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SYNOPSIS. Structural evolution of the vertebrate lung illustrates the principle that the
emergence of seemingly new structures such as the mammalian lung is due to intensifi-
cation of one of the functions of the original piscine lung. The configuration of the
mechanical support of the lung in which elastic and collagen fibers form a continuous
framework is well matched with the functional demands. The design of the mammalian
gas exchange cells is an ingenious solution to meet the functional demands of optimizing
maintenance pathways from nucleus to the cytoplasm while simultaneously providing
minimal barrier thickness. Surfactant is found in the most primitive lungs providing a
protective continuous film of fluid over the delicate epithelium. As the lung became
profusely partitioned, surfactant became a functionally new surface-tension reduction
device to prevent the collapse of the super-thin foam-like respiratory surface. Experimental
analyses have established that in lower vertebrates lungs are ventilated with a buccal pulse
pump, which is driven by identical sets of muscles acting in identical patterns in fishes and
frogs. In the aquatic habitats suction is the dominant mode of feeding generating buccal
pressure changes far exceeding those recorded during air ventilation. From the perspective
of air ventilation the buccal pulse pump is overdesigned. However in terrestrial habitats
vertebrates must operate with higher metabolic demands and the lung became subdivided
into long narrow airways and progressively smaller air spaces, rendering the pulse pump
inefficient. With the placement of the lungs inside a pump, the aspiration pump was
established. In mammals, the muscular diaphragm represents a key evolutionary inno-
vation since it led to an energetically most efficient aspiration pump. Apparently the
potential energy created by contraction of the diaphragm during inhalation is stored in
the elastic tissues of the thoracic unit and lung. This energy is released when lung and
thorax recoil to bring about exhalation. It is further determined experimentally that
respiratory and locomotory patterns are coupled, further maximizing the efficiency of
mammalian respiration. Symmorphosis is exhibited in the avian breathing apparatus,
which is endowed with a key evolutionary innovation by having the highly specialized
lung continuously ventilated by multiple air sacs that function as bellows. Functional
morphologists directly deal with these kinds of functional and structural complexities that
provide an enormous potential upon simple changes in underlying mechanisms.

INTRODUCTION both on structural and functional proper-
It is axiomatic that for animals to be built ties> w h i c h cannot be separated. In order

reasonably well we would expect the form t o achieve a balanced functional morpho-
of their components to be well matched to l o g l c a l approach, the models and designs
the functional requirements. Such a state wl11 b e discussed in a simplified but suffi-
of form commensurate to functional needs ciently realistic fashion to allow functional
is especially well represented in the respi- d a t a t o b e interpreted with reasonable
ratory system. Of course, the vertebrate accuracy,
body cannot optimally exploit all the res- „
piratory components simultaneously. FORM AND EVOLUTIONARY
Apparent overdesign and redundancies do HISTORY OF LUNGS
occur and can be interpreted as safety fac- The obsolete gradual shift hypothesis
tors. In this paper I accept that the per- Comparative anatomy of lungs as treated
formanceofthe respiratory system depends j n m o s t books is still firmly rooted in the

19th century philosophy of morphology
research, which was preoccupied with the

• From the Symposium on Science as a Way of Know- h f h ^ f h s t r u c t u r a , d e _
mg—Form and Function presented at the Annual . . . 7 , „ ,
Meeting of the American Society of Zoologists, 27- ments in the vertebrate body. Thus in even
30 December 1987, at New Orleans, Louisiana. the most recent books the evolution of
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FIG. 1. Diagrammatic cross and longitudinal sec-
tions of the lung and swimbladder in vertebrates,
depicting the obsolete "shift of position hypothesis"
first proposed by Bashford Dean. A, typical swim-
bladder of many teleosts and sturgeon; B, respiratory
gasbladder in Lepisosteus and Amia, representing a
dorsal position; C, the aberrant teleost fish Erythrinus
depicted as being suggestive of a transition from lung
to swimbladder (note that it is depicted as having a
non-alveolar wall [cf. Kramer, 1978; Liem, 1989], an
error perpetuated over a century!); D, Neoceratodus
depicted as a bilobed lung rotated dorsally, although
the pneumatic duct opening remains ventral in posi-
tion (note that the error showing an alveolar lung in
longitudinal section but a non-alveolar lung in cross
section has been perpetuated even in 1987 text-
books!); E, Polypterus depicted as having the archaic
lung; F, the lung in tetrapods, with a greatly subdi-
vided internal structure.

