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bstract

In the evolution of aspiration breathing, the responsibility for lung ventilation gradually shifted from the hyobranchial to the
xial musculoskeletal system, with axial muscles taking over exhalation first, at the base of Tetrapoda, and then inhalation as
ell at the base of Amniota. This shift from hyobranchial to axial breathing freed the tongue and head to adapt to more diverse

eeding styles, but generated a mechanical conflict between costal ventilation and high-speed locomotion. Some “lizards” (non-
erpentine squamates) have been shown to circumvent this speed-dependent axial constraint with accessory gular pumping during
ocomotion, and here we present a new survey of gular pumping behavior in the tuatara and 40 lizard species. We observed
ular pumping behavior in 32 of the 40 lizards and in the tuatara, indicating that the ability to inflate the lungs by gular pumping
s a shared-derived character for Lepidosauria. Gular pump breathing in lepidosaurs may be homologous with buccal pumping
n amphibians, but non-ventilatory buccal oscillation and gular flutter have persisted throughout amniote evolution and gular
umping may have evolved independently by modification of buccal oscillation. In addition to gular pumping in some lizards,
hree other innovations have evolved repeatedly in the major amniote clades to circumvent the speed-dependent axial constraint:
ccessory inspiratory muscles (mammals, crocodylians and turtles), changing locomotor posture (mammals and birds) and
espiratory-locomotor phase coupling to reduce the mechanical conflict between aspiration breathing and locomotion (mammals

nd birds).

2006 Elsevier B.V. All rights reserved.
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. Introduction
The functional morphology and evolution of aspi-
ation breathing have been active areas of research
n the past two decades. Earlier studies tended to
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Fig. 1. Buccal pump breathing in an aquatic salamander, Amphiuma
tridactylum. A time series of X-ray positive images from videofluo-
roscopy is shown in which air in the buccal cavity and lungs appears
white and bones appear dark. In the first two frames, the transverse
abdominal muscle contracts to power active exhalation, and in the last
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ocus on mechanics of breathing at rest (reviewed in
iem, 1985), but more recent work has focused on

ung ventilation during trackway, treadmill or wind-
unnel locomotion (e.g., Carrier, 1987a; Boggs et al.,
997a; Wang et al., 1997; Owerkowicz et al., 1999;
armer and Carrier, 2000b; Nassar et al., 2001; Deban
nd Carrier, 2002; Frappell et al., 2002; Landberg et
l., 2003; Klein et al., 2003; Klein and Owerkowicz,
006). Progress toward reconstructing the evolution-
ry history of aspiration breathing has been made by
he application of comparative phylogenetic methods
e.g., Brainerd et al., 1993; Brainerd, 1999; Perry and
ander, 2004), and considerable recent work has also
ocused on reconstructing the breathing mechanisms
f non-avian dinosaurs (Ruben et al., 1999; Carrier
nd Farmer, 2000; Claessens, 2004b; O’Connor and
laessens, 2005) and on the evolution of respiratory

hythm generators (Straus et al., 2003; Vasilakos et al.,
005).

Here, we briefly review some of the older findings,
ut focus primarily on new developments since the last
eview (Brainerd, 1999), add some new data on the phy-
ogenetic distribution of gular pumping in lepidosaurs,
nd explore the concepts of constraint and innovation
n the evolution of tetrapod respiratory pumps.

. Lung ventilation in air-breathing fishes and
mphibians

Integral to the evolution of aspiration breathing from
uccal pumping was a complete shift in the respiratory
ump mechanism from the head region to the thora-
oabdominal region of the tetrapod body. The primitive
ondition, pure buccal pumping, is found in most air-
reathing fishes, including lungfishes. In pure buccal
umping, axial musculature does not contribute to expi-
ation or inspiration; expiration is powered by various
ombinations of elastic recoil, hydrostatic pressure and
uccal suction, and inspiration takes place by air being
rawn into the buccal cavity and pumped under positive
ressure into the gas bladder (Liem, 1988; Brainerd,
994).

Extant amphibians have long been known to use

buccal pump for lung inflation (Fig. 1). Most of

he early tetrapod fossils exhibit well-developed ribs
ith clear costo-vertebral articulations (Carroll, 1988),
hich led some experts in functional morphology (e.g.,

T
p
e
d

wo frames hyobranchial depression draws air into the buccal cav-
ty and then hyobranchial elevation pumps air into the lungs under
ositive pressure.

ans, 1970) and vertebrate paleontology (e.g., Romer,
972) to posit that these forms were capable of aspira-
ion breathing. However, while rib mobility is neces-
ary for aspiration breathing, rib mobility does not nec-
ssarily make an animal an aspiration breather. Among
xtant amphibians, frogs and salamanders possess only
hort ribs fused to vertebrae, which effectively pre-
ludes any costal movements in these taxa, but caecil-
ans possess mobile ribs (Wake, 2003), yet use only the
uccal pump for inspiration (Carrier and Wake, 1995).

he possibility remains that aspiration breathing was
resent in some early tetrapods, but the evidence from
xtant amphibians suggests that aspiration breathing
id not arise until the appearance of the early amniotes.
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Fig. 2. The expiration pump in a larval tiger salamander, Ambystoma
tigrinum. Electromyograms of the lateral hypaxial musculature were
recorded simultaneously with pressure in the body cavity during
exhalation. Strong activity in the transverse abdominal (TA) muscle
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ncreases body cavity pressure for active exhalation. Muscle abbrevi-
tions: TA, transverse abdominal; IO, internal oblique; EOP, external
blique profundus; EOS, external oblique superficialis; RA, rectus
bdominis. From Brainerd, 1998.

Although extant amphibians inflate their lungs with
buccal pump, work in the past decade on salamanders
as shown that the transverse abdominal (TA) layer of
he lateral hypaxial musculature is active and gener-
tes increased body cavity pressure during exhalation
Fig. 2). Active expiration has been documented in
ve species from five families of salamanders: Pro-

eidae, Necturus maculosus (Brainerd et al., 1993);
irenidae, Siren lacertina (Brainerd and Monroy,
998); Ambystomatidae, Ambystoma tigrinum, larval
nd adult stages (Brainerd, 1998; Simons et al., 2000);
mphiumidae, Amphiuma tridactylum (Brainerd and
andberg, 2001); Cryptobranchidae, Cryptobranchus
lleganiensis (Brainerd, 1999). This widespread pat-
ern of TA activity indicates that the “expiration pump”
s primitive for salamanders.

An expiration pump powered by the TA muscle
s probably a shared-derived character of Tetrapoda
Brainerd, 1999). Despite diverse inspiratory mecha-
isms in amniotes, the primary expiratory muscle in
ammals, turtles, squamates, birds and crocodylians

s the transverse abdominal (Gaunt and Gans, 1969;

ans and Clark, 1976; De Troyer et al., 1990; Fedde,
987; Carrier, 1989). The expiratory pump is clearly
rimitive for Caudata (salamanders) and for Amniota,
ut passive exhalation occurs in most (De Jongh and
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ans, 1969; Bennett et al., 1999), but not all (De Jongh,
972), members of the other two lissamphibian clades,
nura (frogs) and Gymnophiona (caecilians). These

esults shed some doubt on whether the expiration
ump is primitive for all tetrapods, but it should be
oted that, relative to salamanders, frogs and caecil-
ans have highly derived body forms (shortened and
longated trunks, respectively) and locomotor modes
saltatorial and fossorial, respectively), which likely
ffect their TA function. Since the presence of the TA
uscle itself is a tetrapod character, it being absent

n ray-finned fishes and lungfishes, these findings are
est explained by the expiration pump being a shared-
erived character of Tetrapoda. The expiration pump
heory suggests that aspiration breathing may have
volved in two steps: first, from pure buccal pump
reathing to the use of axial muscles for expiration and
buccal pump for inspiration; second, to pure aspi-

ation breathing, in which axial muscles are used for
oth expiration and inspiration. Thus, the recruitment
f axial muscles for the expiration pump may have been
he first step in the transfer of lung ventilation from the
ead region to the trunk region of the tetrapod body
Brainerd, 1999).

