tetraspis, hybrid swimming (time unit = 0.02 sec; distance unit = 0.2 m). Half a locomotion cycle
is shown. Velocity (V) is approximaiely 0.8 m/sec. The tracks of the termini rostri et caudae are shown in the

frames 1 and 14 respectively.

been documented. We can therefore only refer
these manoeuvres to O. fefraspis.

Changing direction

Slight changes of direction of O. fefraspis are
initiated with a lateral turn of the caput.
The flexion wave this produces then runs
caudally down the truncus until the desired
direction is acquired. During turns, both
sets of membra, in particular the membra
pelvica, are used for a steering, regardless
of the swimming mode (axial, paraxial or
hybrid). If the crocodilian swims paraxially,
lateral body flexion during a turn is aided
by a power stroke of the membra on the
extended side of the truncus. The membra
on the flexed side of the truncus provide a
brake stroke. During both the power and
brake strokes, the membra, including the digiti
manus et pedis, are under full extension as
they are abducted. An active break stroke on
its own results in only a very narrow turn. If
the membra on the flexed of the truncus are
simply held laterally as breaks, the resulting
turn is wide. During all types of turning

time (sec)

manoeuvres, the membra pelvica are used
more often than the membra thoracica or both
sets of membra together. Q. tetraspis changed
direction more often during paraxial and
hybrid swimming than axial swimming. How-
ever, this may be rclated to the low spceds
attained during the two former swimming
modes, as well as the small size of the tank
in which the animal had to swim.

If a turn is swam axially, the operation
of the membra is restricted to breaking on
the flexed side of the truncus by abduction
and lateral exiension of one or both membra.
Asychronous power strokes occurred only very
rarely. During turning manoeuvres at low
speeds, O. tfetraspis displays its maximum
degree of lateral mobility (Fig. 10).

A low angle turn is depicted in Figure 9.
The elapsed time from the start to finish of
this turn is 1 second. The turn is initiated by
a cauda stroke to the right. During the turn,
the caput and truncus remain almost straight.
The cauda stroke is assisted by a power stroke
of the membrum pelvicum sinister and a brake

fow angle turn

12
1.0
- 0.8
-06 2
0.4 B
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Fig. 9. Osteolaemus ftetraspis, low angle turn (time unit = 0.04 sec.; distance unit = 0.2 m), The tracks of the termini
rostri et caudae are shown in the frames 1 and 11 respectively. Note the alternating operation of the membra

pelvica.
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stroke of the membrum pelvicum dextrum.
The membrum pelvicum dexter is then
protracted until the pes has swung below the
regio thoracica, This movement starts with a
medial rotation of the femur followed by an
extension in the genu, and a medial rotation
of the crus and pes. The pes is subject to
an increasing plantar flexion. The dorsal
surface of the pes, including the fully spread
webbing, acts as a thrust generating surface
(Fig. 9). The power and recovery stroke of
the membrum pelvicum are coincident with
those observed during paraxial swimming
(Figs 5 and 6).

The lateral cauda stroke starts in the regio
basis caudae. Towards the tip of the cauda,
the radius of flexion becomes gradually
smaller (Fig. 9). The regio crista caudae pars
singularis moves laterally, with the ventral
surface forming the leading edge. This means
that torsion of the cauda during this type
of turn is reversed when compared with
that which occurs during axial locomotion,
resulting in a negative angle of attack for
the crista caudae pars singularis. The motion
of the truncus and caput are controlled by
the membra thoracica, which are held out
laterally with a slight amount flexion at the
articulationes cubitis et carpalis.

During the wide turn, the terminus rostri
(tip of the snout) traces one and a half sinus
waves, with a larger amplitude compared to
the other swimming modes discussed above.
The tip of the cauda follows an elongate,
asymmetrical, half-wave track (Fig. 9).

The narrow, 90° turn depicted in Figure
10 starts with a rapid lateral stroke of the
slightly curved cauda to the right side of the
truncus. The radius of flexion increases only
slightly towards the terminus caudae. The
main bending area is the regio basis caudae.
After 0.3 seconds, the truncus and caput swing
to the right until the tip of the rostrum
approaches the terminus caudae. The tip of
the rostrum moves quicker and covers a
greater distance than does the terminus caudae
(Fig. 10, track 1 and 2).

