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Burst Swimming of Alligators and the Effect of Temperature
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ABSTRACT.—The swimming speed of alligators, like the locomotory speeds of many ectotherms,
is significantly affected by temperature. However, temperature also affects alligators’ swimming
behavior. The effect of temperature on swimming speed appears to be partly the result of direct
effects of temperature on muscle performance and effects of temperature on swimming behavior.

Speeds of locomotion among reptiles
are strongly dependent upon body tem-
perature (Bennett, 1980; Christian and
Tracy, 1981), and are usually explained
by a direct effect of temperature on the
physiology of muscle (Bennett, 1980).
The translation of muscle work into an
animal’s forward speed is a complex
process that depends not only on the
physiological performance of the loco-
motory muscles, but also on a number
of other factors such as the specific mus-
cle groups powering locomotion, the
geometry and orientation of their mus-
cle fibers and the numbers and types of
active muscle fibers. If any of these oth-
er factors is itself affected by tempera-
ture, the performance curve (the rela-
tion between locomotory speed and
body temperature) may reflect some-
thing other than a direct effect of tem-
perature on the physiological perfor-
mance of muscle.

In this paper, we report the effect of
temperature on swimming speed of the
American alligator (Alligator mississip-
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piensis). Specifically, we suggest that
temperature affects swimming speed
partly through effects on muscle per-
formance, and partly through effects on
the way an alligator swims.

MATERIALS AND METHODS

Animals.—The animals used in this
study were small individuals of the
American alligator, taken from a large
collection of alligators maintained in
our laboratory since 1977.

Speed and Behavior during Burst Swim-
ming.—Burst swimming is the name
given to a rapid burst of swimming
which propels the animal away from
some aversive stimulus—such as a pinch
of the tail with the fingers, or a tap on
the back with a stick. We used seven
small individuals, 550-1170 g body
mass.

Burst swimming trials were done in
a large trough (7.3 m long x 1.2 m
wide), constructed from heavy ply-
wood, and lined with two layers of 6
mil black plastic. Water depth during
trials was 15 cm. The trough was divid-
ed along its length into four sections
(Fig. 1); a holding section, a starting sec-
tion, a test section (itself subdivided into
3 segments 1 m long each) and a stop-
ping section.

A bout of burst swimming was begun
by placing the animal in the starting
section, facing it in the direction of the
test section. Burst swimming was in-
duced by suddenly pinching the alli-
gator’s tail, and chasing it aggressively
along the trough. After chasing it
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FiG. 1. Schematic top view of trough used for burst swimming trials, showing layout of the sections

described in the text.

through the test section, harassment of
the animal was broken off, allowing it
to come to a stop in the stopping sec-
tion.

During a bout of burst swimming,
data on swimming speed and swim-
ming behavior were recorded. Time (s)
for the animal to traverse each 1 m seg-
ment of the test section was measured
using three matched stopwatches. Burst
speed (m s7?) is the inverse of the time
to traverse the 1 m segment. At the same
time, the alligator’s swimming behav-
ior as it traversed each 1 m segment was
classified according to two criteria: (a)
whether the animal swam with the legs
tucked at the side of the body, thus
being propelled only by the tail, or
swam using the legs as paddles in ad-
dition to the tail, and (b) whether the
animal swam completely submerged in
the water, or swam with the head
breaching the surface. The criteria were
chosen on the basis of preliminary ob-
servations, which indicated that swim-
ming behavior varied in large part along
these attributes.

