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Summary

A number of anatomical characters of crocodilians
appear to be inconsistent with their lifestyle as sit-and-wait
predators. To address this paradoxical association of
characters further, we measured lung ventilation and
respiratory gas exchange during walking in American
alligators (Alligator mississippiensis During exercise,
ventilation consisted of low-frequency, large-volume
breaths. The alligators hyperventilated severely during
walking with respect to their metabolic demands. Air
convection requirements were among the highest and
estimates of lungPco, were among the lowest known in

dropped immediately with cessation of exercise. These
observations indicate that the ventilation of alligators is not

limited by their locomotor movements. We suggest that

the highly specialized ventilatory system of modern

crocodilians represents a legacy from cursorial ancestors
rather than an adaptation to a lifestyle as amphibious sit-

and-wait predators.

Key words: alligator Alligator mississippiensjsventilation, oxygen
consumption, carbon dioxide excretion, locomotion,

air-breathing vertebrates. Air convection requirements hyperventilation.

Introduction

The anatomy of crocodilians is paradoxical. Aspects of theifCarrier, 1987a,b). Later studies confirmed that low rates of
locomotor and cardiac anatomy seem to be more consistettistal ventilation during locomotion can limit gas exchange for
with the vigorous activity levels of many birds and mammaldepidosaurs with a sprawling posture (Owerkowicz et al., 1999;
than with their lifestyle as sit-and-wait predators. The nearlyWang et al., 1997). Furthermore, on the basis of anatomical
parasagittal limb posture they exhibit when walking, theand locomotor features, Carrier (1987a) predicted that
bounding gait observed in the young of some species, ttmocodilians would not experience this mechanical constraint.
diaphragmatic muscle (which may help them to breath€onsequently, we examined whether ventilation in a
effectively during locomotion) and a cardiac ventricle thatcrocodilian is constrained during terrestrial locomotion. This
enables elevated pressure in the systemic circulation withogtudy investigates aspects of the respiratory physiology of
elevated pulmonary pressures are all features that arddligator mississippiensig an attempt to uncover similarities
usually associated with high levels of sustained activityand differences between crocodilians and other amniotes.
(Carrier, 1987a; Farmer, 1999; Walker, 1970). Nevertheless,
crocodilians have a poor capacity for vigorous, sustained, )
terrestrial locomotion. Materials and methods

Maintenance of vigorous activity is made possible through Animals
high levels of aerobic metabolism which are dependent on high American alligatorsAlligator mississippiensjsvere kept in
rates of respiratory gas exchange. Because the respiratoaguaria with basking platforms and both heat and full-spectrum
cardiac and peripheral circulatory systems function in afight sources. They experienced a photoperiod of 14h:10h
integrated fashion to transport oxygen and carbon dioxidiéght:dark. They were fed a diet of goldfish, smelts, mice, rats
(Janicki et al., 1996), the question arises as to whether tland eggs. The mass of the animals ranged from 1.18 to 1.66 kg,
ventilatory system of crocodilians is suited to their sit-and-waitind the mean mass of the five animals used was 1.34kg.
lifestyle or whether it matches the perplexing design of
their locomotor and cardiovascular systems. Furthermore, a Training
ventilatory bottleneck for gas exchange was predicted to occur Animals were trained to walk on a treadmill over the course
during locomotion in animals that have a sprawling posturef several months. Although the animals initially had difficulty
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sustaining locomotion, by exposing them to short training Ventilation is reported at body temperature, ambient
sessions (several minutes of walking with 10 min intervals fopressure and saturated with water vapoprg. Gas exchange
rest) 2-3 times a week, their endurance improved until thegnd estimates of blood gases are expressed at standard
could sustain repeated bouts of 4min of continuous walkingemperature and pressure, and for dry gaso| (West, 1979).

interspersed with 25 min of rest. Pre-exercise values for minute ventilatioit)( tidal volume,
o respiratory frequency and rates of oxygen consumptios) (
Ventilation and gas exchange and carbon dioxide excretiondo,) were obtained several

