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Contribution of Gular Pumping
to Lung Ventilation in Monitor
Lizards
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A controversial hypothesis has proposed that lizards are subject to a speeddependent axial constraint that prevents effective lung ventilation during moderate- and high-speed locomotion. This hypothesis has been challenged by
results demonstrating that monitor lizards (genus Varanus) experience no axial
constraint. Evidence presented here shows that, during locomotion, varanids
use a positive pressure gular pump to assist lung ventilation. Disabling the gular
pump reveals that the axial constraint is present in varanids but it is masked
by gular pumping under normal conditions. These findings support the prediction that the axial constraint may be found in other tetrapods that breathe by
costal aspiration and locomote with a lateral undulatory gait.
When lizards walk and run, they generally
use a lateral undulatory gait in which their
bodies flex from side to side with each
stride. It has been proposed that these lateral flexions prevent effective lung ventilation during moderate- and high-speed locomotion (1). When lizards breathe at rest,
intercostal muscles are active bilaterally to
rotate the ribs, thereby expanding the thorax and aspirating air into the lungs (2).
During locomotion, however, the intercostal muscles cannot produce adequate lung
ventilation because they are active unilaterally to flex the trunk (2, 3). These results
support the hypothesis that lizards are subject to a speed-dependent axial constraint
on lung ventilation. According to this hypothesis, just when a lizard needs more
oxygen, because it is running faster, it is
actually able to breathe less effectively (1).
The axial constraint hypothesis has remained controversial for over a decade. Metabolic studies of green iguanas (Iguana iguana) and monitor lizards (genus Varanus) have
found that oxygen consumption increases and
blood oxygen concentrations remain elevated
as speed increases during locomotion (4, 5).
These observations suggest that ventilation in
lizards does not decrease as speed increases,
although ventilation volume was not measured directly in these studies.
Predictions about the relation between
ventilation volume (V̇E, milliliters per
minute per kilogram) and speed of locomotion can be made from the axial constraint
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hypothesis (6 ). If the constraint is not
present, V̇E should increase with speed until
the maximum rate of oxygen consumption
(V̇O2max) is reached and then remain constant at this maximum value (V̇Emax) as
speed increases (Fig. 1, blue line). Above
the speed at which V̇O2max is reached, lizards rely on their well-developed capacity
for anaerobic metabolism to supply the additional energy required for locomotion (5).
During the recovery period immediately
after exercise, V̇E does not exceed the value
for V̇Emax recorded during exercise, and, in
most situations, V̇E is expected to decrease
rapidly after cessation of exercise (5).
If a speed-dependent axial constraint is
present (Fig. 1, red line), V̇E increases above
resting values at low speeds because the intercostal muscles are not constrained when

lizards are walking slowly (1, 2). However, at
moderate and high speeds, the mechanical
constraint on the axial musculature begins to
exert its influence, and V̇E decreases with
increasing speed. Maximum ventilation is not
reached during exercise, but rather V̇Emax is
reached immediately after exercise when the
mechanical constraint due to locomotion is
lifted, but the animal’s oxygen requirements
remain high to pay back the oxygen debt
incurred during anaerobic activity (Fig. 1, red
line).
Recent experiments performed to test
these predictions yielded conflicting results
for two different species of lizards (6). Results from green iguanas were consistent with
the predictions of the axial constraint hypothesis: V̇E decreased with increasing speed, and
V̇Emax was reached during the recovery period
(Fig. 1, red line). Results from savannah
monitor lizards (Varanus exanthematicus),
however, agreed with the predictions of no
axial constraint (Fig. 1, blue line). Ventilation
increased with increasing speed up to 2 km
hour21 and leveled off between 2 and 3 km
hour21, and V̇Emax was reached during locomotion rather than during recovery. These
findings cast doubt on the generality of the
axial constraint hypothesis; green iguanas appear to be subject to the constraint, but varanids do not, even though both lizards use
lateral undulatory gaits (6).
To determine whether differences in
breathing mechanics might explain the conflicting results obtained from varanids and
iguanas, we used videoradiography to observe lung ventilation in savannah monitors
(V. exanthematicus) and green iguanas (I.
iguana) during locomotion on a treadmill at
speeds between 1 and 3 km hour21 (7). In
savannah monitors, a breathing cycle begins
with exhalation (Fig. 2A), followed immediately by a costal inspiratory phase that does
not completely inflate the lungs (Fig. 2B).
During costal inspiration, the hyobranchial
apparatus is depressed to expand the gular
cavity (Fig. 2B) and then elevated to comTable 1. Locomotor endurance times (20) of six
monitor lizards (V. exanthematicus) with functional (control) and impaired (experiment) gular
pumps (values 6 SEM). Endurance times of gularimpaired lizards were statistically significantly
shorter at 2 and 3 km hour21 than the endurance
times of the same animals under control conditions (paired t test; P , 0.01).