At a single temperature, each animal
was swum six times, broken down into
three sets of two bouts each. Each alli-
gator was swum once, followed after
about 2 minutes by a second bout (im-
mediate repetition). It was then placed
back in the holding area and allowed to
rest for about 30 minutes while the oth-
er alligators were swum in the same

way. After the 30 min rest, the alligator
was swum again (delayed repetition).
This was repeated three times, resulting
in six bouts per animal per temperature.
Temperatures used were 15, 20, 25, 30
and 35°C + 1°C. So, for a single se-
quence of five temperatures, data on
burst swimming speeds and behavior
were gathered from 210 bouts of burst
swimming (6 bouts per animal per tem-
perature-7 animals-5 temperatures).
The entire sequence ot five tempera-
tures was repeated five times, with the
order of temperatures in the sequence
changed each time. Data on swimming
behavior were not recorded for the first
two temperature sequences. We report
here only results from the three se-
quences for which data on swimming
speed and swimming behavior were
gathered coincidentally, totalling 630
bouts of burst swimming. Because each
bout contained data from the three test
segments of the test section, the total
possible number of observations was
1890. Several data had to be excluded
from analysis because of failure to ob-
serve the swimming behavior or failure
to record a time. The number of obser-
vations for which both swimming speed
and behavior were recorded is 1753.
Water temperature in the trough was
adjusted by adding either hot or cold
water drawn from a tap. When the de-
sired water temperature was reached,
the water level was restored to 15 cm,
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and the water was vigorously circulated
for 20-30 minutes to equalize tempera-
tures through the trough. In some cir-
cumstances, later adjustments had to be
made of the water temperature, partic-
ularly at the highest temperature. Burst
swimming bouts were begun when the
alligators’ body temperatures were
within 1°C of water temperature.

Behavior during Steady Swimming.—The
results from the burst swimming trials
raised the question: to what extent are
the behaviors during burst swimming
the result of the stressful situation or
the effect of temperauure per se? There-
fore, we studied swimming behavior
during presumably less stressful con-
ditions, what we called “steady swim-
ming.”

Five small alligators (1-1.5 kg body
mass) were used for this experiment.
Steady swimming trials were carried out
in a large recirculating flow tank, using
the same temperatures as the burst
swimming trials. Temperature of water
in the flow tank was adjusted using im-
mersible water heaters, or by dumping
quantities of ice in the water.

Each alligator was trained to swim in
the flow tank for several days before
measurements were made. During ex-
periments, water speed at the given
temperature was adjusted to about % the
average burst speed recorded for that
temperature in the burst swimming
trials. In this way, we hoped to elicit
more “casual” swimming than that dur-
ing burst swimming.

Once water temperature in the flow
tank was set, an alligator was placed in
the flow tank, and its body temperature
allowed to equilibrate for 30-60 min.
During this time, the water in the flow
tank was still. Steady swimming was in-
duced by starting the water flowing.
Sometimes, the alligator had to be
gently prodded with a pencil or with
the hand to start it swimming. A bout
of steady swimming lasted 5 min. Every
15 s, an observation was made on
whether the animal was swimming or
not, and if it was swimming, an obser-

vation was made on its swimming be-
havior, using the same criteria as for
burst swimming. If the animal was not
swimming, it was gently prodded into
swimming again (i.e., not pinched or
poked as in burst swimming). This pro-
cedure was repeated for each of the five
alligators, at which time temperature of
the flow tank was changed and the ex-
periment repeated.

Analyses of Data.—Data on burst
speeds were analyzed using standard
methods of analysis of variance. Differ-
ences among means were assessed us-
ing Tukey’s multiple range comparison
procedure. Level of significance was
considered to be P = 0.05.

Burst swimming behaviors were ana-
lyzed also using analysis of variance, but
with the independent variable being the
percent frequency of occurrence for
each behavior out of all observations for
an animal at the given temperature. So,
for a given behavior, each of the five
temperatures contained one datum for
each of the seven individuals used, a
total of 35 data. Swimming behavior for
steady swimming was analyzed in a
similar way, but using the percent fre-
quency of behaviors with respect to the
number of times the animal was ob-
served swimming at that temperature.
The distributions of the percent fre-
quencies were normalized using an arc-
sine transformation (Sokal and Rohlf,
1969).