lungs is depicted as a sequence of transi-
tional grades (Fig. 1). At first it was pos-
tulated that the lung originated from
non-respiratory swimbladders as found in
sturgeons and many teleosts, by a gradual
shift of the origin of the pneumatic duct
from the dorsal (Fig. 1A) aspect of the
esophagus, to the lateral aspect (Fig. 1C)
and then to the ventral aspect of the esoph-
agus (Fig. ID—F). When it was discovered
that lungs were actually more primitive
than swimbladders, the shift hypothesis was
maintained and the sequence as depicted
in Figure 1 was merely reversed! It is

implied that the evolutionary history of
lungs underwent gradual evolution
through transitional grades as expressed in
Figure 1. Unfortunately there is no sup-
porting evidence for these hypothetical
evolutionary transitions. For example, the
crucial intermediate stage (Fig. 1C) is only
found in two very specialized teleost fishes,
Erythrinus and Hoplerythrinus, neither of
which can be considered an intermediate
evolutionary stage between the primitive
and advanced fishes. Erythrinus and Hopler-
ythrinus are characid fishes which are nei-
ther related to sturgeons (Fig. 1A) nor to
lungfishes (Fig. 10), Polypterus (Fig. IE) and
tetrapods (Fig. 1F). Hoplerythrinus and Ery-
thrinus are highly aberrant fishes using a
unique accessory esophageal pump to drive
air ventilation (Kramer, 1978; Liem, 1989).
The hypothesis of the gradual evolution-
ary shift of the pneumatic duct and topog-
raphy of the evolving lungs and gasblad-
ders is rejected by paleontological,
ontogenetic and phylogenetic evidence. A
more accurate evolutionary history of gas-
bladders and lungs is presented in Fig-
ure 2.

Evolution of lungs

The first lungs are known from the very
primitive and well armored fossil placo-
derm fish Bothriolepis in which a pair of sacs
with a common duct grows out from the
floor of the esophagopharyngeal junction
(Denison, 1941). Among the most primi-
tive fishes, the bichirs, Polypterus (Lauder
and Liem, 1983) also have ventral lungs.
These are therefore primitive structures,
preceding in evolutionary time the dorsal
swimbladder of actinopterygian fishes. A
more accurate evolutionary history of lungs
is depicted in Figure 2. The evolutionary
history of lungs is here superimposed on a
highly corroborated genealogical scheme
of the vertebrates (Lauder and Liem, 1983).
In this way, I have avoided the pitfall of
discussing lung evolution in terms of gen-
eral grades of evolutionary "advance-
ment" (Fig. 1) which tend to conceal the
true evolutionary sequences of structural
change. By superimposing structural fea-
tures of lungs on the phylogenetic tree
(which was based on other than lung char-
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DIPNOI TETRAPODA ACTINIST1A CLADBT1A CHONDROSTEI GNGLYMODI HALECOMORPHA TELEOSTEI

GASBLADOER"