. Aspiration breathing in amniotes

Costal aspiration is the primitive aspiration breath-
ng mechanism for amniotes (Gans, 1970), and costal
spiration is retained as the primary ventilation mecha-
ism in lepidosaurs and birds. In Lepidosauria (lizards,
nakes and tuataras), the intercostal muscles produce
raniolateral rotation of the ribs, thereby expanding the
horacoabdominal cavity, reducing thoracoabdominal
ressure and drawing air into the lungs (Carrier, 1989).

In birds, inflation of the air sacs takes place by rota-
ion of the ribs and depression of the caudal end of
he sternum (Claessens, 2004a). Elevation and depres-
ion of the pelvis has been proposed to assist lung
entilation in birds (Baumel et al., 1990; Carrier and
armer, 2000), but cineradiographic analysis of breath-

ng in free-standing cursorial bird species (emu, guinea
owl and tinamou) found no evidence of pelvic rota-

ion (Claessens, 2004a). A recent study demonstrated
he function of the previously enigmatic uncinate pro-
esses of bird ribs (Codd et al., 2005). The plate-like
ncinate processes, through the action of the appen-
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ig. 3. Aspiration breathing by a combination of hepatic piston
umping (via the diaphragmaticus muscle) and pubic bone rota-
ion (via the ischiopubis muscle) in Alligator mississippiensis. From
arrier and Farmer (2000).

icocostalis muscle, were shown to increase lateral rib
otation in the Canada goose. The respiratory function
f the uncinate processes was demonstrated definitively
hen the birds were resting on their breasts and sternal

otation was constrained, and this finding suggests that
he uncinate processes and the appendicocostalis mus-
le probably contribute to ventilation in other species
nd during other behaviors as well.

Crocodylians, mammals and turtles have all evolved
ccessory respiratory muscles that reduce or elimi-
ate their reliance on costal aspiration. These are all
ometimes called diaphragm muscles, presumably by
nalogy with the mammalian diaphragm muscle, but
hey are not homologous structures. In crocodylians,
he primitive thoracoabdominal cavity is divided by
he liver into an anterior thoracic cavity and a posterior
bdominal cavity (Fig. 3). The diaphragmaticus mus-
le originates from the pelvis and caudal gastralia and
nserts onto a thick connective-tissue sheet surround-
ng the liver. This connective tissue merges with the
isceral pleura, thereby attaching the lungs firmly to

he cranial surface of the liver. The diaphragmaticus
cts to retract the liver, thereby expanding the tho-
acic cavity and aspirating air into the lungs (Naifeh
nd Huggins, 1970; Gans and Clark, 1976). This lung

l
o
a
r

ology & Neurobiology 154 (2006) 73–88

entilation mechanism is called hepatic piston pump-
ng because the liver movement is similar to a piston
liding in a cylinder. Rib rotation and rotation of the
aired pubic plates have also been shown to contribute
o lung ventilation in crocodylians (Farmer and Carrier,
000a) (Fig. 3).

In mammals, the diaphragm muscle divides the tho-
acoabdominal cavity into thorax and abdomen. In most
ammals, the diaphragm is a flat sheet with muscle
bers radiating outward from a central tendon, and the
iaphragm’s apposition to the cranial surface of the
iver gives it a dome-shape. Muscle fiber contraction
educes the curvature of the dome, thereby expand-
ng the thoracic cavity and aspirating air into the lungs.
ib rotation is relatively small in mammals, when com-
ared with rib rotation in lizards that rely only on costal
spiration, and the main ventilatory function of the rib
age in mammals is to prevent collapse of the thoracic
all when the diaphragm contracts and decreases tho-

acic pressure (Perry, 1989).
The flattening of dome-shaped muscles is also the

echanical basis of ventilation in turtles and tortoises,
ut there the similarity with mammalian ventilation
nds. The so-called diaphragmaticus is an expiratory
uscle that assists the TA, and the internal oblique (IO),
hich is an expiratory muscle in most other amniotes,
ecomes the primary inspiratory muscle in Testudines
Gaunt and Gans, 1969). The right and left halves
f the IO form a pair of curved domes spanning the
pen region between the carapace and plastron through
hich the hindlimbs emerge. Contraction of the IO
ecreases the curvature of these muscle domes, thereby
ncreasing the volume of the thoracoabdominal cavity
nd aspirating air into the lungs (Landberg et al., 2003).

. Buccal pumping, gular pumping and buccal
scillation in tetrapods

It was long thought that aspiration and buccal pump
reathing do not co-exist in extant tetrapods (Gans,
970; Liem, 1985), a view that was reinforced by stud-
es that looked for and failed to find buccal pumping in a
rocodylian (Naifeh and Huggins, 1970) and a lacertid

izard (Cragg, 1978). These and other studies focused
n the mechanics of quiescent breathing in resting
nimals, when the aerobic demand is minimal. More
ecently, however, savannah monitor lizards, Varanus
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ig. 4. Costal aspiration and gular pumping during locomotion in
egative images, air in the lungs appears dark and bones appear whit
nd gular cavity are shown in grey. (A) Costal expiration. (B) Costa
nto the lungs. A single or multiple pumps may occur between each

xanthematicus, were found to use gular pumping to
upplement costal inspiration during high-speed loco-
otion (Owerkowicz et al., 1999, 2001). This behav-

or resembles the buccal pump of air-breathing fishes
nd amphibians in that the hyobranchial skeleton is
etracted and depressed to draw air into the orophar-
nx, the nares and mouth are sealed, and then the
yobranchium is protracted and elevated to pump air
nto the lungs (Fig. 4). The homology of buccal pump-
ng and gular pumping is unclear, and the separate

erm gular pumping has been used for this behav-
or in amniotes to reflect this uncertainty and also to
eflect the more caudal position of the hyobranchium
n the neck region or “gula” in amniotes rather than

e
t
m
(

able 1
erminology for rhythmic hyobranchial movements in tetrapods

erm Definition

uccal pump Oropharyngeal pump used for lun
fishes and amphibians

ular pump Pharyngeal pump used as an acce
mechanism in “lizards” and tuatar

uccal oscillation Non-ventilatory expansion and co
cavity, performed with the mouth
serving an olfactory function

ular flutter Non-ventilatory expansion and co
cavity, performed with the mouth
a thermoregulatory function

a We interpret the panting behavior of mammals to be a form of gular flutt
latory function. Panting, however, is a derived behavior relative to gular fl
utter in lepidosaurs and archosaurs does not.
nnah monitor lizard, Varanus exanthematicus. In the upper X-ray
lower schematic diagrams, the laterally projected areas of the lungs
tion and gular cavity filling. (C) Hyobranchial elevation pumps air
piration. From Owerkowicz et al. (1999).

n the buccal region as in fishes and amphibians
Table 1).

Here, we present a phylogenetic analysis of buccal
nd gular pumping in tetrapods based on a new, broadly
omparative study of lepidosaurs (presented here for
he first time) and some recent studies on lung ventila-
ion during treadmill locomotion in crocodylians and
urtles. Two key factors in all of these studies are: (1)
hey looked for evidence of gular pumping under a vari-
ty of conditions, including locomotion, recovery from

xercise and simulated predator attack/restraint, rather
han only at rest and (2) they used airflow measure-

ents to distinguish clearly between buccal oscillation
sensu De Jongh and Gans, 1969), in which air is rhyth-

Phylogenetic
distribution

g inflation in air-breathing Actinopterygii,
Dipnoi,
Lissamphibia

ssory lung inflation
as

Lepidosauria

mpression of the buccal
closed and usually

Lissamphibia,
Testudines,
Lepidosauria,
Crocodylia

mpression of the buccal
open and usually serving

Lepidosauria,
Archosauria,
Mammaliaa

er since the hyoid oscillates up and down and it serves a thermoreg-
utter because panting incorporates lung ventilation whereas gular
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ically pumped in and out of the oropharynx, and
ular pumping, in which air is pumped into the lungs
see Table 1 for terminology). Treadmill locomotion
tudies of lung ventilation in two turtles, Trachemys
nd Terrapene (Landberg et al., 2002, 2003) and two
rocodylians, Alligator and Crocodylus (Farmer and
arrier, 2000b; TO, unpublished data) recorded buccal
scillation in these species, but no gular pumping was
bserved despite rigorous airflow measurement tech-
iques and vigorous treadmill locomotion.