RESULTS

Burst Swimming Speed.—From 15 to
25°C, average burst speed increased
from 0.47 m s™* to 0.89 m s™'. From 25
to 35°C, burst speed did not vary with
respect to temperature (Fig. 2). Major
sources of variation in the analysis of
variance were temperature (r> = 24.7%),
repetition of temperature sequence
(r? = 27.4%) and individual (r*> = 7.9%).
All other sources of variation (e.g., be-
tween segments in the test section, be-
tween bouts, etc.) accounted for less
than 7% of the total variation in burst
speed. Total explained variance for all
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factors together was about 67% (P <
0.0001).

Behavior during Burst Swimming. —
Temperature significantly affected how
often alligators swam using the legs as
paddles (P < 0.0001). At 15°C, the alli-
gators swam using the legs as paddles
an average of 79.7% of the time (Fig. 3).
As temperature increased, the use of legs
became less frequent, until at 35°C, the
animals used the legs as paddles an av-
erage of only 15.4% of the time (Fig. 3).

Temperature also significantly affect-
ed the frequency that the animals swam
breaching the surface of the water (P <
0.0001). At 15°C, the alligators swam
with the head out of the water an av-
erage of 40.9% of the time (Fig. 3). At
higher temperatures, the frequency of
swimming in this way was less fre-
quent, occurring only 14.7% of the time
at 25°C. At temperatures higher than
25°C, swimming with the head out of
the water was more frequent, occurring
37.7% of the time at 35°C.

Behavior during Steady Swimming. —

)
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Fic. 3. Dependence of swimming behavior on
temperature during burst swimming in Alligator.
Numbers above each bar are the total number of
observations for each temperature. Top panel:
Frequency with which the alligators swam using
the legs as paddles. Bottom panel: Frequency with
which the alligators swam with the head breach-
ing the surface of the water.

Temperature had a significant effect on
the probability that an animal would
swim. The alligators were seen swim-
ming only about 70% of the time at 25°C,
and at temperatures above and below
this, they were less likely to swim (Ta-
ble 1).

Among the observations in which the
animal was swimming, the legs were
used as paddles an average of 74% of
the time (Table 1). Swimming with the
head out of the water occurred an av-
erage of 76% of the time. Analysis of
variance on the frequencies showed no



454
TaBLE 1. Behaviors during steady swimming.

Tempera- Percent of observations (N = 200)
ture
(°C) Swimming Uses legs Breaching
15 38.5 74.8 61.0
20 57.0 83.1 68.9
25 70.5 71.4 79.0
30 51.0 69.6 88.6
35 42.0 69.3 81.9

significant effect of temperature on
steady swimming behavior. For use of
legs, P = 0.715; for breaching, P = 0.086.

Swimming Behavior and Burst Speed. —
Different ways of swimming were as-
sociated with different burst speeds (Ta-
ble 2). The fastest burst speeds occurred
when the animals swam completely
submerged, and without using the legs
as paddlies. The slowest burst speeds oc-
curred when the animals swam using
the legs as paddles and breaching the
surface of the water. In general, alliga-
tors swam faster when they did not use
the legs as paddles, or when they swam
completely submerged (Table 2). The
differences in burst speeds are signifi-
cant between each type of swimming.

Burst Speed and Effect of Repetition.—
Immediate repetition of burst swim-
ming did not slow the animals signifi-
cantly at 15 and 20°C. At 25, 30 and 35°C,
immediate repetition of a bout of burst
swimming slowed the animals signifi-
cantly. Delayed repetition of burst
swimming did not consistently affect
burst speeds over the range of temper-
atures used (Fig. 4).

DiscussioN

It is reasonable to suppose that a fast-
er speed of locomotion at higher body
temperatures is due to an effect of tem-
perature on muscle performance (Ben-
nett, 1980). Indeed, numerous studies on
isolated muscles from a variety of rep-
tiles show that, within limits, force pro-
duced per contraction, speed of con-
traction and relaxation, stiffness in
active muscle, rate of force production,
and capacity to do work increase with

J. 5. TURNER ET AL.

TaBLE 2. Burst swimming speeds and swim-
ming behaviors of Alligator.