LUNGS
LOST

LUNGS PRESENT

FIG. 2. The evolutionary history of lungs and nonrespiratory gasbladders in vertebrates. The phylogeny of
lower vertebrates is originally based on multiple characters other than the lung (Lauder and Liem, 1983).
Lungs are then superimposed on the phylogenetic scheme to depict the evolutionary history more realistically
than ordinarily shown {e.g., Fig. 1). Lungs originated very early in the placoderm fish Bothriolepis. Thus the
presence of lungs is depicted at the stem of the phylogenetic tree. The evolutionary history of lungs is
characterized by a complete loss of lungs in the Elasmobranchiomorpha, and two independent modifications
of the lungs in the Chondrostei and in the Teleostei. Lungs are retained and elaborated in the monophyletic
lineage constituting Dipnoi, Tetrapoda, Actinistia, and is retained in their more primitive form in the bichir's
(Cladistia). The hypothesis of the independent origin of nonrespiratory gasbladders in the Chondrostei and
Teleostei is based on the origin from the stomach of the chondrostean gasbladder, while in primitive teleosts
the gasbladder develops from the esophagus.

acters) one can obtain a more precise
understanding of the historical sequence
of change in form and function of lungs.
This pattern reveals that lungs started out
to have two original functions: respiratory
and hydrostatic.

In the aquatic habitat the evolving
actinopterygian fishes invaded new adap-
tive zones especially in the marine sur-

roundings. The active shift of the advanced
actinopterygians into these novel adaptive
zones seem to have set up a whole array of
new selection forces, in which hydrostatic
functions were at a premium. As a result
the hydrostatic function of the gasbladder
was intensified and the respiratory func-
tion was eliminated so that the fish could
control its buoyancy in the water column
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742 KAREL F. LIEM

by regulating the pressure of its gasbladder
(Alexander, 1966). Thus, of the two orig-
inal functions, one was intensified and
improved, while the second was elimi-
nated.

In the lineage leading to lungfishes and
tetrapods (Fig. 2) the respiratory function
was greatly intensified as the group shifted
into the new terrestrial adaptive zones.
During this shift the hydrostatic function,
for which there was no longer any func-
tional demand, was deleted and the respi-
ratory function became greatly intensified.
As a result the lung became progressively
more subdivided to increase the respira-
tory surface area.

Lung evolution illustrates that the emer-
gence of seemingly new structures is usu-
ally due to the intensification of one of the
original functions of an existing structure
and the possible elimination of the other
function. The resulting "new" structure
(the tetrapod lung) is merely a modification
of a preceding structure (the primitive pi-
scine lung) to match new functional
requirements.

Ventral, dorsal, or lateral positions of
the origin of the pneumatic duct from the
esophagus in adult fishes (Fig. 1) should not
be used as evidence for the evolutionary
sequence of lungs, since varying patterns
of twisting of the esophagus during ontog-
eny significantly mask the true topography
of the pneumatic duct-esophageal junc-
tion.

FUNCTION OF LUNGS AND
BREATHING MECHANISMS

As we have seen, morphologists have
concentrated on tracing and describing the
structural history of lungs. Morphologists
describe the progressive increase in com-
plexity with increasing detail. From this
progressive increase in complexity of form
they have hypothesized the gradual evo-
lution of adaptations to new functional
demands. In sharp contrast, respiratory
physiologists have made measurements of
the efficiency of gas exchange on the basis
of models by simplifying their models, thus,
in essence, by eliminating the very com-
plexities with which morphologists are so

preoccupied. Whereas physiologists try to
single out phenomena which can be mea-
sured, morphologists study the entire com-
plexity of large integrated components.
Functional morphologists try to strike a
balance between these two biases by setting
up models based on sufficiently realistic
structural information while still allowing
functional aspects to be interpreted with
reasonable simplicity.

From a functional point of view, the lung
must be built as an elastic bag which must
be able to move freely so as to allow expan-
sion and contraction of all its parts. Elas-
ticity is important so that its gas content
can be ventilated. The interior of the bag
must be partitioned so as to increase the
respiratory surface. The architecture of the
supporting connective tissue is designed in
such a way that maximal mechanical
strength is obtained with a minimal amount
of material. These functional demands and
accompanying designs are found through-
out the evolutionary radiation of lungs.