Table 2 shows the results of our survey of gular
umping in 40 species and 17 families of “lizards”
non-serpentine squamates). Almost half of the species
19 of 39) exhibited some accessory lung inflation by
ular pumping during treadmill locomotion, and more
howed gular pumping during recovery immediately
fter exercise (24 of 39, with one ambiguous). The
argest proportion of species (32 of 38) showed gular
umping when trapped against a flat surface, and a large
roportion (26 of 38) also showed gular pumping when
estrained by the tail. The latter two restraint methods
ere chosen as appropriate simulations of a predator

ttack, which may focus on the tail of the lizard (grab-
ing and tugging at it) or on the trunk (pinning the
nimal to the ground).

This survey significantly expands on earlier reports
y several workers that certain lizard species use gular
umping for lung inflation (Salt, 1943; Templeton and
awson, 1963; Templeton, 1964; Deban et al., 1994;
els et al., 1995; Al-Ghamdi et al., 2001). It further
rovides evidence that gular pumping is used by lizards
nder a variety of physiological conditions. Our obser-
ations indicate that gular pumping during locomo-
ion is most strongly expressed in varanids. Varanidae
with nine cervical vertebrae) have longer necks than
ther lizards (eight or fewer cervical vertebrae) and the
aranid hyobranchial apparatus, while slender, allows
or greater volumetric changes of the gular cavity than
n other lizards (Owerkowicz et al., 2001). Varanids
re also better able than other lizards to utilize the
dditional oxygen from air pumped from the pharynx
nto the lungs (Bennett, 1994; Wang and Hicks, 2004),
iven their highly partitioned lung structure and func-
ionally separate pulmonary and systemic circulation

Perry, 1989; Burggren and Johansen, 1982; Ishimatsu
t al., 1988). That gular pumping can provide a respi-
atory advantage to varanids has been demonstrated in
. exanthematicus by a finding that exercise endurance

h
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m
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nd the rate of oxygen consumption during treadmill
ocomotion both decreased when animals were pre-
ented from gular pumping (Owerkowicz et al., 1999).
hether other lizard species derive a respiratory ben-

fit from gular pumping remains to be tested.
The widespread distribution of gular pumping in

izards indicates that this behavior is primitive for Squa-
ata. One of us (TO) observed defensive body inflation

n a tuatara (Sphenodon guntheri) under hand restraint.
his observation indicates that the ability to perform
ular pumping is primitive for Lepidosauria. We have
ot tested snakes extensively for gular pumping. Obser-
ations of a few snake species suggest that gular pump-
ng is not expressed in this clade. Despite the lack of
onsensus among systematists on the exact position of
erpentes within Squamata, it is clear that the clade is
eeply nested, and hence lack of gular pumping among
nakes does not affect our conclusions that gular pump-
ng is a primitive character for Squamata, and probably
or all of Lepidosauria.

The capacity for rhythmic hyobranchial movements
s present in all tetrapods, either in the form of non-
entilatory buccal oscillation and gular flutter or in
uccal and gular pumping that contribute to lung infla-
ion (Table 1; Fig. 5). In buccal oscillation, the mouth
nd glottis remain closed and hyobranchial depression
nd elevation cause air to oscillate in and out of the
ropharynx through the nares. The primary function of
uccal oscillation in amniotes is thought to be venti-
ation of the olfactory receptors (McCutcheon, 1943;
aifeh and Huggins, 1970; Dial and Schwenk, 1996).

n gular flutter, the mouth is held open and hyobranchial
epression and elevation ventilate the oropharyngeal
ucosa for evaporative cooling when an animal is

nder heat stress (Heatwole et al., 1973). Gular flut-
er has been observed in squamates, turtles, birds and
rocodylians (Heatwole et al., 1973; Sturbaum and
iedesel, 1974; Weathers and Schoenbaechler, 1976;
LB, unpublished observations of Alligator mississip-
iensis). Panting in mammals differs from gular flutter
n that panting includes shallow lung ventilation by
spiration, but panting also includes hyoid and tongue
scillations (Biewener et al., 1985) that are remarkably
imilar to gular flutter. Thus, the capacity for rhythmic

yobranchial movements appears to have been retained
hroughout tetrapod evolution, and it is likely that the
otor patterns and rhythm generators for these move-
ents were retained from the gill ventilation behavior
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Table 2
Survey of gular pumping behaviors in “lizards” (non-serpentine squamates)

Species name Family N Exercise Recovery Tailhold Trap

Iguania
Agama persimilis Chamaeleonidae 2 0 0 1 0
Physignathus cocincinus Chamaeleonidae 2 0 1 1 1
Pogona vitticeps Chamaeleonidae 3 0 1 1 1
Leiolepis belliana Chamaeleonidae 2 0 0 1 0
Uromastyx maliensis Chamaeleonidae 2 1 1 1 1
Basiliscus plumifrons Corytophanidae 3 1 1 1 1
Basiliscus vittatus Corytophanidae 1 0 1 0 1
Corytophanes cristatus Corytophanidae 1 0 0 0 0
Ctenosaura quinquecarinata Iguanidae 1 0 1 1 1
Iguana iguana Iguanidae 4 1 1 1 1
Oplurus quadrimaculatus Opluridae 2 1 1 1 1
Sceloporus poinsetti Phrynosomatidae 5 1 1 1 1
Anolis biporcatus Polychridae 2 1 1 1 1
Leiocephalus leiocephalus Tropiduridae 2 0 0 1 1

Gekkota
Christinanus marmoratus Gekkonidae 3 × × 1 1
Eublepharis macularius Gekkonidae 2 1 1 × ×
Gekko stentor Gekkonidae 2 1 1 0 1
Homopholis boivinii Gekkonidae 2 0 1 1 1
Lialis jicari Pygopodidae 1 0 0 0 0

Scincomorpha
Cordylus warreni Cordylidae 2 1 1 1 1
Gerrhosaurus major Cordylidae 2 0 0 0 1
Platysaurus platysaurus Cordylidae 2 0 0 0 1
Zonosaurus quadrilineatus Cordylidae 2 0 0 0 1
Lacerta agilis Lacertidae 2 1 1 1 1
Takydromus sexlineatus Lacertidae 2 1 1 1 1
Chalcides ocellatus Scincidae 2 0 1 0 1
Eumeces schneideri Scincidae 2 0 0 1 0
Mabuya quinquetaeniata Scincidae 2 0 0 0 1
Tiliqua scincoides Scincidae 2 0 0 0 1
Tropidophorus apulus Scincidae 1 0 0 0 0
Ameiva ameiva Teiioidea 4 1 1 1 1
Tupinambis nigropunctatus Teiioidea 3 0 0 1 1
Lepidophyma flavimaculata Xantusiidae 2 1 1 1 1

Anguimorpha
Elgaria coerulea Anguidae 2 1 1 1 1
Ophisaurus apodus Anguidae 1 0 0 0 1
Heloderma suspectum Helodermatidae 2 1 ? × ×
Varanus albigularis Varanidae 3 1 1 1 1
Varanus exanthematicus Varanidae >10 1 1 1 1
Varanus niloticus Varanidae 1 1 1 1 1
Varanus rosenbergi Varanidae >10 1 1 1 1

The number one (1) indicates that gular pumping was observed in at least one individual; zero (0) indicates no observed gular pumping. Question
mark (?) means that the observed behavior was ambiguous and × means not tested. N = number of individuals tested. Exercise is treadmill
locomotion. Recovery is standing still immediately after exercise. Tailhold is holding the base of the tail such that the lizard cannot escape. Trap
is restraining the lizard by pressing a hand down on top of it and trapping it against a flat surface.
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Fig. 5. Phylogenetic distribution of rhythmic hyobranchial
movement behaviors in tetrapods. Amniote phylogeny remains
controversial, so here we take a conservative approach and explore
all three possible arrangements of an unresolved trichotomy between
Testudines, Lepidosauria and Archosauria: (A) from Gauthier et
al. (1988); (B) from Rieppel and deBraga (1996); (C) from Rest
et al. (2003) (and citations therein). See Table 2 for definitions of
buccal pump (b pump), gular pump (g pump), buccal oscillation (b
osc) and gular flutter (g flutter). Glossopharyngeal breathing (GPB)
is a learned breathing behavior in humans (Collier et al., 1956).
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f fishes (McMahon, 1969; Smatresk, 1990; Brainerd,
994; Perry et al., 2001, 2005; Straus et al., 2003;
asilakos et al., 2005).