To measure ventilation and gas exchange, a mask wasurs after the animal had been instrumented. Exercise values
constructed out of the tip of a 30 ml plastic syringe. Two port§or oxygen consumption, carbon dioxide excretion, minute
were drilled into the syringe, and flexible Hytrel tubing (Hansventilation, respiratory frequency and tidal volume were
Rudolph, Inc., Kansas City, MO, USA) with an inner diametercollected during the last minute of 4min bouts of exercise.
of 9mm was glued to the ports. Flow control units (AmetekSimilarly, these data were collected during the first minute
Pittsburgh, PA, USA) were used to pull fresh &ipg=0.2093  of recovery after exercise, starting with the first breath after
andFico,=0.0003, wheré&io, andFico, are the fractional gas the exercise period. These values were used to compute
concentrations in the inspired air) through the mask at arespiratory gas exchange ratios (RERto,/Vo,), air
approximate rate of 5.4Imih This was the biased flow convection requirementd#/Vo, and ViE/Vco,) and extraction
determined to eliminate rebreathing by the alligators duringVo,/VExFio,) and to estimate faveol#co, (sTPD) using the
their most vigorous exercise. A pneumotachometer (8311 Hardveolar gas equation assuming a dead space volume of
Rudolph, Inc., Kansas City, MO, USA) was placed in the linet.2 mlkg® (Hicks and White, 1992). Furthermore, comparison
upstream from the mask. A portion of the gas flowing througlof the air convection requirements before, during and after
the mask was diverted and pulled through Drierite (anhydrousxercise allowed us to assess whether the animals were hyper-
calcium sulfate) and then through oxygen (Beckman OM-119r hypoventilating. We use the terms to mean a change in lung
Fullerton, CA, USA) and carbon dioxide (Ametek CD-3A, ventilation that results in a reduction or increase, respectively,
Pittsburgh, PA, USA) analyzers. The mask was sealed witim the partial pressure of carbon dioxide within the lung
epoxy adhesive over the nares. Preliminary experimentsompared with pre-exercise conditions.
revealed that alligators breathe through the mouth as well asThe duration of inspiration and expiration for each breath
through the nares, especially when vocalizing during exerciseias measured during pre-exercise, during exercise at a speed
Hence, the mouth of the animal was sealed with duct tape tf 0.31 ms? and for the first minute of recovery from exercise
ensure that all respiratory gases were collected. The ventilatiat 0.31 msk. The volume of each breath was then divided by
and gas-exchange system was calibrated by injecting knovthe time it took to either inspire or expire to give mean
volumes of gas into the mask before it was attached to thiaspiratory and expiratory flows.
animal. The Fick principle was used to calculate rates of oxygen

A separate arrangement was used to measure standaahsumption and carbon dioxide excretion of four animals in
metabolic rate. An animal was enclosed in a respirometeéhe respirometer. Oxygen consumption or carbon dioxide
constructed from airtight plastic. Air was pulled through theexcretion is equal to the difference between the fraction of air
container, then through a flowmeter (Gilmont Instrumentsflowing into the box that is oxygerrip,) or carbon dioxide
Barrington, IL, USA), into a tube containing Drierite and (Fico,) and the fraction of air flowing out of the box that is
finally into the oxygen and carbon dioxide analyzers. Thexygen or carbon dioxide multiplied by the flow of air.
animal was left undisturbed overnight before data were

collected the following morning. Experimental protocol
_ All animals had fasted for at least 4 days before the
Stride experiments. They were brought from the animal care facility

A mercury strain gauge, wired to one arm of a Wheatston® the experimental chamber the night before data were
bridge, was mounted to the back of each animal using Velcraollected. The experimental chamber was kept at 30 °C. After
Bending of the trunk during walking stretched the gaugeinstrumenting, an animal it was given several hours on the
altered the resistance of the mercury column and thus providéeadmill to calm down from the handling before pre-exercise

an indication of the locomotor cycle. data were collected. The treadmill was then started, and the
_ _ animal exercised for at least 3min but not more than 4 min.
Data collection and analysis This period provided 1 min of data after the walking alligators