Similar to the low angle turn (Fig. 9), lateral
movement of caput and truncus is aided by
power and brake strokes of the membra
pelvica. The operation of the membra on the
flexed side of the truncus is not visible, due
to the slight rotation of the latus trunci
towards the extended side of the truncus. The
left membrum pelvicum produces a power
stroke in the planum horizontale. First the
membrum pelvicum is fully extended cranio-
laterally with the genu facing dorsally. As soon
as the truncus is flexed, a medial rotation of
the membrum pelvicum as a whole at the
articulatio coxae (hip joint) occurs, bringing
the fully extended membrum pelvicum into
a power stroke position. During this move-
ment the digiti pedis are fully extended and
spread, and the genu faces cranially. From this
position the membrum pelvicum is rapidly
retracted until the angle between the femur
and truncus is fess than 90°. During the power
stroke of the membrum pelvicum sinister, the
terminus rostri approaches the cauda to the
extent that the animal forms a closed circle.

start phase .. . ‘

turning phase " - T |

0.4 0.8 1.0 0.1

90° turn
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Fig. 10. Osteolaemus telraspis, 90° turn (time unit in the start phase = 0.05 sec., in the turning phase = 0.02 sec., and

in the acceleration phase = 0.04 sec.; distance unit

0.2 m). Overlapping frames of the turning phase (6-19)

are shown separated in the box. The tracks of the termini rostri et caudae are shown in the frames 1 and 24
respectively. Note that the axis of turning is situated in the regio sacralis.
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The regio lumbosacralis remains in the same
position during this period. The animal then
dives under the terminal quarter of its cauda.

As the radius of flexion of the cauda
decreases, the truncus begins to extend again.
At this point the regio lumbosacralis starts
to follow the movements of caput, cervix
and regio thoracica (Fig. 10, frames 16-21).
Once the tip of the cauda moves over the
middle of the dorsum, extension of the cauda
begins, and with this the acceleration of the
crocodilian in the newly acquired direction
(Fig. 10, frames 18-22). The extension wave
that started in the truncus gradually moves
into the cauda. Before the extension wave of
the cauda reaches the terminus caudae, which
moves at high velocity towards the left side,
a counter flexion of the regio basis caudae
begins. This counter flexion of the regio basis
caudae results in the attainment of a position
from which acceleration in a new direction is
possible (Fig. 10, frame 19).

With the extension of the truncus, the
membra pelvica are retracted until the slightly
abducted position observed during axial
swimming (Figs 6 and 7) is acquired. The
membrum thoracicum sinister is held caudo-
laterally at a low angle to the planum
medianum during the whole turn, which lasts
approximately one second. Despite the fact

that the manus is in a power stroke position,
the membrum thoracicum sinister is not
used to generate thrust. Unfortunately, the
membrum thoracicum dexter was obscured
by the truncus during the turning phase,
therefore nothing can be said about its action
during this type of turn.

The direction of cauda torsion is coincident
with that seen in the wide turn: the portion
of the cauda that includes the crista caudae
pars singularis is moved through the water at
a negative angle of attack, with the ventral
surface acting as a leading edge.

The terminus caudae moves in a sinusoidal
track of one wave length. The first half of the
wave is more elongate than the second. The
speed of the tip of the cauda remains constant
during the turn, apart from an almost static
phase at the end of the first half of the wave
(Fig. 10, frame 24).

Burst

During the start phase of a burst, thrust is
produced by the rapidly undulating cauda.
The amplitude of this undulation increases
towards the terminus caudae (Fig. 11). In the
figured sequence, a single cauda beat cycle
(frames [-10) lasts just %0 of a second. Over
this period of time the animal covers a

burst

Fig. 11. Osteolaemus tetraspis, burst (time unit is the start phase = 0.02 sec. and in the acceleration phase = 0.05 sec.;
distance unit = 0.2 m). The start line marks the position of the crocodilian at the beginning of the burst
manoeuvre, where the velocity was zero. From frame | to 10, the animal carried out one full cauda stroke. The
tracks of the termini rostri et caudae are shown in the frames 1 and 22 respectively,

(w) soumsip

(w) souelsip
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distance of only 300 mm. This equates to a
speed of 600 mm/second. During the first half
of the first cauda beat cycle, the membra
thoracica et pelvica are protracted. Protraction
of the membra pelvica is much greater than
the membra thoracica. This increases drag,
which would explain the low velocity during
the start phase of the burst.