Fig. 1. Predictions of the speed-dependent axial
constraint hypothesis. The axial constraint hypothesis predicts that, above a threshold speed,
minute ventilation (V̇E) will decrease with increasing speed and maximum minute ventilation (V̇Emax) will be reached during the recovery
period immediately after exercise.

Treadmill
speed
(km hour21)
1*
2
3

Endurance (seconds
before exhaustion)
Control

Experiment

900
346 6 55
140 6 14

900
225 6 25
89 6 5

*At 1 km hour21, exhaustion was not reached in either
treatment during the 15-min exercise period.
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press the gular cavity and pump additional air
to the lungs (Fig. 2C). We observed that
savannah monitors perform between one and
eight accessory gular pumps per breath, with
a mean of three pumps per breath when locomoting at 2 km hour21 (8). Simultaneous
pressure recordings from the gular cavity and
lungs (9) demonstrate that air is pumped from
the gular cavity into the lungs under positive
pressure, rather than being aspirated into the
lungs from the gular cavity by subatmospheric pressure (Fig. 3). While locomoting on a
treadmill and videoradiographed under the
same conditions as V. exanthematicus (7),
green iguanas were never observed to use
gular pumping for lung ventilation.
To evaluate the contribution of gular
pumping to minute ventilation and gas exchange in varanids, we impaired the gular
pump by propping the lizards’ mouths open
with a plastic retainer (10). A sealed mask
was then placed over the mouth and nares,
and minute ventilation (V̇E) and the rate of
oxygen consumption (V̇O2) were compared in
the same individuals under the intact (control) and impaired (experimental) conditions
(Fig. 4). In the experimental condition, V̇E
increased above the rest value during slow
locomotion (1 km hour21) but then decreased
significantly (P , 0.05) between 1 and 2 km
hour21. Relative to the control condition,
impairment of the gular pump resulted in a
significant decrease in V̇E of 23% at 1 km
hour21 and of 54% at 2 km hour21. This
decrease, in turn, limited aerobic capacity
under experimental conditions, as reflected

by a reduction of V̇O2 by 18% at 1 km hour21
and 22% at 2 km hour21, relative to control
conditions. The experimentally induced decrease in V̇O2 was less dramatic than the decrease in V̇E, indicating that oxygen extraction
efficiency must have increased. In the control
conditions, V̇O2 increased between 1 and 2 km
hour21 (P , 0.05), indicating that V̇O2max was
reached at a speed greater than 1 km hour21.
Under experimental conditions, V̇O2 was not
significantly different at 1 and 2 km hour21
(P . 0.05), indicating that V̇O2max was
reached at or below 1 km hour21. Under
control conditions, V̇E decreased rapidly after
cessation of exercise at 2 km hour21 (Fig. 4).
In contrast, under experimental conditions, V̇E
increased during recovery, and V̇Emax was
reached during the recovery period. In addition, the length of time that the lizards could
locomote before becoming exhausted also decreased when the gular pump was impaired
(Table 1).
Comparison of our V̇E measurements (Fig.
4) with predictions of the axial constraint
hypothesis (Fig. 1) indicates that varanid lizards are subject to the speed-dependent axial
constraint but have circumvented this constraint by using an accessory gular pump to
augment costal ventilation. When the gular
pump is impaired, varanids exhibit a speeddependent decrease in lung ventilation, and
the highest rates of ventilation occur after cessation of exercise (Fig. 4). These results are
consistent with the predictions of the axial constraint hypothesis and are consistent with results obtained for green iguanas (6). In contrast,