Analog signals from the gas analyzers, the strain gauge aha@d reached steady state, which occurred within 1.5-2min
the differential pressure transducer of the pneumotach wegdter the start of exercise. After 4min, the treadmill was
converted to digital format using an A/D converter (Biopackstopped and a period of recovery was monitored. After no less
System, Goleta, CA, USA) and stored on a Macintostthan 25 min of rest, data were collected from a second exercise
computer. Signals were sampled at a rate of 50Hz anwial at another speed. This was the period required for
analyzed with AcgKnowledge software (Biopack Systemyentilation (both tidal volume and respiratory frequency) to
Goleta, CA, USA). return to pre-exercise levels (Farmer and Carrier, 2000b). The
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Fig. 1. Sample data of ventilation during walking ir
American alligator illustrating the exercise/reco: Walking Recovery
transition. The top trace shows the signal from
pneumotachometer; exhalation occurs when the v

| | |
1 l 1
1 1 |
are positive. The high-frequency ventilatory signals 4 - | | |
sometimes occur during apnea are due to movem & | | !
air into and out of the buccal area. This air-flow did é 21 ! ! |
contribute to lung ventilation and was not include — ! | |
the analysis of ventilation. The periods between § 0~ ‘
vertical dashed lines represent the last minut & VU
exercise and the first minute of recovery. A dran *g -2 1 !
decrease in ventilatory frequency is apparent >

cessation of exercise. The bottom trace is the ¢ -4
from the strain gauge. Each wave cycle indicates
locomotor cycle. The constant frequency and ampl
of the oscillations in this trace are indicative of ste
locomotion. Large breaths occur during walking.

small-amplitude oscillations during recovery are dt 1 1 1 1

motion of the thorax and abdomen during ventila 230 300 330 400
not to locomotion. Time ()

Strain

protocol consisted of a graded increase in exercise. The speeasl no temporal correlation was found between the phases of
were not randomized. All data were collected on the same dathe ventilatory cycles and the locomotor cycles. Furthermore, no
Standard metabolic rates were determined on a separaterrelation was found between breaths of large volume and brief
day, at least 2 days after a training or experimental exercigg@uses in the locomotor movements. However, exercise
trial. An animal was sealed in a respirometer, and air wasfluenced both the breath duration and the mean flow. The
pulled through the respirometer at a rate of 250 mtinifihe  duration of inspiration and expiration before, during and after
animal was left undisturbed overnight before data werexercise at 0.31mk is reported in Table 1. Breaths before
collected the following day. The air passed through Drieriteexercise were highly variable in duration and lasted 9.1+3.1s.
before being sampled by the oxygen and carbon dioxid®ean expiratory flow was 369+98mimirkg=l. During
meters. Monitoring continued for at least 2 h. Periodic checksxercise, mean breath duration decreased to 3.3+0.2s and
of the analyzers were made by switching a valve to pumpxpiratory flow increased to 3242+462mlmiikg™L. After
fresh air through the analyzer for short periods to account faxercise, the duration of the breaths increased to 6.0+0.4s and
drift in the meters. mean expiratory flow decreased to 1433+133 mihkig.
The rate of oxygen consumption/o) increased with
increasing locomotor speed (Fig. 2). During the first minute of
Results recovery, the rate of oxygen consumption was less than or
The pattern of ventilation varied abruptly with the transitionequal to that during the last minute of exercise (Fig. 2). The
from pre-exercise to exercise and with the transition fronmate of carbon dioxide excretioNdp,) also increased with
exercise to recovery from exercise. Fig. 1 illustrates théncreasing locomotor speed (Fig. 2). The respiratory exchange
transition that occurred upon cessation of exercise. Minuteatio increased from 0.7+0.04 before exercise to 1.4+0.06
ventilation increased from 19.3+3.1etPsmin~1kg before

exercise to 1199.7+332.9 mlmirkgt (means 1sem., N=5) Table 1.Inspiratory and expiratory durations and mean air
during locomotion at 0.44 ms(Fig. 2). This increase was due flow