Burst swim-
ming speed
Behavior N (ms™)
Does not use legs 882 0.943
Submerged
Does not use legs 256 0.859
Head out of water
Uses legs 382 0.535
Submerged
Uses legs 233 0.467

Head out of water

temperature (Putnam and Bennett, 1982;
Bennett, 1980; Fowler and Crowe, 1976;
Washio, 1974; Licht et al., 1969; Licht,
1964). By almost all measures, perfor-
mance curves for isolated muscles
roughly parallel the performance curves
for running speeds of lizards (Bennett,
1980). It may be, however, that the per-
formance curve for burst swimming of
alligators can be explained only partly
by direct effects of temperature on mus-
cle performance. The effect of temper-
ature on the likelihood that an alligator
will swim in a certain way may be
equally important.

A rough estimate of the direct effect
of temperature on muscle performance
may come from examining the way
burst speed varies with temperature
within a given behavior. For example, if
swimming behavior does not change
with respect to temperature, probably
the same groups of muscles are power-
ing locomotion at all temperatures. A
difference in speed then probably arises
through a difference in speed and force
of contraction of these muscle groups.
If swimming behavior changes substan-
tially, however, this may no longer be
true. For example, a change from pow-
ering locomotion through oscillatory
motions of the tail to using the limbs as
paddles almost certainly changes the
major muscle groups that are powering
locomotion. This may in turn bring
about variation in the transduction of
muscle force into thrust, and hence for-



SWIMMING SPEEDS OF ALLIGATORS

1.0
o~
e
oﬁ?L A-2 *+\+//+
O8F
o1t $4
06
T oSt
'o ¥
£ ¢
~3 o4 13 éO 55 30 i;i
‘%} 1.0 ( .o +
¥ ' ;
[N
o -3
O8¢r
¥
o7 r +
ob}
o5 %++
[a X" 1 L L L .

20 25 30 35

temperature °C)

FiG. 4. Effect of repeated bouts of burst swim-
ming on average burst speeds of Alligator. Top
panel: Average burst speeds for the two bouts of
burst swimming with about a 2 minute rest be-
tween the first and second bouts (immediate rep-
etition). Circles signify the first bout, triangles
signify the bout immediately following. Bottom
panel: Average burst speeds for burst swimming
after about 30 minutes rest (delayed repetition).
Closed circles signify the first pair of bouts, tri-
angles signify the second pair of bouts and open
circles signify the third pair of bouts. Vertical bars
are *one half the H.S.D.

ward speed, independent of any direct
effect of temperature on muscle perfor-
mance. Some variation in the drag forces
the animal experiences also may result
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FiG. 5. Average burst speeds associated with
different swimming behaviors of Alligator. The
four possible combinations of the two criteria used
to characterize burst swimming are shown. Closed
circles: swimming without using the legs as pad-
dles and submerged. Open circles: swimming
without using the legs as paddles and breaching
the surface. Closed triangles: swimming using the
legs as paddles and submerged. Open triangles:
swimming using the legs as paddles and breach-
ing the surface. Dotted line plots the overall av-
erage burst speeds shown in Fig. 2.

from changes of swimming behavior,
although these are likely to be small.
To what extent, then, do the observed
variations in behavior with respect to
temperature (Fig. 3) contribute to the
overall performance curve for burst
swimming (Figure 2)? Perhaps the eas-
iest way to answer this question is to
superimpose the overall performance
curve for burst swimming (Fig. 2; dot-
ted line in Fig. 5) over the performance
curves of burst swimming for each be-
havior (solid lines in Fig. 5). Obviously,
the overall performance curve is some
average of the performance curves for
each behavior. However, it is notewor-
thy that changes in swimming behavior
have substantial consequences for the
average speeds obtained, especially be-
tween 15 and 25°C. The alligators swim
using the legs about 80% of the time at
15°C (Fig. 3), which corresponds to the
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lowest speeds observed (Table 2). As
temperature increases to 25°C, the use
of legs during swimming declines to less
than 20% (Fig. 3). The shift in behavior
between 15 and 25°C corresponds to a
change of burst speeds overall that is
greater than for any behavior consid-
ered alone (Fig. 5). We may conclude,
then, that the effects of temperature on
the way an alligator swims are at least
as important for shaping the perfor-
mance curve as are the direct effects of
temperature on muscle function, espe-
cially between 15 and 25°C (Fig. 5).