LUNG ARCHITECTURE AND DESIGN OF
SURFACE FEATURES

Mechanical architecture

A common design in the fine architec-
ture of lungs can be found in primitive as
well as advanced vertebrates (Fig. 3). The
outer layers of the wall of the lung serve
as mechanical support. Because the wall of
the lung must be elastic, but at the same
time resist tensile forces, it is composed of
a mixture of collagen and elastic fibers that
have different mechanical properties: elas-
tic fibers are extensible (to 130% of relaxed
length) and provide part of the recoil force
of the lung, whereas the inextensible col-
lagen fibers have very high tensile strength
to give the lung a certain degree of stiff-
ness. In some primitive lungs this contin-
uous fibrous system is surrounded by a sys-
tem of circular and longitudinal striated
muscles (Fig. 3), which play an accessory
role in emptying the lung. Such striated
muscles are mostly found in pulse pum-
pers, which use the mouth as a pump, e.g.,
Lepisosteus and the frogs. Striated muscles
around lungs are lost in advanced aspira-
tion breathers in which lungs are placed
within the pumps.
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FORM AND FUNCTION OF LUNGS 743

The configuration of the mechanical
support of the lung in which elastic and
collagen fibers form a continuous frame-
work is well matched with the functional
demand to allow contractions and expan-
sions to occur with the simultaneous gen-
eration of elastic recoil and tensile strength.
The hypothesis of perfect matching of
design and functional demand seems well
corroborated since this symmorphosis or
matching of form and function has evolved
very early and has been maintained
throughout the evolutionary diversifica-
tion of the vertebrates.

Design of surface structures

As a gas exchanger the cardinal function
of the lung is gas exchange. Since gas
exchange proceeds by the passive process
of diffusion, the functional demand for the
lung is primarily the establishment of the
largest possible surface of contact between
air and blood. Other functional demands
include the continuous cleansing of the
surface lining of the lung and the main-
tenance of a mechanically stable support
system of the numerous air spaces. To serve
these functional demands the surface of
the lung is made up of a mosaic of as many
as 40 different cell types.

The lung surface, which is continuously
exposed to our environment is kept clean
by the combination of mucous and ciliated
cells.

In the primitive lung, mucous cells and
ciliated cells are found interspersed in var-
ious ways between the cells performing gas
exchange functions (Fig. 3). Mucous cells
secrete a sticky substance which spreads
out as a thin blanket on top of the cilia and
is capable of trapping foreign materials.
The trapped particles and the mucus are
then propelled outward in a continuous
stream driven by rhythmically beating cilia.

In the advanced lungs (Fig. 3) the mucous
and ciliated cells are confined to the air-
ways (bronchi and bronchioles) and are
absent from the alveoli, the site of gas
exchange. In the airways of the more spe-
cialized lungs the tips of the cilia are bent
to form clawlike structures that can grasp
the mucous blanket during their forward
beat, whereas during their backward beat

they glide past the mucous blanket. In this
way the mucous blanket with the trapped
foreign material moves outward or up the
airways in a steady stream. This mecha-
nism works in a way analogous to an esca-
lator and has been appropriately called the
"mucociliary escalator" (Weibel, 1984).
The normal fate of the bronchial mucus is
steadily discharged into the pharynx and
swallowed unnoticed. Only when the
mucociliary escalator becomes inactivated
by, e.g., nicotine or when an excessive
amount of mucus accumulates from bron-
chitis or very dusty environments does the
mucociliary escalator need assistance in the
form of coughing.