both to an increase in tidal volume, from 21.7+2.9mtkg Exercise at

before exercise to 84.7+12.3 miégluring exercise, and to an Pre-exercise 0.31 1k Recovery
increase in respiratory frequency, from 0.92+0.12 breathgmin . '

before exercise to 13.63+2.40breathsThimat a speed of IMSpiratory _ﬂ?‘l’v B 37083 2970+517 1374170
0.44ms! (Fig.2). Minute ventilation decreased to E&rng;zsry;llwkg ) 36098 30424462 14334133
346+44.0 mlmint kg1 upon cessation of exercise at 0.44 s (mlsTPsmin-Lkg) - - N
because of an insignificant decrease in tidal volume ot ) 0.1+3.1 3.3+0.2 6.040 4
82.7+7.4mlkg! and a significant decrease in respiratoryT, (s) 4.2+1.1 1.7+0.1 3.1+0.3
frequency to 4.17+0.29 breath min(Fig. 2). TE (s) 4.942.0 1.6+0.1 2.9+0.1

Ventilation during locomotion in tetrapods has often beer
observed to be correlated temporally with locomotor movemen:  Values are meansse.M., N=5.
in one fashion or another. In this study, stride was monitore Ti, inspiratory durationlTe, expiratory durationTio, total breath
using the mercury strain gauge attached to the animal’s bacduration.
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Fig. 2. The means and standard error about the mean for rates of
oxygen consumptionVb,) and carbon dioxide excretionVdo,),
minute ventilation \E), tidal volume ¥r) and respiratory frequency
(fresp for five alligators before exercise, during the last minute of
exercise at various treadmill speeds and during the first minute of
recovery. If error bars are not seen, it is because they are contained
within the symbols. Pre-exercise, filled squares; exercise, filled
circles; recovery from exercise, open circles.

during exercise (Fig. 3). The ratio decreased during the first
minute of recovery (Fig. 3).

Air convection requirements for oxyge¥E(Vo,) increased
from pre-exercise values of 34.9+3.3 to 127.6+29.5 during
exercise at 0.44m% (Fig. 3). This ratio decreased
immediately during the first minute of recovery to 43.5+5.3.
Air convection requirements for carbon dioxide also increased
from pre-exercise values of 48.8+2.5 to 89.2+18.9 during
exercise at 0.44n& This ratio also decreased immediately
during recovery to 34.0+4.1 (Fig. 3).

Estimates of falveolaPco, declined from pre-exercise
values of 2.1+0.8tPDkPa to 1.1+0.3kPa during exercise at
0.44ms!. Recovery values immediately increased to pre-
exercise levels (Fig. 3). Estimates of extraction declined from
a pre-exercise value of 0.19+0.018 to 0.06+0.017 during
exercise at 0.44m3% (Fig. 3). Extraction immediately
increased during recovery to 0.15+0.022.

The standard rate of oxygen consumption for the
four animals studied was 0.30+0.02smbpmin~lkg?
(mean +* s.kEM.). Carbon dioxide excretion was
0.23+0.017 mstromin~1kg (mean +s.e.M.) and respiratory
quotient (RQ) was 0.77+0.018 (mears.£M.).

Discussion
Critique of the methods

We studied immature and captive-raised animals while
exercising on a treadmill. Locomotion on a treadmill is an
unnatural situation. Consequently, it is possible that the
response to exercise with this protocol would be different in
adult animals and may not reflect the response of wild animals
living in natural environments.

Another caveat concerns the effects of training. If our
training regimen was not rigorous enough, we may be reporting
values that are considerably lower than would be found in fit
wild animals. However, if our training regimen was too
vigorous, we might have conditioned the animals to a level of
performance that is greater than would be found in the wild. We
may have changed a number of parameters, e.g. strengthened
locomotor muscles, increased the capacitance of the muscles for
oxygen uptake, changed circulatory or acid—base variables and
changed the ventilatory response to exercise.