At the beginning of the second cauda beat
cycle the membra thoracica are retracted. In
so doing they assist acceleration by means of
a synchronous power stroke (Fig. 11, frames
10-17).

A similar movement is seen in the membra
pelvica. As mentioned above, they are
synchronously protracted during the very first
phase of the burst manoeuvre. Following this
protraction, the genu faces cranially and
the femur cranioventrally. Crus and pes are
additionally rotated laterally. The plantar
surface of the pes is oriented caudolaterally
and the digiti pedis are spread (Fig. 11,
frames 10-20).

The power stroke of both membra pelvica
happens almost synchronously, but the
membrum dextrum is moved slightly faster
than the membrum sinister in the planum
horizontale. According to the definition of
Robinson (1975) this movement can be
described as rowing. The power stroke is
terminated as soon as the membra pelvica
are oriented parallel to the basis caudae.
Retraction of the membra pelvica is slightly
slower than that of the membra thoracica.

The wave length of the axial components of
the sprint manoeuvre equals approximately
one body length. In contrast to steady axial
swimming, the amplitude of the regio basis
caudae remains small. The sudden increase of
amplitude occurs further distally in the regio
crista caudae pars singularis. As soon as the
cranial third of the regio crista caudae pars
singularis approaches its left extreme, the
distal two thirds of the regio crista caudae pars
singularis curl to the right until the terminus
caudae points towards the latus caudae at
the cranial end of the regio crista caudae
pars singularis (Fig. 11, frames 5 and 6). The
curling of the terminal part of the cauda is
less when the cauda swings to the other side
(Fig. 11, frames 9-11). During curling, the
terminal third of the cauda shows the
narrowest curvature (Fig. 11, frame 6). These
movements coincide with the full protraction
of the membra pelvica.

Only half of the second cauda stroke is
completed during the acceleration phase of
the burst; as the cauda moves to the right
it is stopped when it reaches the straight
position in prolongation with the truncus (zero

line; Fig. 11). As soon as the cauda is straigcht,
the crocodile darts through the water ira a
gliding phase with the membra held caudally
and adjacent to the body. No thrust is
generated during this gliding phase. During
the second half of the cauda beat cycle, the
animal covers 500 mm in 0.6 seconds This is
due to the effect of the power stroke of the
membra pelvica, which results in a higher
speed than during axial swimming. It is
during the half cauda beat cycle in the
acceleration phase of burst that most of the
thrust is generated (Fig. 11, frames 10-22).

As is seen in the low amplitude of the dot
trace of the rostrum, the same direction is
maintained throughout the burst (Fig. 11,
frame 1). The dot trace of the cauda appears
confusing due to the curling of its terminal
third; however, a sinuous undulation is still
evident (Fig. 11, frame 22).

Cauda walk

Occasionally crocodilians ambush prey below
overhanging shore slopes or tree branches. In
order to seize prey items from such positions,
some crocodilians launch themselves out of
the water by rapid undulatory movements
of the cauda. The animals are able to emerge
out of the water until the regio basis caudae
is visible, and remain in this position for a
split second (Fig. 12). This is referred to as
“cauda walk” (Mazzoti 1989, figure caption
F.43), The membra are held caudolaterally,
indicating the body position during the cauda

Fig. 12. Crocodylus porosus, cauda walk (based on a photo-
graph by Craig Lamotte on a postcard by Lamotte
Editions). Note that the regic cristae caudae pars
singularis of the crocodilian remains submerged.
The kinematics of the terminus caudae during the
manoeuvre are still unknown,
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walk is maintained only by axial movements
of the cauda. The initial burst may be aided
by a rowing action of the membra pelvica
similar to that observed during the start phase
of a burst. The movement of the cauda during
this locomotor mode has not been analysed in
sufficient detail to provide kinematic data.

DISCUSSION

All observations of the axial, paraxial and
hybridized swimming modes wused by
crocodilians superficially yield a uniform
patiern of movement. As a result, analyses are
difficult to compare because there is no
standardized method of data collection.
Although it may be convenient to categorize
different modes of aquatic locomotion (cf.
Braun and Reif 1974), our observations
suggest that different modes represent part of
a locomotor continuum. With the exception
of diving and bursts, none of the observed
locomotor modes appear to correspond to
different speeds or demands. The categories
for the locomotor modes established above
should therefore be regarded as an abstraction
of a continuous locomotor repertoire.