The cardinal function of lungs is gas
exchange. The prevailing guiding princi-
ple in gas exchange cell design is to opti-
mize extent and minimize thickness. The
principle can already be seen in the incip-
ient stages of lung evolution: squamous cells
with complex shapes (type I epithelial cells,
Fig. 3) maximize surface area while mini-
mizing the blood-air barrier. Because the
blood-barrier surface is lined both on the
air and on the blood side by simple layers
of squamous cells, the barrier distance is
kept at a minimum. In advanced lungs the
type I epithelial cells or pneumocytes have
extensive cytoplasmic leaflets in the form
of multiple stalked plates spreading out
broadly over the basal lamina. They have
a small compact nucleus surrounded by a
slim rim of cytoplasm with a few organ-
elles. It is clear that the design of type I
epithelial cells is an ingenious solution to
meet the functional demands of optimizing
maintenance pathways from nucleus to the
cytoplasm against the requirement of
developing minimal barrier thickness across
the cell for gas exchange. With the cyto-
plasmic leaflets arranged in multiple stalked
plates the distance for the transfer of
metabolites from the perinuclear region to
any point in the periphery becomes quite
a bit shorter than if a single leaf simply
spreads out more (Weibel, 1984). The sur-
face features of type I cells are character-
istically smooth lacking microvilli (Figs. 3,
4). It should be emphasized that the cells
involved in gas exchange in the most prim-
itive and advanced lungs share a remark-
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FORM AND FUNCTION OF LUNGS 745

ably similar design (Fig. 3) reflecting the
important role played by symmorphosis or
the perfect matching of design to func-
tional requirements during the evolution-
ary history and diversification of the ver-
tebrate lung.

Type I cells in mammals have lost their
capacity for proliferation by cell division.
When damaged they must be replaced by
the proliferation of type II cells, which rep-
resent the stem cell population. In primi-
tive actinopterygian fish lungs, the process
of cell regeneration is still incompletely
known, even though there is some prelim-
inary evidence that smooth type I cells may
originate from microvillous type II stem
cells in the gar (Henderson, 1975) and the
bichir.

The final major functional requirement
is for providing a thin layer of fluid to pro-
tect the delicate epithelial cells and to
reduce surface tension. This function is
performed by a second type of epithelial
cells, the type II epithelial cells, which occur
in primitive as well as advanced lungs (Figs.
3,4). Thus, besides functioning as the stem
cells of type I pneumocytes, type II cells
play a major role in the synthesis, storage
and secretion of surfactant. They are
cuboidal cells interspersed between the type
I cells (Fig. 3), and are rich in organelles.
The apical cell surface bulges toward the
lumen and is covered with microvilli (Figs.
3,4) which are surface specializations asso-
ciated with fluid and solute transport. Sur-
factant is synthesized and secreted by type
II cells. The surfactant is dipalmitoylphos-
phatidylcholine, and lowers the surface
tension at the air-water interface by
spreading on the respiratory surface as a
monomolecular film with the hydrophilic
polar group immersed in the water and the
two hydrophobic palmitic acid residues
sticking out. In the advanced lung of mam-

mals, the interior partitioning has gone so
far as to give the alveolar lung a foam-like
configuration where surface tension will
tend to collapse the small bubbles. Surfac-
tant, by lowering the surface tension, will
prevent the collapse of the tiny bubble-like
alveoli. Thus, in mammals the surfactant
properties play a key role in stabilizing the
alveoli. In medicine it is known that inad-
equate surfactant leads to the respiratory
distress syndrome of the premature new-
born, in whose lung the type II cells may
not have developed their full potential for
synthesis of dipalmitoyl lecithin. Inade-
quate supply of surfactant leads to large
areas of collapsed alveoli and the lung
becomes impossible to ventilate. Thus in
mammals, a premium is put on the stabi-
lization of respiratory air spaces. Surfac-
tant secreted by the type II cells together
with the fiber interdependence play a key
role in allowing the gas exchange surface
to remain sufficiently expanded.