Because no data have been collected on oxygen consumption,
carbon dioxide excretion and ventilation from wild animals
exercising under natural conditions, it is impossible to assess
whether our training regimen produced an artificial and
unnatural response to exercise. However, we can compare our
data with those collected by other researchers in laboratory
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Fig. 3. The means and standard error for air convection requirements
(VEVo, and VE/Vco,), extraction, respiratory exchange ratio (RER)
and estimates of faveol®co, (PAco,) calculated using the alveolar
gas equation for five alligators before exercise, for the last minute of
exercise at various treadmill speeds and during the first minute of
recovery. If error bars are not seen, it is because they are contained
within the symbols. Pre-exercise, filled squares; exercise, filled
circles; recovery from exercise, open circles.

environments. Maximal rates of oxygen consumptignfax
during treadmill exercise at 30°C in American alligators
weighing 249-352g have been reported to be approximately
3.7mImirrlkg (values are not converteddoro) (Emshwiller

and Gleeson, 1997). Although we do not claim to have measured
Vo,max our values recorded at 0.44Thsvere approximately
three times higher (from significantly larger animals).
Furthermore, maximal struggling activity@rocodylus porosus
elicited an oxygen consumption rate of only 2.8 mithkg2
(Wright, 1986). This suggests that, compared with other studies,
we were not working with unhealthy animals that were somehow
impaired by captivity or training.

We wish to emphasize that other modes of exercise (e.g.
swimming) may produce different results. It is well known that
the maximum rates of oxygen consumption elicited from
humans when running are greater than during bicycle exercise.
Similarly, aquatic locomotion in alligators may yield different
values for oxygen consumption from terrestrial locomotion.
Indeed, there are some data showing that this is probably the
case. Lewis and Gatten (1985) report that alligators exercising
in water had lower rates of oxygen consumption than during
terrestrial locomotion.

Another important caveat concerns the limitations of our
repeat protocol. It is well established that the effects of exercise
on physiological variables can extend well beyond the exercise
period. For example, depending on the intensity of exercise,
oxygen consumption measurements were elevated in juvenile
alligators from approximately 2.5 to over 5h after exercise
ceased (Hernandez and Coulson, 1980). Similarly, in humans, it
can take as long as 48-56h for oxygen consumption
measurements to return to pre-exercise values (Bullough et al.,
1995). Hence, previous exercise bouts may have influenced
physiological variables in subsequent exercise periods. For
example, the rate of oxygen consumption at 0.44mgght be
elevated because the animal was walking at a faster pace or
because of the previous exercise bout, or because of both the
previous exercise bout and the more strenuous pace. It is
impossible to distinguish from our data the relative contributions
of these factors to the value we report. Although this protocol
has limitations, it has been used to study the response to exercise
of other species (Owerkowicz et al., 1999; Wang et al., 1997).
Hence, we feel that comparisons of these data with data on other
species collected under similar conditions, repeated bouts of
exercise, have produced internally consistent results.