At first sight, this is a puzzling result,
for it suggests that at both high and low
body temperatures, an alligator escap-
ing from attack often swims in ways that
substantially reduces its speed. For ex-
ample, at a body temperature of 15°C,
the alligators were capable of average
burst speeds as fast as 0.74 m s7, if they
swam all the time without using the legs
(Fig. 3). Yet, nearly 80% of the time, they
swam using the legs as paddles, which
reduced their average burst speeds by
almost half, to 0.39 m s™'. Similarly, at
body temperatures of 35°C, the alliga-
tors swam 40% of the time with the head
breaching the surface of the water (Fig.
3), resulting in burst speeds that aver-
aged 16% less than the animals were ca-
pable of had they swum submerged all
the time. This dependence of swim-
ming behavior on temperature occurs
only during the presumably stressful
burst swimming trials; the same swim-
ming behaviors were evident during
steady swimming, but did not vary with
temperature (Table 1). Why would al-
ligators often swim in ways that reduce
their average locomotory performance
at both the upper and lower body tem-
peratures? Curiously, why would this
happen only when it would make most
sense not to—while the animal is trying
to escape from harassment?

Swimming more frequently with the
head out of the water at temperatures
greater than 25°C may reflect a greater
tendency for warm alligators to breathe

J. S. TURNER ET AL.

while swimming. Among some lizards,
burst activity results in an almost im-
mediate increase in ventilation at high
body temperatures, but not at cooler
body temperatures (Bennett and Glee-
son, 1976). In the case of the lizards,
this reflects a greater aerobic capacity at
higher body temperatures (Bennett and
Gleeson, 1976). One may explain a
greater tendency for warm alligators to
breathe in a slightly different way. For
example, locomotory activity lasted for
no more than a few seconds for each
bout of burst swimming. The initial
stages of activity often are supported by
incurring a so-called aerobic oxygen
debt, tapping endogenous stores of oxy-
gen bound to hemoglobin or dissolved
in the tissues. Increased ventilation, or
resort to anaerobiosis in any animal
need occur only when these endoge-
nous stores of oxygen are depleted.
High body temperature will reduce the
time these stores can support burst ac-
tivity in at least two ways; overall levels
of oxygen consumption will be greater
at higher body temperatures and less
oxygen will be in physical solution in
the tissues of the body.

Perhaps endogenous stores of oxygen
cannot support even the short bursts of
activity that occur in burst swimming
at high body temperatures, forcing the
animal either to surface and breathe, or
to incur an anaerobic oxygen debt. It is
noteworthy, then, that immediate rep-
etition of burst swimming resulted in
slower average burst speeds only at 25,
30 and 35°C, but not at 15 and 20°C (Fig.
4). Thus, the limitation on performance
at high temperature may not be a direct
limitation of muscle performance, but a
limitation in the delivery of oxygen to
the active muscles. This does not, of
course, explain why alligators swim
more often with the head out of the
water at low temperatures (Fig. 3).

At low temperatures, however, the
main limitation on burst speed is not
whether the animal swims with its head
out of the water or not, but whether the
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animal swims using its legs or not (Ta-
ble 2, Fig. 5). In this case, the limitation
on performance may be more behavior-
al than physiological. Also, swimming
speed may not be an ecologically rele-
vant measure of performance at low
temperatures; there are other ways of
escaping attack than trying to get away
as quickly as possible. For example,
some lizards at low body temperatures
respond to harassment not by running
away, but by standing ground and mak-
ing an impressive threat display (Hertz
et al., 1982). Also, some lizards are more
“shy” at low body temperatures than at
higher body temperatures (Rand, 1964).
These strategies presumably are more
effective against predators than fleeing
when muscles are cool and not per-
forming well.