Amphibians and lepidosaurs are the only tetrapod
roups in which rhythmic hyobranchial movements
ave been shown to contribute to lung ventilation by
uccal or gular pumping (Fig. 5). As described above,
ecent studies have tested rigorously for the presence
f gular pumping in turtles and crocodylians during
xercise, and found buccal oscillation but no evidence
hat hyobranchial movements pump air into the lungs
Farmer and Carrier, 2000b; Landberg et al., 2002,
003; TO, unpublished data on Crocodylus porosus).
o our knowledge, no study has ever specifically looked
or gular pumping in birds during locomotion or recov-
ry, but it seems unlikely, based on their derived res-
iratory and hyobranchial morphology, that birds use
ular pumping for lung ventilation.

The presence of gular flutter for evaporative cooling
n crocodylians and birds suggests that this behav-
or was present in at least some non-avian dinosaurs
Fig. 5). Buccal oscillation may also have been present,
articularly if respiratory rates were low and more
requent olfactory sampling was beneficial, but the
bsence of buccal oscillation in birds adds greater
ncertainty. The absence of buccal/gular pumping in
irds and crocodylians suggests that pharyngeal pump
reathing was not present in non-avian dinosaurs,
nless it evolved independently within some of the
inosaurian clades.

Mammals have not been found to use pharyngeal
ump breathing under any natural conditions recorded
o date. However, some humans have a remarkable
apacity to use glossopharyngeal breathing (GPB)
hen the intercostal and diaphragm muscles are par-

lyzed by poliomyelitis or high-level cervical spinal
njury (Collier et al., 1956; Warren, 2002; Bianchi
t al., 2004). Lung ventilation by GPB is remark-
bly similar to buccal pumping in amphibians and
ular pumping in lizards (Fig. 6; cf. Fig. 8). Tongue

epression and retraction combined with jaw depres-
ion expand the oropharynx to inspire a small volume
f air, and then jaw and tongue elevation pump air

Behaviors for non-avian dinosaurs are inferred from avian and
rocodylian character states, with high confidence in the presence
f gular flutter for evaporative cooling and lower confidence (b osc?)
n the presence of buccal oscillation because it is absent in birds.
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Fig. 6. Mechanics of glossopharyngeal breathing (GPB) in a human
with paralysis of the respiratory muscles by poliomyelitis (Collier
et al., 1956). The top trace shows lung volume measured with a
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pirometer, and the lower two traces show esophageal and tracheal
ressure, as labeled. Second from the top is a pneumotach trace with
any small buccal inspirations and buccal pumps followed by a long,

assive expiration. From Collier et al. (1956).

nto the lungs. Given the highly constricted pharynx of
ammals (when compared to other amniotes), many

mall buccal pumps are required for each lung infla-
ion. In Fig. 6, 12 buccal pumps produce the “usual
PB”, 32 produce the maximal GPB (Collier et al.,
956), and another study reported that a highly profi-
ient GPB patient routinely used three to eight pumps
er normal breath (Bianchi et al., 2004). Each series of
mall inspirations is then followed by a large passive
xpiration (Fig. 6, trace labeled “pneumotachogram”).
ome ventilator-dependent patients (particularly chil-
ren) discover GPB spontaneously, but most need spe-
ific training to learn GPB. Highly proficient GPB
atients can breathe without a ventilator for up to 12 h
er day, and the behavior seems to become unconscious
Bianchi et al., 2004). Ventilator support is required,
owever, during sleep. Thus, under pathological con-
itions, a breathing behavior that is remarkably similar
o buccal pumping can be expressed in humans.

It should be noted that GPB, while functionally simi-
ar to buccal or gular pumping, is unlikely to be homolo-
ous with them. GPB has never been reported in studies

f lung ventilation in non-human mammals. GPB is a
econdarily learned behavior, found only when aspira-
ion breathing is limited. Interestingly, it may be the
nique pharyngeal morphology of humans that makes

w
e
l
r
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PB possible. The descent of the larynx in humans cre-
tes an expanded pharyngeal space between the mouth
avity and the glottis, which is then expanded and com-
ressed in a manner analogous to the buccal pump. In
ther mammals, the larynx remains in contact with the
oft palate (to maintain patency between the nasal cav-
ty and the trachea) and the resulting oropharyngeal
olume is small. This suggests that non-human mam-
als would derive negligible benefit from glossopha-

yngeal pumping. Altogether, this suggests that GPB
s a derived, learned behavior found only in humans,
ut it is possible that people who learn GPB are able
o recruit a primitive respiratory rhythm generator for
PB (see Vasilakos et al., 2005 for an evolutionary

nalysis of respiratory rhythm generators).
Buccal and gular pumping for lung ventilation are

resent under normal conditions in amphibians and lep-
dosaurs, and as discussed above, the underlying buccal
scillation pattern seems to be primitive for tetrapods.
ll that is required to convert buccal oscillation into a

ung inflation mechanism is a change in the narial and
lottal valving in the buccal compression phase, such
hat the nares are sealed and the glottis opens to let air
nto the lungs. From a neural control perspective this

ay seem like a minor change, but from a functional
erspective it is important that the use of pharyngeal
umping for lung ventilation appears only in two major
roups of tetrapods. The question then arises—was
uccal pump breathing retained continuously as aspi-
ation breathing evolved in the lineage leading to
mniotes, or was buccal pump breathing lost at the base
f amniotes and then gular pump breathing evolved at
he base of lepidosaurs as an accessory mechanism?

Phylogenetic relationships among the major rep-
ilian groups remain controversial, with morpholog-
cal and paleontological studies placing Testudines
ariably as the sister group to Lepidosauria (Rieppel
nd deBraga, 1996) or to Archosauria + Lepidosauria
Gauthier et al., 1988). Early molecular studies nested
urtles within archosaurs (e.g., Hedges and Poling,
999), but additional sequence data now place turtles as
he sister group to archosaurs and confirm the mono-
hyly of Testudines, Lepidosauria (including Sphen-
don) and Archosauria (e.g., Rest et al., 2003). Here,

e conservatively treat the three primary reptilian lin-

ages as an unresolved trichotomy, and map the evo-
ution of breathing mechanisms onto all three possible
esolutions of the trichotomy (Fig. 5).
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Table 3
Constraints and innovations in the evolution of tetrapod respiratory pumps

Constraint Innovation Phylogenetic
distribution

Tongue and head shape constrained by
buccal pump

(1) Cutaneous respiration Plethodontid
salamanders

(2) Aspiration breathing Amniota

Locomotor endurance constrained by costal
aspiration breathing

(1) Gular pump Lepidosauria

(2) Accessory inspiratory
muscles

Mammalia,
Testudines,
Crocodylia

(3) Locomotor posture Mammalia, Aves
4) Resp
oupling
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Parsimony mapping of the loss of buccal pump-
ng and the gain (if necessary) of gular pumping onto
he three possible cladograms indicates that buccal
umping was lost at the base of Amniota and gular
umping gained at the base of Lepidosauria in two of
he three possible phylogenies (Fig. 5A and B). In the
hird phylogeny, parsimony analysis indicates that buc-
al pumping was retained in early amniotes and that
ular pumping in lepidosaurs is homologous with buc-
al pumping in amphibians (Fig. 5C). However, even
f the trichotomy were resolved, all of these interpreta-
ions of character evolution are weak because only one
dditional character change on any of these cladograms
ould reverse the conclusion.
One other potential clue to resolve the question of

uccal/gular pump homology comes from fundamen-
al differences in the mechanisms for sealing the nares
n amphibians and lizards. During buccal pumping in
mphibians, the external nares are sealed by narial mus-
ulature (Gans and Pyles, 1983), whereas during gular
umping in lizards, the internal nares are sealed by the
ongue (Deban et al., 1994) or tissue surrounding the
ongue (Owerkowicz et al., 2001). This difference may
e significant because buccal oscillation in amphib-
ans and lizards appears to be a homologous behavior,
nd buccal pumping may have been lost when aspira-
ion breathing evolved. Then accessory gular pumping
ould have arisen independently by adding the tongue-

ased narial sealing mechanism.