Ventilatory pattern

Lung ventilation of resting American alligators is typical of
other ectothermic tetrapods, consisting of intermittent breaths
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of moderate tidal volume. The resting tidal volumes wealligators during exercise is similar to the pattern found in
recorded, 21.7+2.9mlkg, are comparable with the value of some birds and in humans, while it contrasts with the small,
21.8+6.9 ml kgl measured by Hicks and White (1992). During costal tidal volumes of lizards and many quadrupedal
treadmill exercise, however, the ventilatory pattern ofmammals. Several reasons for these different ventilatory
alligators is strikingly different from that reported for lizards. patterns can be suggested. First, ventilation often plays a role
Tidal volumes increased with locomotor speed, reachingn evaporative cooling in birds and many mammals, and
85mlkg? during walking at 0.44nT3. These breaths were panting is composed of rapid shallow breaths. Second, in many
approximately four times greater in volume than they werenammals and birds, ventilation is often integrated with the
before exercise. As far as we know, these tidal volumes are tkmcomotor cycle so that when stride frequency increases
largest reported for any animal during exercise. ventilatory frequency must also increase (Attenburrow, 1982;
These results differ markedly from the ventilatory pattern oBoggs, 1997; Bramble and Carrier, 1983). This obligate
lizards. During treadmill exercise in lizards, costal tidalincrease in respiratory frequency is often associated with a
volumes are generally the same or smaller than those at resincomitant decrease in tidal volume. Finally, because lizards
(Carrier, 1987b; Wang et al., 1997). Hence, increases in minukave a mechanical constraint on simultaneous costal
ventilation during exercise are necessarily accomplished byentilation and locomotion, costal tidal volumes tend to
increases in breathing frequency. For example, duringecrease as locomotor speed increases (Carrier, 1987b).
moderate-speed locomotion iguana iguanaa doubling of
minute ventilation above resting values is due to a greater than Metabolic rate
threefold increase in ventilation frequency and a 45% Although minute ventilation and rates of oxygen
reduction in tidal volume. During recovery from exercise inconsumption and carbon dioxide excretion increased steadily as
these lizards, tidal volume increases above exercise values the locomotion of the alligators became more intense, minute
two- to fourfold. Hence, costal ventilation of lizards differs ventilation increased disproportionately, resulting in greatly
from that of alligators in that it consists of breaths of very smalélevated air convection requirements. Before exercise, the ratio
tidal volume during exercise and an increase in tidal volumef minute ventilation to the rate of oxygen consumption was
during recovery from exercise. 34.94£3.3 (mean s.E.M.) but this increased to 127.6+£29.5 at a
Some lizards supplement costal ventilation during locomotiotreadmill speed of 0.44m% Air convection requirements for
by pumping air into the lung by compression of the gular ocarbon dioxide excretion also increased. Hyperventilation
buccal area (Owerkowicz et al., 1999). Although alligatorsduring exercise is known to occur in many animals. Lizards that
frequently move air into and out of the buccal cavity, this airely solely on costal ventilation, elguana iguanaare among
was found not to contribute to gas exchange. This observatidhe few species that do not show an elevation in air convection
is consistent with the results of previous research (Gans amequirements during exercise (Wang et al., 1997). Although
Clark, 1976; Huggins et al., 1968; Naifeh et al., 1970a,b, 197 1raditional wisdom has attributed exercise hyperventilation to
In this regard, ventilation during exercise in alligators was alsan exercise lactacidosis (i.e. a respiratory alkalosis has been
found to differ from that of some lepidosaurs. proposed to compensate for a metabolic acidosis), recent data
The ventilatory pattern of alligators is also distinct from thesuggest that blood acid—base status cannot account for this
typical mammalian pattern. In mammals, increases iphenomenon (for a review, see Forster and Pan, 1988).
ventilation during exercise are largely the result of increases idyperventilation may serve other functions, for example, to
breathing frequency (influenced by the use of ventilation fowiden alveolar—arterial £gradients to facilitate the saturation
evaporative cooling and by locomotor ventilatory coupling, seef arterial blood (for a review, see Forster and Pan, 1988) or to
below). Humans are somewhat of an exception to thifacilitate venous return (Farmer et al., 1996; Farmer and Hicks,
generalization. Normal young humans generally show ag000).
increase in tidal volume of three- to fivefold during exercise Because minute ventilation increased out of proportion to
and an increase in breathing frequency of one- to threefoldnetabolic demand, estimates of faved®ab, during exercise