One observation concerning a linear loco-
motor mode has never been commented
on since Frey (1982): acceleration during
paraxial swimming in O. tetraspis. With an
increase of step cycles per time unit, frequency
and amplitude of the truncus and cauda
flexion cycles increase. However, during
hybrid and exclusively axial swimming modes,
the amplitude of the cauda beat cycle remains
constant. An increase in speed is only ever
accomplished by an increase of the cauda beat
frequency (Frey 1982; Fish 1989), suggesting
that the maximum amplitude of the cauda is
limited. This limit might be the result of
anatomical constraints such as ligament- and
bone-locks. Considering the fact that the
passive mobility of the cauda of a crocodilian
is restricted by the dermis (Frey 1982, 1988a),
we hypothesize that some of the aquatic loco-
motor modes observed in crocodilians can be
correlated with the mechanical characteristics
of their anatomy. For example, the termina-
tion of bending during lateral undulation of
the cauda is most likely brought about by
elastic readjustment of the dermis and scutum
paravertebrale. The initial phase of the return
stroke would then be aided by a passive recoil
mechanism, such that the kinetic energy built
up during flexion is continually utilized.

An increase in the amplitude of the cauda
during paraxial swimming never exceeded the
amplitude observed during axial or hybridized
swimming modes. Bending of the cauda
beyond this amplitude was only observed

during bursts or sharp turns. These types of
movement are very short termed, and are only
used for attacking or emergency escapes.

The torsion of the regio crista caudae pars
singularis observed in O. fefraspis {Frey 1982)
has not been described by other authors. Only
Seymour (1982) suggested that “sculling” (in
the sense of lateral undulation) of the cauda
might be responsible for thrust generation in
crocodilians. During very slow axial swimming,
this torsion combined with a ventrally curved
cauda can possibly result in a movement
resembling “sculling”. Unfortunately there is
no kinematic anaylsis of slow axial swimming
to verify this possibility.

The swimming kinematics of crocodilians
shed some light on the operational signifi-
cance of the cristae on the cauda and membra
during different locomotion modes. During
a power stroke of the membra pelvica, the
crista crurocalcaris (heel crest) seen in some
crocodilians would increase the surface area of
the distal half of the membrum pelvicum. This
crista would also mean that the power stroke
in these crocodilians would be more effective
than in those in which it is lacking. A crista
crurocalcaris would also affect the recovery
stroke, during which the pes is supinated
and moved through the water, with the
horizontally oriented planta forming a thin
trailing edge. The result would be a decrease
in induced drag.

There also appears to be a correlation
between cristae crurocalcares and cristae
cubitoantebrachiales (arm crests) and the
length of the crista caudae. Crocodilians with
crista crurocalcaris always have a crista caudae
pars duplicata comprising 60% of the total
length of the cauda. These animals tend to
show a preference for large, open water
bodies, and are well capable of sustained long
distance swimming. In crocodilians without
cristae crurocalcares, the crista caudae pars
duplicata comprises only 40% of the total
length of the cauda. These animals show a
preference for freshwater rivers and streams.
They also occur in small ponds full of
vegetation and channel systems in flood
plains, and are excelient manoeuvrers. As
to why this is the case can only be evaluated
by considering the above kinematic data
in conjunction with the internal anatomy
of the cauda and truncus as part of a
biomechanical analysis (Frey 1982, 1988a,
1988b; Frey and Salisbury, in prep.). Further
detailed kinematic studies on the aquatic
locomotion of different species of crocodilians
under standardized conditions may also
be useful, particularly if combined with
electromyographic studies.
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APPENDIX OF ANATOMICAL TERMS

Key to symbols and abbreviations
* new term

(pl) plural

Format

Terms are listed in alphabetical order in the following format:
term (pl: plural, where applicable); English equivalent (where applicable).
Annotation (where appropriate).

A
articulatio coxae
auris externa

C

cavitas oris mouth cavity.

{pl: articulationes coxae); hip joint.
(pl: aures externae); ear.

erista crurocalcaris* (pl: cristae crurocaleares); heel crest.
crista cubitoantebrachialis* (pl: cristae cubitoantebrachiales); arm crest.
crus (pl: crures); lower leg.

D

digitus manus {pk: digiti manus), finger.

digitus pedis (pl: digiti pedis); toe.

F

femur {pl: femora); chigh.

M

manus (pl: manus); hand.