A similar strategy may explain the
behavior of the alligators during burst
swimming at low body temperatures.
We did not quantify this, but at 15°C,
the alligator’s response to a pinch of the
tail often was not a burst of swimming,
but an abrupt turning of the animal to
nip the hand pinching it. During steady
swimming, alligators had to be prodded
into swimming more often at 15 and
20°C than at 25°C, suggesting that alli-
gators with low body temperatures are
more “reluctant” to swim than alliga-
tors at higher body temperatures (Table
1). It is conceivable that a more effective
strategy for a cold alligator to avoid
harassment is to not swim away, but to
startle its molester by biting it. When it
is forced to swim, it does so ineffective-
ly (i.e., using the legs), for whatever
proximate reason.

The performance curve for burst
swimming of alligators may not be an
ecologically relevant measure of phys-
iological “state,” as it often is thought
to be for lizards. Rather, any presumed
physiological interpretation of the per-
formance curve is complicated by pro-
nounced variation in locomotory be-
havior, which may have little relation
to the animals’ physiological perfor-

mance. Also, swimming speed may not
be an ecologically relevant measure of
alligator’s performance at all tempera-
tures. How else does one explain the
curious result of cold alligators often
swimming in ways that substantially
impair their performance?

Acknowledgements.—We thank Dave
Herbet, Department of Biology, Queens
College, Brooklyn, for his assistance
with the burst swimming trials. We
thank Sentiel Rommel, Ira Warrenfelt
and Dean Kuethe, all of the Department
of Zoology, Duke University, for their
useful comments on an earlier draft of
this manuscript. We thank Steve Vogel,
Department of Zoology, Duke Univer-
sity, for the use of his flow tank. This
work was supported in part by NIH
grants #5R01-HL-02228 and #5K06-
GM-21522 to Knut Schmidt-Nielsen,
Department of Zoology, Duke Univer-
sity and in part by the Department of
Zoology and Entomology, Colorado
State University.

LITERATURE CITED

BENNETT, A. F. 1980. Thermal dependence of liz-
ard behavior. Animal Behavior 28:752-762.

, AND T. GLEESON. 1976. Activity metabo-
lism in the lizard Sceloporus occidentalis. Phys-
iological Zoology 49:65-76.

CHRrIsTIAN, K. A, aND C. R. TRaCY. 1981. The
effect of the thermal environment on the abil-
ity of hatchling Galapagos land iguanas to
avoid predation during dispersal. Oecologia 49:
218-223.

FowLEr, W. 5., aAND A. CROWE. 1976. Effect of
temperature on resistance to stretch of tortoise
muscle. American Journal of Physiology 231:
1349-1355.

Hertz, P. E, R. B. HUEY, AND E. NEVO. 1982. Fight
vs. flight: Temperature influences defensive
responses of lizards. Animal Behaviour 30:676-
679.

LicHT, P. 1964. A comparative study of the ther-
mal dependence of contractility in saurian
skeletal muscle. Comparative Biochemistry and
Physiology 13:27-34.

, W. R. DAWSON, AND V. H. SHOEMAKER.
1969. Thermal adjustments in cardiac and
skeletal muscles of lizards. Zeitschrift fur ver-
gleichende Physiologie 65:1-14.

PutNaM, R. W,, aAND A. F. BENNETT. 1982. Ther-
mal dependence of isometric contractile prop-




458 J. S. TURNER ET AL.

erties of lizard muscle. Journal of Comparative =~ WasHIO, H. 1974. Effect of external calcium and

Physiology 147:11-20. of temperature on contraction in snake muscle
RAND, A. S. 1964. Inverse relationship between fibers. Journal of General Physiology 63:415-
temperature and shyness in the lizard, Anolis 431,

lineatopus. Ecology 45:863-864.
SokaL, R. R, AND F. J. ROHLF. 1969. Biometry. Accepted: 16 November 1984.
The Principles and Practice of Statistics in Bi-
ological Research. W. H. Freeman, San Fran-
cisco. 776 pp.

sr—i