Fig. 2. X-ray negative video images of a savannah monitor lizard (V. exanthematicus) walking on
a treadmill at 1 km hour21, with corresponding drawings of the body, lungs, and gular cavity. The
lizard (body mass 5 200 g) is shown at three different stages of a single breath cycle: (A) end of
exhalation (time 5 0 s), (B) end of costal and gular inspiration (time 5 0.94 s), and (C) end of gular
pump (time 5 1.08 s). The full video clip is available at www.sciencemag.org/feature/data/
982779.shl
Fig. 3. Pressure measured simultaneously in
one lung and in the gular cavity of V. exanthematicus (body mass 5 100 g) locomoting on
a treadmill at 1 km hour21. This representative pressure trace shows one exhalation, one
costal inhalation, and two accessory gular
pumps. Solid trace, gular pressure; dashed
trace, lung pressure.
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intact varanids show increasing ventilation with
speeds up to the maximum aerobic speed, indicating that their ventilation is not limited by the
speed-dependent axial constraint.
These findings may also provide a solution to the apparent conflict between the
axial constraint hypothesis and results from
metabolic studies of locomotion. The metabolic studies (4, 5) were performed on
varanids locomoting at speeds up to 2 km
hour21 and on green iguanas at speeds up
to 1.5 km hour21 (11). We found that in
varanids, the effects of the constraint are
masked by gular pumping at speeds up to 3
km hour21, and others have found that in
green iguanas, the constraint only begins to
exert its influence at speeds between 1 and
2 km hour21 (6 ). Therefore, in the conditions under which the metabolic studies
were conducted, we would not expect the
speed-dependent axial constraint to have

Fig. 4. (A) Minute ventilation (V̇E) and (B) rate
of oxygen consumption (V̇O2) in savannah monitor lizards with functional (F, control) and
nonfunctional (■, experiment) gular pumps.
Compare the measured changes in V̇E with the
predicted patterns in Fig. 1. Data for recovery
were recorded during the first minute after
cessation of locomotion at 2 km hour21. Values
presented are means 6 SEM for six individuals
(n 5 6). Statistical significance of differences
between control and experimental treatments
was assessed for each speed by a t test for
paired comparisons (one tail). NS, P . 0.05; *,
P , 0.05; **, P , 0.01; ***, P , 0.001.
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had a measurable effect. However, in non–
gular-pumping lizards locomoting at moderate to high speeds, the constraint does
have a measurable effect on lung ventilation and oxygen consumption (6 ) (Fig. 4).
Varanids and iguanas are distantly related
members of the clade Squamata [lizards and
snakes (12)]. The finding that these distantly
related lizards are both subject to the speeddependent axial constraint suggests that this
constraint was probably present in the common ancestor of all squamates. Furthermore,
on the basis of the underlying biomechanics,
it is possible that early amniotes, which are
thought to have locomoted with a lateral undulatory gait and relied on costal aspiration
for lung ventilation, were subject to the constraint (1). The evolution of erect gaits, which
reduced the role of lateral flexion in locomotion, may have allowed some lineages, such
as mammals, birds, and possibly bipedal dinosaurs, to circumvent the constraint and
evolve greater locomotor endurance (1). Similarly, varanids exhibit greater aerobic capacity than other lizards (5, 13), and it is likely
that gular pumping, coupled with other adaptations such as a functionally divided heart
and a large surface area for gas exchange in
the lungs (14), contributes to the high locomotor stamina of varanids observed in the
wild (15).
Gular pumping or gular flutter has previously been shown to play a role in defense and threat behavior, olfaction, and
thermoregulation in many groups of lizards
(16 ). Preliminary videoradiographs of six
other species indicate that gular pumping
for lung ventilation is present in some species that naturally exhibit high amounts of
locomotor activity and is absent in other
species that do not (17 ). A more complete
comparative analysis is required to determine whether gular pumping evolved within Squamata or whether it might be primitive for Squamata and even perhaps for
Amniota. It has previously been assumed
that early amniotes completely abandoned
the buccal pump in favor of costal aspiration breathing (18). However, the gular
pump of lizards is similar to the buccal
pump that is used for lung ventilation in
air-breathing fishes and amphibians (19),
and our discovery of gular pumping in
lizards suggests that buccal pumping and
aspiration breathing may have coexisted
throughout most of amniote history.
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