This question of buccal and gular pump homol-
gy is important because it bears on our interpretation
f the behavior and physiology of extinct amniotes.

o
b
s
p

iratory-locomotor phase Mammalia, Aves

f they are homologous, then stem amniotes would
ost likely have been able to breathe with both buccal

nd aspiration pumps, whereas if they are homopla-
ious, then stem amniotes were limited to aspiration
reathing (unless they evolved their own gular pumping
echanism independently). With the currently avail-

ble evidence, we prefer the interpretation that buccal
nd gular pumping are not homologous, but we offer
his conclusion tentatively and with the caveat that the
vailable evidence is weak.

. Constraint and innovation in the evolution of
etrapod respiratory pumps

The concept of mechanical constraint has been a
requent theme in the literature on tetrapod respiratory
umps (Table 3). The musculoskeletal units responsi-
le for breathing also serve other functions, such as
eeding or locomotion, and the conflicting mechanical
equirements of multiple functions have been proposed
o constrain the performance and evolution of one or
oth functions (e.g., Wake and Larson, 1987; Carrier,
991; Janis and Keller, 2001).

Buccal pump breathing has been proposed to con-
train the evolution of tongue morphology and head
hape in extant and extinct amphibians (Wake and
arson, 1987; Janis and Keller, 2001). In the evolution

f plethodontid salamanders, cutaneous gas exchange
ecame the sole respiratory mode and the hyolingual
ystem was no longer required to participate in buccal
umping. Feeding by extreme hyolingual projection
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Fig. 7. Predictions of the speed-dependent axial constraint hypoth-
esis. When there is a mechanical conflict between locomotion and
breathing, as in most lizards, ventilation and oxygen consumption
decrease at high speeds and maximum ventilation (VEmax ) is reached
only during recovery (dashed line). In mammals and other tetrapod
groups that have circumvented the constraint, ventilation and oxy-
gen consumption increase with speed and VEmax is reached during,
not after, locomotion (solid line). Modified from Owerkowicz et al.
(1999).

Fig. 8. Airflow (pneumotach) trace showing gular pumping in juve-
nile savannah monitor lizard during locomotion on a treadmill at
2 km h−1. Each breath begins with a large exhalation, followed imme-
diately by a small costal inspiration. In this trace, a series of four gular
E.L. Brainerd, T. Owerkowicz / Respirator

volved independently in two plethodontid lineages,
resumably made possible by the decoupling of buccal
umping from feeding, as well as the loss of a suc-
ion feeding larval stage in plethodontid lineages with
he most extreme tongue projection (Wake and Larson,
987). Buccal pumping may also have constrained the
ead shapes of early tetrapods to be relatively broad and
at (Szarski, 1962), and the onset of aspiration breath-

ng is correlated with the appearance of more narrow
nd deep head shapes in amniotes in the fossil record
Janis and Keller, 2001).

The evolution of aspiration breathing may have
llowed the musculoskeletal systems of the head and
ongue of amniotes to diversify, but the ribs and
ntercostal musculature became constrained by their
ual function in aspiration breathing and high-speed
ocomotion (Carrier, 1987b). In lizards, tidal volume
ecreases to almost zero during trackway sprinting and
hen increases during pauses in locomotion and during
ecovery from exercise (Carrier, 1987a). The inter-
ostal and abdominal muscles are active bilaterally and
n synchrony with breathing movements when lizards
re at rest, but then are recruited unilaterally to bend
he body and stiffen the trunk against ground reaction
orces during locomotion (Carrier, 1990, 1991). The
echanical conflict between breathing and locomotion

ecomes more severe with increasing speed, and oxy-
en consumption may even decrease at high speeds
Wang et al., 1997). In tetrapods that are subject to this
peed-dependent axial constraint, the highest rates of
entilation occur during recovery, whereas in uncon-
trained species, ventilation increases with speed up to
maximum and then decreases rapidly during recovery

Fig. 7).
In various tetrapod groups, at least four types

f innovation have arisen to circumvent the speed-
ependent axial constraint: gular pumping, diaphragm-
ike muscles, changes in locomotor posture and phase
oupling of ventilation and locomotion (Table 3).
ular pumping during locomotion in savannah monitor

izards circumvents the constraint by more than dou-
ling the inspired volume over costal aspiration alone
Owerkowicz et al., 1999; Munns et al., 2004). Gular
umping generates a distinctive pattern of airflow in

hich numerous small inspirations are associated with
ular cavity filling, but then little or no exhalation fol-
ows each gular inspiration (Fig. 8). A series of gular
umps is followed by a single large exhalation, a small

pumps can be seen between two large exhalations. Note that a small
amount of air leaks out during the gular pumping phase, but that the
volume of each gular inflation is considerably larger than the leakage,
indicating that air is being pumped into the lungs. The dotted line is
zero flow. Compare with the pneumotachogram trace in Fig. 6.



84 E.L. Brainerd, T. Owerkowicz / Respiratory Physiology & Neurobiology 154 (2006) 73–88

F stride c
f black;
l berg et

c
T
i
e
1
e
d
m
t
s
W
c
p
t
b
t
s
e

c
c
m
s
1
p
t
(

h
t
t
c
s
d
a
t
i
c
l
e
l

t
i
l
t
2
t
m
i

ig. 9. Polar plots of the phase relationship between the locomotor
or three individual box turtles, Terrapene carolina (individual 01,
ocomotion appear to be completely decoupled in turtles. From Land

ostal inspiration and then another train of gular pumps.
he contribution of gular pumping to lung ventilation

n other monitor lizards has been questioned (Frappell
t al., 2002), partially based on the observation that
1–49% of the expired gasses in four varanid species
xit through the mouth rather than through the nares
uring exercise (Schultz et al., 1999). This result could
ean that the lizards hold their mouths open most of

he time during exercise, which would disrupt the narial
eal and prevent gular pumping (Frappell et al., 2002).
e have observed that savannah monitors sometimes

lose the mouth visibly before a gular pump, so it is
ossible that expiration can be through the mouth but
hat gular pumping can still occur. Gular pumping is
est diagnosed by examination of flow traces: expira-
ory volumes alone are not informative, but a pattern of
mall inspirations that are not balanced by equal-sized
xpirations indicate gular pumping (Fig. 8).

A second type of innovation to circumvent the axial
onstraint is the evolution of accessory inspiratory mus-
les (Table 3). The dome-shaped diaphragm muscle in
ammals contributes to the relatively high locomotor

tamina of mammals relative to lepidosaurs (Carrier,

987b). A recent study confirmed that hepatic piston
umping in American alligators effectively decouples
heir terrestrial locomotor mechanics from breathing
Farmer and Carrier, 2000b).

t
i
b
m

ycle and peak inspiratory (left) and peak expiratory (right) airflow
individual 02, dark grey; individual 03, light grey). Breathing and
al. (2003).

In turtles and tortoises, the internal oblique muscle
as been recruited as a dome-shaped, accessory inspira-
ory muscle. Testudines are encased in a rigid shell and
herefore should not be subject to the same mechanical
onstraint as lizards, but it is reasonable to hypothe-
ize that movements of the legs in and out of the shell
uring locomotion might affect lung ventilation (Gans
nd Hughes, 1967). However, recent studies have found
hat breathing and treadmill locomotion are decoupled
n two turtle species, Trachemys scripta and Terrapene
arolina (Landberg et al., 2002, 2003). Gait and venti-
ation volume data show no relationship between peak
xpiratory or inspiratory flow rates and phase of the
ocomotor cycle (Fig. 9).