N

naris (pl: nares); nostril.

0

oculus (pl: oculi); eye.

P

paima {pl: palmae); palm of the hand.
planta (pl: plantae); sole of the foor.

R

regio crista caudae pars duplicata*
tegio crista caudae pars singularis*
regio sacralis

T

sacral region.

tela {pl: telae); webbing.

terminus rostri*

v

venter pars lateralis*
venter pars ventralis*

tip of the snout,

portion of the tail with a double scale crest.
portion of the tail with a single scale crest.

(pl: venter partes laterales); lateral part of the belly.
ventral part of the belly.
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CHAPTER 14

The histology of the dorsal integumentary
glands in embryonic and young Estuarine
crocodiles Crocodylus porosus and Australian
Freshwater crocodiles Crocodylus johnstoni

K. C. RICHARDSON! and J. Y. PARK!

The dorsal integumentary glands in both Crocodylus poresus and Crocodylus johnstoni are paired structures
found from the mid-cervical to the sacral region. They are sac-like structures lying in the hypodermis beneath
the craniomedial edge of each scale of the second dorsal scale row. The dorsal integumentary glands of hatchlings
are smooth yellow structures {2 x 1 mm) whereas in 2+ year old C. porosus they are much smaller {90 x 40 grn),
hard and black. Their duct opens into the interscalar region between rows 1 and 2. They are identifiable first in
23-day-old embryos, as solid cellular masses on each side of the vertebral column. In older embryos and recent
hatchiings, they are encapsulated structures surrounded by dense collagen fibres. At this stage peripheral celis
within the dorsal integumentary gfand are filled with spherical cytoplasmic inclusion bodies. In hatchiings and
animals up fc about a year old the dorsal integumentary glands have an irregular lumen containing what appear
to be products from the breakdown of cells. Little innervation or vascularization of the dorsal integumentary glands
is present. In older animals (2 years to adult) these gland are either empty or contain numerous ring-shaped
famellar siructures.

Transmission electron microscopic observations indicate that the dorsai integumentary glands of the hatchlings
are typical holocrine glands with an outer germinative layer surrounding several fayers of maturing through to
dying cells. Maturing cells, found in the intermediate layers, have round to flattened nuclei and numerous
cytoplasmic inclusion bodies. Toward the centre of the gland, nuclei areé pycnotic, plasma membranes are disrupted
and inclusicn bodies coalesced. Cellular organelles are absent. Some irreguiarly shaped crystals may be found
within the fuminal contents. It is possible that the gland's principal function is pheromone production in hatchlings.

INTRODUCTION

CROCODILIANS have many structures
within and just below their skin. Most are
thought to be essential for the accurate
sensory perception of their environment. In
crocodylids and gavialids complex integu-
mentary sense organs have been reported
to occur within the epidermis/dermis of most
of the animals’ post-cranial scales (Jackson
et al. 1996). In some caiman species naked
intraepidermal sensory nerve endings have
been described (Diiring and Miller 1979).
The presence of many complex lamellated
mechanoreceptors associated with the facial
scales especially those of the lips has been
reported in most crocodilians (Diring 1973,
1974; Daring and Miller 1979; Siliman
et al. 1991).

A second category of integumentary
structure, the gular and paracloacal glands,
have been well studied (Reese 1921; Wright
and Moffar 1985; Weldon and Sampson 1988).
These are large encapsulated holocrine glands

that have disintegrating cells and secretory
products in their lumina. Lipid has been
found in both glands (Weldon and Sampson
1988; Weldon and Wheeler 2000). These
glands may have a role in territorial and
reproductive behaviours throughout the
animal’s lifetime (Wright and Moffat 1985;
Weldon and Wheeler 2000).

A third category of small epidermal/dermatl
structure has attracted little attention to date.
These are the dorsal integumentary glands
(previously called dorsal organs) associated,
in a regular manner, with the second dorsal
scale rows between the cervical and sacral
regions reported to occur in the Nile
crocodile Crocodylus niloticus (Voeltzkow 1899),
the American alligator Alligator mississippiensis
(Reese 1921; Cannon et el. 1996) and the
Chinese alligator Alligator sinensis (Chen et al.
1991). All reported that dorsal integumentary
glands were located in a single row, one
scale removed on either side of the dorsal
midline. Each gland was connected to the
adjacent skin surface by a simple duct. Little
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