recovery from exercise often consists of an increase iwere very low. These values fell from a mean of 2.1¢fkrtkPa
breathing frequency compared with exercise but a decreasebefore exercise to 1.1+0.3kPa during exercise. If the arterial
tidal volume, resulting in very rapid, shallow breathing (for ablood came to equilibrium with the gases in the lung, then arterial
review, see Dempsey et al., 1996). Pco, dropped to this low value of 1.1kPa. Although
Changes in minute ventilation during flight in birds areexceptionally low compared with the values found in most air-
variable. Increases in tidal volume with exercise range frorbreathing vertebrates, this value is consistent with artesial
approximately one- to fourfold, while increases in breathingneasured irCrocodylus porosu$Grigg and Johansen, 1987),
frequency range from approximately two- to 20-fold (for reviewswhich ranged as low as 1.4 kRarp) in resting animals.
see Butler, 1991; Saunders and Fedde, 1994). Whether increaseAnother consequence of the large increase in air convection
in minute ventilation are accomplished primarily by changes imequirements in alligators was a significant decrease in
frequency or tidal volume or both is related to the relationshigxtraction. Before exercise, extraction was 0.19+0.018.
between respiratory and locomotor cycles (Boggs, 1997). However, during exercise at 0.44 Mh,sextraction decreased to
In summary, the increase in tidal volume observed i0.06+£0.017. This is considerably lower than the values of
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0.10-0.19 measured in exercising birds, of 0.10 measured lpetween the air and blood, and they have a comparatively small
flying bats and of 0.12-0.22 measured in running dogs armspiratory surface area.
humans (Thomas, 1981; and references therein). One explanation for this paradoxical assemblage of
The rate of oxygen consumption increased with locomotiorcharacters is that extant crocodilians may have inherited a
to 9.3+0.8 mbkTPbmin~1kg1, which was 17 times greater than cardio-pulmonary system from ancestors that were specialized
pre-exercise values (given in Fig. 2) and 31 times greater thdor the ability to sustain vigorous locomotion (Carrier, 1987a).
the standard rates. This large increase in rates of oxygdétarly crocodylomorphs appear to have been fully terrestrial. In
consumption over standard metabolic rates is similar anthe Triassic period (roughly 245 million years ago), they were
consistent with the range of values measured in other animaldender animals about the size of a large cat and appear to have
For example, aerobic scope¥ofmaxVo,standard in other  been active terrestrial predators. They had a parasagittal limb
reptiles range from 5 to 30 (Bennett, 1982), in amphibianposture, long and slender limbs with a reduced number of
between 6 and 26 (Taigen et al.,, 1982), in birds frondigits, and they ran on the balls of their feet (Walker, 1970).
approximately 5 to 36 (Bundle et al., 1999; Lasiewski, 1963However, by the Cretaceous period (roughly 145 million years
Tucker, 1968) and in mammals (the group that has been begjo), the lineage had become amphibious with anatomical
studied) from approximately 3 to 60 (Morrison et al., 1959features associated with an aquatic existence (e.g. a dorso-
Weibel et al., 1992). Because the values measured in our studgntrally flattened skull, short limbs and expanded tail) (Pough
may not reflect the full aerobic potential of American alligatorset al., 1999). Nevertheless, most of the specialized features
(see critique of the methods), we are not suggesting th&und in modern crocodilians evolved in the Triassic in the
aerobic scopes are limited to 31. Yet this factorial increase tsghly terrestrial forms (Carroll, 1988). Among birds and
within the range measured on other tetrapods. mammals, these characters (e.g. a parasagittal posture, thin
The absolute rates of oxygen consumption for alligatorslender limbs and reduced digits) are generally associated with
measured in this study are the largest we know of for ang capacity for stamina.
crocodilian during exercise. Even studies alleging to have Other observations also suggest that the evolution of
obtainedVo,max from treadmill locomotion in the American locomotor stamina may have occurred early in this lineage. Early
alligator report values that are roughly one-third of ourcrocodylomophs had highly specialized features of the pelvis
measurements (Emshwiller and Gleeson, 1997). Despite otlrat have been found in modern forms to facilitate ventilation
relatively high values compared with other studies on(Carrier and Farmer, 2000a,b; Farmer and Carrier, 2000a).
crocodilians, the value of 9.3 mitromin1kg™ is rather low  Furthermore, similarities in the embryology of the avian and
compared with those of other ectotherms such as the lizamlocodilian ventricle suggest that a complete ventricular septum
Varanus exanthematicus.g. 30 mlmintkg=1 (Owerkowicz et  evolved early in the archosaurs (Holmes, 1975). Hence, it is
al., 1999). There may be several reasons for these low valugsossible that aspects of the highly specialized heart and
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