Some groups of lizards have intracoelomic septa
hat divide the lungs from the rest of the body cav-
ty, as in the post-pulmonary septum of varanids, or the
ungs and liver from the rest of the body cavity, as in
he post-hepatic septum of some teiids (Klein et al.,
003; Klein and Owerkowicz, 2006). These septa con-
ain smooth muscle or no muscle; therefore unlike a

ammalian diaphragm they do not participate actively
n lung ventilation. However, recent studies have shown

hat removal of the septa decreases tidal volume dur-
ng locomotion in both varanids and teiids, probably
y artificially permitting the paradoxic (cranial) move-
ent of the viscera in response to low intrathoracic
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ressures during inspiration (Klein and Owerkowicz,
006).

A third type of innovation is a marked change in
ocomotor posture, which allows the animal to reduce
he need for hypaxial muscles to produce locomo-
or forces (Carrier, 1987b). In birds, the evolution of
ight was associated with stiffening the trunk and

arge changes in loading patterns during locomotion.
n quadrupedal mammals, changes in locomotor pos-
ure from a sprawling gait with pronounced lateral
ody bending to a more adducted limb posture and
agittal bending may have reduced the ground reac-
ion moments acting on the trunk, but many hypax-
al muscles still contribute to locomotion (Deban and
arrier, 2002). In dogs, the abdominal portions of the

nternal and external oblique muscles act as expiratory
uscles when dogs stand at rest, but during locomo-

ion their electrical activity pattern changes to match
he locomotor rhythm and they act primarily to stabi-
ize the trunk against sagittal shearing torques (Fife et
l., 2001; Deban and Carrier, 2002). The electromyo-
raphic activity patterns of the external and internal
ntercostals, the thoracic part of the external oblique
nd the transverse abdominis indicate that they all serve
oth respiratory and locomotor functions simultane-
usly (Fife et al., 2001), and the only hypaxial muscu-
ature that can be shown to have a purely respiratory
ole during locomotion in dogs is the parasternal por-
ion of the internal intercostal muscles (Carrier, 1996).
hese results show that there is still a mechanical con-
ict between the respiratory and locomotor functions of
ypaxial muscles in mammals, and that the diaphragm
uscle and respiratory-locomotor phase coupling are

he best explanations for the high ventilatory perfor-
ance and endurance of mammals during locomotion.
A fourth type of innovation that has been proposed

o reduce respiratory-locomotor mechanical conflicts
s phase coupling (Bramble and Carrier, 1983). Timing
nhalation or exhalation to coincide with a particular
hase of the locomotor cycle may recruit locomotor
orces to assist ventilation, as in galloping and hopping
ammals (Bramble and Carrier, 1983; Baudinette et

l., 1987; Young et al., 1992a), or reduce the negative
ffects of locomotor forces on ventilation, as in fly-

ng birds (Boggs et al., 1997a,b; Funk et al., 1997).
unning birds and trotting mammals often couple at
ne breath per stride (1:1) or one breath per step (2:1)
Bramble and Jenkins, 1993; Nassar et al., 2001). Fly-

B

ology & Neurobiology 154 (2006) 73–88 85

ng birds also show respiratory-locomotor coupling, but
ith a wider range of coupling ratios ranging from 1:1

o 1:5, with the most common ratio being 1:3 (Boggs,
002). Putative direct effects of respiratory-locomotor
oupling on ventilation volumes and cost of ventilation
re difficult to measure (Lee and Banzett, 1997), but
he discovery that the natural frequency of the locomo-
or cycle and the resonant frequency of the respiratory
ystem are closely matched in both birds and mam-
als during running (Young et al., 1992b; Nassar et

l., 2001) provides indirect evidence that respiratory-
ocomotor coupling bestows some selective advantage
Deban and Carrier, 2002). The inherent mechanical
onflict between costal aspiration breathing and high-
peed sprinting remains evident in some lizards, par-
icularly when gular pumping is not recruited to assist
entilation, but accessory inspiratory muscles, changes
n locomotor posture and respiratory-locomotor phase
oupling are innovations that have circumvented the
peed-dependent axial constraint in most amniotes.

cknowledgements

Thanks to Dave Carrier and Frietson Galis for invit-
ng ELB to participate in their symposium “Constraint
nd Innovation in Vertebrate Evolution” at the 6th Inter-
ational Congress of Vertebrate Morphology, for which
ome of the ideas in this review were developed. We are
rateful to M. Wake and J. O’Reilly for information on
aecilian ribs. For lending us lizard species for the gular
umping survey we thank: H. Blacker, K. Druzisky,
. Hsieh, C. Infante, K. Jackson, C. Kidd, N. Kley, K.
chwenk, M. Shapiro, J. Sheen. Thanks to Donal Boyer
nd the San Diego Zoo for the opportunity to observe
efensive gular pumping in a tuatara. This material is
ased in part on work supported by the National Sci-
nce Foundation under Grant No. 9875245.

eferences

l-Ghamdi, M.S.A.D., Jones, J.F.X., Taylor, E.W., 2001. Evidence
of a functional role in lung inflation for the buccal pump in the

agamid lizard Uromastyx aegyptius microlepis. J. Exp. Biol. 204,
521–531.

audinette, R.V., Gannon, B.J., Runciman, W.B., Wells, S., Love,
J.B., 1987. Do cardiorespiratory frequencies show entrainment
with hopping in the Tammar wallaby? J. Exp. Biol. 129, 251–263.



8 y Physi

B

B

B

B

B

B

B

B

B

B

B

B

B

B

B

B

B

B

C

C

C

C

C

C

C

C

C

C

C

C

C

C

D

D

D

D

D

D

F

6 E.L. Brainerd, T. Owerkowicz / Respirator

aumel, J., Wilson, J., Bergren, D., 1990. The ventilatory move-
ments of the avian pelvis: function of the muscles of the tail
region of the pigeon (Columba livia). J. Exp. Biol. 151, 263–
277.

els, V.L., Gasc, J.-P., Goosse, V., Renous, S., Vernet, R., 1995.
Functional analysis of the throat display in the sand goanna
Varanus griseus (Reptilia: Squamata: Varanidae). J. Zool. Lond.
235, 95–116.

ennett, A.F., 1994. Exercise performance in reptiles. Adv. Vet. Sci.
Comp. Med. 38A, 113–138.

ennett, W.O., Summers, A.P., Brainerd, E.L., 1999. Confirmation
of the passive exhalation hypothesis in a terrestrial caecilian Der-
mophis mexicanus. Copeia 1999 (1), 206–209.

ianchi, C., Grandi, M., Felisari, G., 2004. Efficacy of glossopharyn-
geal breathing for a ventilator-dependent, high-level tetraplegic
patient after cervical cord tumor resection and tracheotomy. Am.
J. Phys. Med. Rehabil. 83, 216–219.

iewener, A.A., Soghikian, G.W., Crompton, A.W., 1985. Regula-
tion of respiratory airflow during panting and feeding in dog.
Respir. Physiol. 61, 185–195.

oggs, D.F., 2002. Interactions between locomotion and ventilation
in tetrapods. Comp. Biochem. Physiol. 133A, 269–288.

oggs, D.F., Jenkins, F.A., Dial, K.P., 1997a. The effects of the wing-
beat cycle on respiration in black-billed magpies (Pica pica). J.
Exp. Biol. 200, 1403–1412.

oggs, D.F., Seveyka, J.J., Kilgore Jr., D.L., Dial, K.P., 1997b.
Coordination of respiratory cycles with wingbeat cycles in
the black-billed magpie (Pica pica). J. Exp. Biol. 200, 1413–
1420.

rainerd, E.L., 1994. The evolution of lung-gill bimodal breathing
and the homology of vertebrate respiratory pumps. Am. Zool.
34, 289–299.

rainerd, E.L., 1998. Mechanics of lung ventilation in a larval sala-
mander Ambystoma tigrinum. J. Exp. Biol. 201, 2891–2901.

rainerd, E.L., 1999. New perspectives on the evolution of
lung ventilation mechanisms in vertebrates. Exp. Biol.
Online 4, 11–28 (available free at http://www.brown.edu/
Departments/EEB/brainerd lab/pdf/Brainerd-1999-EBO.pdf).

rainerd, E.L., Ditelberg, J.S., Bramble, D.M., 1993. Lung ventila-
tion in salamanders and the evolution of vertebrate air-breathing
mechanisms. Biol. J. Linn. Soc. 49, 163–183.

rainerd, E.L., Landberg, T., 2001. Ventilatory mechanics of an elon-
gate salamander, Amphiuma tridactylum. Am. Zool. (meeting
abstracts).

rainerd, E.L., Monroy, J.A., 1998. Mechanics of lung ventilation
in a large aquatic salamander Siren lacertina. J. Exp. Biol. 201,
673–682.

ramble, D.M., Carrier, D.R., 1983. Running and breathing in mam-
mals. Science 219, 251–256.

ramble, D.M., Jenkins, F.A., 1993. Mammalian locomotor-
respiratory integration: Implications for diaphragmatic and pul-
monary design. Science 262, 235–240.
urggren, W., Johansen, K., 1982. Ventricular hemodynamics in the
monitor lizard Varanus exanthematicus: pulmonary and systemic
pressure separation. J. Exp. Biol. 96, 343–354.

arrier, D.R., 1987a. Lung ventilation during walking and running
in four species of lizards. Exp. Biol. 47, 33–42.

F

ology & Neurobiology 154 (2006) 73–88

arrier, D.R., 1987b. The evolution of locomotor stamina in
tetrapods: circumventing a mechanical constraint. Paleobiology
13, 325–341.

arrier, D.R., 1989. Ventilatory action of the hypaxial muscles of the
lizard Iguana iguana: a function of slow muscle. J. Exp. Biol.
143, 435–457.

arrier, D.R., 1990. Activity of the hypaxial muscles during walking
in the lizard Iguana iguana. J. Exp. Biol. 152, 453–470.

arrier, D.R., 1991. Conflict in the hypaxial musculo-skeletal sys-
tem: documenting an evolutionary constraint. Am. Zool. 31,
644–654.

arrier, D.R., 1996. Function of the intercostal muscles in trotting
dogs: ventilation or locomotion? J. Exp. Biol. 199, 1455–1465.

arrier, D.R., Farmer, C.G., 2000. The evolution of pelvic aspiration
in archosaurs. Paleobiology 26, 271–293.

arrier, D.R., Wake, M.H., 1995. Mechanism of lung ventilation in
the caecilian Dermophis mexicanus. J. Morphol. 226, 289–295.

arroll, R.L., 1988. Vertebrate Paleontology and Evolution. Free-
man, New York.

laessens, L.P.A.M., 2004a. Archosaurian respiration and the pelvic
girdle aspiration breathing of crocodyliforms. Proc. R. Soc. B
271, 1461–1465.

laessens, L.P.A.M., 2004b. Dinosaur gastralia; origin, morphology,
and function. J. Vert. Paleo. 24, 89–106.

odd, J.R., Boggs, D.F., Perry, S.F., Carrier, D.R., 2005. Activity of
three muscles associated with the uncinate processes of the giant
Canada goose Branta canadensis maximus. J. Exp. Biol. 208,
849–857.

ollier, C.R., Dail, C.W., Affeldt, J.E., 1956. Mechanics of glos-
sopharyngeal breathing. J. Appl. Physiol. 8, 580–584.

ragg, P.A., 1978. Ventilatory patterns and variables in rest and
activity in the lizard, Lacerta. Comp. Biochem. Physiol. 60A,
399–410.

e Jongh, H.J., 1972. Activity of the body wall musculature of the
African clawed toad, Xenopus laevis (Daudin), during diving and
respiration. Zool. Meded. 47 (10), 135–143.

e Jongh, H.J., Gans, C., 1969. On the mechanism of respiration in
the bullfrog Rana catesbeiana: a reassessment. J. Morphol. 127,
259–290.

e Troyer, A., Estenne, M., Ninane, V., Van Gansbeke, D., Gorini,
M., 1990. Transversus abdominis muscle function in humans. J.
Appl. Physiol. 68 (3), 1010–1016.

eban, S.M., Carrier, D.R., 2002. Hypaxial muscle activity during
running and breathing in dogs. J. Exp. Biol. 205, 1953–1967.

eban, S.M., O’Reilly, J.C., Theimer, T., 1994. Mechanism of defen-
sive inflation in the chuckwalla Sauromalus obesus. J. Exp. Zool.
270, 451–459.

ial, B.E., Schwenk, K., 1996. Olfaction and predator detection in
Coleonyx brevis (Squamata: Eublepharidae), with comments on
the functional significance of buccal pulsing in geckos. J. Exp.
Zool. 276, 415.

armer, C.G., Carrier, D.R., 2000a. Pelvic aspiration in the Amer-

ican alligator (Alligator mississipiensis). J. Exp. Biol. 203,
1679–1687.

armer, C.G., Carrier, D.R., 2000b. Ventilation and gas exchange
during treadmill locomotion in the American alligator (Alligator
mississipiensis). J. Exp. Biol. 203, 1671–1678.

http://www.brown.edu/Departments/EEB/brainerd_lab/pdf/Brainerd-1999-EBO.pdf
http://www.brown.edu/Departments/EEB/brainerd_lab/pdf/Brainerd-1999-EBO.pdf


y Physi

F

F

F

F

G

G

G

G

G

G

H

H

I

J

K

K

L

L

L

L

L

M

M

M

N

N

O

O

O

P

P

P

P

R

R

R

R

S

S

E.L. Brainerd, T. Owerkowicz / Respirator

edde, M.R., 1987. Respiratory muscles.Respiratory muscles. In:
Seller, T.J. (Ed.), Bird Respiration, vol. I. CRC Press, Boca Raton,
FL, pp. 3–37.

ife, M.M., Bailey, C., Lee, D.V., Carrier, D.R., 2001. Function of
the oblique hypaxial muscles in trotting dogs. J. Exp. Biol. 204,
2371–2381.

rappell, P., Schultz, T., Christian, K., 2002. Oxygen transfer during
aerobic exercise in a varanid lizard, Varanus mertensi, is limited
by the circulation. J. Exp. Biol. 205, 2725–2736.

unk, G.D., Valenzuela, I.J., Milsom, W.K., 1997. Energetic con-
sequences of coordinating wingbeat and respiratory rhythms in
birds. J. Exp. Biol. 200, 915–920.

ans, C., 1970. Strategy and sequence in the evolution of the exter-
nal gas exchangers of ectothermal vertebrates. Forma Functio 3,
61–104.

ans, C., Clark, B., 1976. Studies on the ventilation of Caiman
crocodilus (Crocodilia Reptilia). Respir. Physiol. 26, 285–301.

ans, C., Hughes, G.M., 1967. The mechanism of lung ventilation
in the tortoise, Testudo graeca Linne. J. Exp. Biol. 47, 1–20.

ans, C., Pyles, R., 1983. Narial closure in toads: which muscles?
Respir. Physiol. 53, 215–223.

aunt, A.S., Gans, C., 1969. Mechanics of respiration in the snapping
turtle Chelydra serpentina (Linne). J. Morphol. 128, 195–228.

authier, J.A., Kluge, A.G., Rowe, T., 1988. Amniote phylogeny and
the importance of fossils. Cladistics 4, 105–209.

eatwole, H., Firth, B.T., Webb, G.J.W., 1973. Panting thresholds of
lizards. Comp. Biochem. Physiol. 46A, 711–826.

edges, S.B., Poling, L.L., 1999. A molecular phylogeny of reptiles.
Science 283, 998–1001.

shimatsu, A., Hicks, J.W., Heisler, N., 1988. Analysis of intracardiac
shunting in the lizards Varanus niloticus: a new model based on
blood oxygen levels and microsphere distribution. Respir. Phys-
iol. 71, 83–100.

anis, C.M., Keller, J.C., 2001. Modes of ventilation in early
tetrapods: costal ventilation as a key feature of amniotes. Acta
Palaeontol. Polonica 46 (2), 137–170.

lein, W., Andrade, D.V., Abe, A.S., Perry, S.F., 2003. Role of the
post-hepatic septum on breathing during locomotion in Tupinam-
bis merianae (Reptilia: Teiidae). J. Exp. Biol. 206, 2135–2143.

lein, W., Owerkowicz, T., 2006. Function of intracoelomic septa
in lung ventilation of amniotes: lessons from lizards. Physiol.
Biochem. Zool. 79 (6).

andberg, T., Mailhot, J., Brainerd, E.L., 2002. Lung ventilation
during treadmill locomotion in the red-eared slider Trachemys
scripta. Am. Zool. (meeting abstracts).

andberg, T., Mailhot, J., Brainerd, E.L., 2003. Lung ventilation dur-
ing treadmill locomotion in a terrestrial turtle Terrapene carolina.
J. Exp. Biol. 206, 3391–3404.

ee, H.-T., Banzett, R.B., 1997. Mechanical links between locomo-
tion and breathing: can you breathe with your legs? News Physiol.
Sci. 12, 273–278.

iem, K.F., 1985. Ventilation. In: Hildebrand, M., Bramble, D.M.,

Liem, K.F., Wake, D.B. (Eds.),Ventilation. Functional Vertebrate
Morphology. Harvard University Press, Cambridge, MA, pp.
185–209.

iem, K.F., 1988. Form and function of lungs: the evolution of air
breathing mechanisms. Am. Zool. 28, 739–759.

S

S

ology & Neurobiology 154 (2006) 73–88 87

cCutcheon, F.H., 1943. The respiratory mechanism in turtles. Phys-
iol. Zool. 16, 255–269.

cMahon, B.R., 1969. A functional analysis of aquatic and
aerial respiratory movements of an African lungfish, Pro-
topterus aethiopicus, with reference to the evolution of the lung-
ventilation mechanism in vertebrates. J. Exp. Biol. 51, 407–
430.

unns, S.L., Hartzler, L.K., Bennett, A.F., Hicks, J.W., 2004. Ele-
vated intra-abdominal pressure limits venous return during exer-
cise in Varanus exanthematicus. J. Exp. Biol. 207, 4111–4120.

aifeh, K.H., Huggins, S.E., 1970. Respiratory patterns in crocodil-
ian reptiles. Respir. Physiol. 9, 31–42.

assar, P., Jackson, A., Carrier, D.R., 2001. Entraining the natural
frequencies of running and breathing in guinea fowl. J. Exp. Biol.
204, 1641–1651.

’Connor, P., Claessens, L., 2005. Basic avian pulmonary design
and flow-through ventilation in non-avian theropod dinosaurs.
Nature 436, 253–256.

werkowicz, T., Brainerd, E.L., Carrier, D.R., 2001. Electromyo-
graphic pattern of the gular pump in monitor lizards. Bull. Mus.
Comp. Zool. 156, 237–248.

werkowicz, T., Farmer, C., Hicks, J.W., Brainerd, E.L., 1999. Con-
tribution of gular pumping to lung ventilation in monitor lizards.
Science 284, 1661–1663.

erry, S.F., 1989. Mainstreams in the evolution of vertebrate res-
piratory structures.Mainstreams in the evolution of vertebrate
respiratory structures. In: King, A.S., McLelland, J. (Eds.), Form
and Function in Birds, vol. 4. Academic Press, London, pp. 1–67.

erry, S.F., Wilson, R.J.A., Straus, C., Harris, M.B., Remmers, J.E.,
2001. Which came first, the lung or the breath? Comp. Biochem.
Physiol. 129A, 37–47.

erry, S.F., Codd, J.R., Klein, W., 2005. Evolutionary biology of
aspiration breathing and origin of the mammalian diaphragm.
Rev. Malad. Respir. 22, 2S19–12S38.

erry, S.F., Sander, M., 2004. Reconstructing the evolution of the
respiratory apparatus in tetrapods. Respir. Physiol. Neurobiol.
144, 125–139.

est, J.S., Ast, J.C., Austin, C.C., Waddell, P.J., Tibbetts, E.A., Hay,
J.M., Mindell, D.P., 2003. Molecular systematics of primary
reptilian lineages and the tuatara mitochondrial genome. Mol.
Phylogenet. Evol. 29, 289–297.

ieppel, O., deBraga, M., 1996. Turtles as diapsid reptiles. Nature
384, 453–455.

omer, A.S., 1972. Skin breathing—primary or secondary? Respir.
Physiol. 14, 183–192.

uben, J.A., Dal Sasso, C., Geist, N.R., Hillenius, W.J., Jones, T.D.,
Signore, M., 1999. Pulmonary function and metabolic physiol-
ogy of theropod dinosaurs. Science 283, 514–516.

alt, G.W., 1943. Lungs and inflation mechanics of Sauromalus obe-
sus. Copeia, 193.

chultz, T., Christian, K., Frappell, P., 1999. Do lizards breathe
through their mouths while running? Exp. Biol. Online 4, 39–46.
imons, R.S., Bennett, W.O., Brainerd, E.L., 2000. Mechanics of
lung ventilation in a post-metamorphic salamander Ambystoma
tigrinum. J. Exp. Biol. 203, 1081–1092.

matresk, N.J., 1990. Chemoreceptor modulation of endogenous res-
piratory rhythms in vertebrates. Am. J. Physiol. 259, R887–R897.



8 y Physi

S

S

S

T

T

V

W

W

W

W

W

W

Y

8 E.L. Brainerd, T. Owerkowicz / Respirator

traus, C., Vasilakos, K., Wilson, R.J.A., Oshima, T., Zelter, M.,
Derenne, J.P., Similowski, T., Whitelaw, W.A., 2003. A phylo-
genetic hypothesis for the origin of the hiccough. BioEssays 25,
182–188.

turbaum, B.A., Riedesel, M.L., 1974. Temperature regulation
responses of ornate box turtles, Terrapene ornata, to heat. Comp.
Biochem. Physiol. 48A, 527–538.

zarski, H., 1962. The origin of amphibia. Quart. Rev. Biol. 38,
189–241.

empleton, J.R., 1964. Cardiovascular responses during buccal and
thoracic respiration in the lizard Sauromalus obesus. Comp.
Biochem. Physiol. 11, 31–43.

empleton, J.R., Dawson, W.R., 1963. Respiration in the lizard Cro-
taphytus collaris. Physiol. Zool. 36, 104–121.

asilakos, K., Wilson, R.J.A., Kimura, N., Remmers, J.E., 2005.
Ancient gill and lung oscillators may generate the respiratory

rhythm of frogs and rats. Neurobiology 62, 369–385.

ake, D.B., Larson, A., 1987. Multidimensional analysis of an
evolving lineage. Science 233, 42–48.

ake, M.H., 2003. The osteology of caecilians.The osteology of cae-
cilians. In: Heatwole, H., Davies, M. (Eds.), Amphibian Biology,

Y

ology & Neurobiology 154 (2006) 73–88

vol. 5. Osteology, Surrey Beatty and Sons, Pty. Ltd., Chipping
Norton, Australia, pp. 1811–1878.

ang, T., Carrier, D.R., Hicks, J.W., 1997. Ventilation and gas
exchange during treadmill exercise in lizards. J. Exp. Biol. 200,
2629–2639.

ang, T., Hicks, J.W., 2004. Why savannah monitor lizards hyper-
ventilate during activity: a comparison of model predictions
and experimental data. Respir. Physiol. Neurobiol. 144, 251–
261.

arren, V.C., 2002. Glossopharyngeal and neck accessory muscle
breathing in a young adult with C2 complete tetraplegia resulting
in ventilator dependency. Phys. Ther. 82, 590–600.

eathers, W.W., Schoenbaechler, D.C., 1976. Contribution of gular
flutter to evaporative cooling in Japanese quail. J. Appl. Physiol.
40, 521–524.

oung, I.S., Alexander, R.M., Woakes, A.J., Butler, P.J., Anderson,

L., 1992a. The synchronization of ventilation and locomotion in
horses (Equus caballus). J. Exp. Biol. 166, 19–31.

oung, I.S., Warren, R.D., Altringham, J.D., 1992b. Some properties
of the mammalian locomotory and respiratory systems in relation
to body mass. J. Exp. Biol. 164, 283–294.


	Functional morphology and evolution of aspiration breathing in tetrapods
	Introduction
	Lung ventilation in air-breathing fishes and amphibians
	Aspiration breathing in amniotes
	Buccal pumping, gular pumping and buccal oscillation in tetrapods
	Constraint and innovation in the evolution of tetrapod respiratory pumps
	Acknowledgements
	References