Evolutionarily, surfactant has already
made its appearance in the most primitive
lungs. Thus, the surface film of fluid cov-
ering the respiratory surfaces of lungs is
already present in primitive fishes and lower
tetrapods (Hughes and Weibel, 1978) which
lack the extensive subdivision of the inte-
rior of their lungs. Actually, in Polypterus
the lung is not alveolar, yet there is indirect
evidence that surfactant is produced
(Hughes and Ryan, unpublished as cited in
Hughes and Weibel, 1978). Surfactant has
also been found in all three genera of lung-
fishes, the gar (Lepisosteus) and Amia
(Hughes, 1973). The presence of surfac-
tant and type II cells in primitive non-
alveolar respiratory lungs indicates that
type II cells may represent the incipient
stage of the highly specialized type I cells.
Certainly, ontogenetically, type I cells can
only proliferate from the type II cells, which

FIG. 3. Three-dimensional composite diagram of the structure of the primitive piscine lung and the mam-
malian lung. The latter is structurally and functionally differentiated into bronchioles and alveoles. BM,
basement membrane; C, cilia; CA, capillary; CSM, circular striated muscle layer; EN, endothelium; EPI, type
I epithelial cell for gas exchange; EPII, type II epithelial cell, considered a stem cell for the type I cell. Note
that type II cells contain numerous organelles and lamellar bodies, which are associated with surfactant; FC,
fibrous coat, composed of elastic as well as collagen fibers; LSM, longitudinal striated muscle layer; P, peritoneal
cells; SM, smooth muscle layer. Note that type II cells have microvillous surfaces.
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serve as stem cells. The original function
of the surfactant in the most primitive non-
alveolar lungs may well have been a pro-
tective one by providing a continuous film
of fluid covering the delicate surface epi-
thelium. As the lung became greatly sub-
divided in terrestrial vertebrates the alveoli
became progressively smaller and more
numerous. With this "foamy structure" a
lowering of the surface tension at the air-
tissue interface became increasingly more
important. While maintaining the original
protective role, surfactant became increas-
ingly more important as an agent to reduce
the surface tension at the air-tissue inter-
face in the progressively subdivided alveoli.
It would therefore not be too surprising to
find surfactant in teleostean swimbladders
(Copeland, 1969) in which the lining would
also need a protective film of fluid. Since
type II cells represent the most primitive
epithelial cells of the lung, they can be
retained in the specialized hydrostatic gas-
bladders and continue their original func-
tions of synthesis, storage and secretion of
surfactant.

THE PULSE PUMP AS A BREATHING
MECHANISM

For gas exchange to function properly,
ventilation and perfusion of the air cham-
bers of the lung should be matched as well
as possible. Most primitive vertebrates
engage in breath holding. Air is kept in the
lung for varying periods of time before it
is exchanged for new air. Breath holding
is well matched to the low pressure and
velocity of the cardiovascular system, to
the low level of metabolism and to the
requirement for a buoyancy device. It is
postulated that air breathing in primitive
fishes was retained in evolution to enable
the fishes to remain in water in spite of low
oxygen concentrations (Liem, 1987). Thus
the functional requirement is to connect
the lungs to a pump that is capable of sup-
plying the lung intermittently with an ade-

quate volume of fresh air. The buccal pulse
pump seems ideally suited for this function.

How DOES A PRIMITIVE FISH BREATHE?

The primitive actinopterygian fish, Amia
calva inhabits warm freshwaters which
often get deoxygenated. During such
periods of raised temperatures and deoxy-
genation, Amia breathes air with its prim-
itive lung. A high speed X-ray motion pic-
ture taken at 100 frames/sec shows the
breathing sequence (Fig. 5). As the fish
approaches the water surface, gas from its
lung is transferred to the buccal cavity (Fig.
5: 1-3). With its snout out of the water the
fish expels the spent gas from its buccal
cavity (Fig. 5: 3-4). As evident from the
X-ray, a residual volume of gas remains in
the lung (Fig. 5: 4, rg) and the abdominal
wall can be seen to buckle inward at the
end of exhalation. Inhalation begins with
the fish filling its buccal cavity with fresh
air (Fig. 5: 5, gbf). Once fresh air has been
taken in, it is compressed and forced from
the buccal cavity into the lung (Fig. 5: 6—
8). Excess air is expelled through the gill
slit (Fig. 5: 8, e), and the breathing cycle
is completed. Breath holding can last from
5-55 min and depends on temperature,
amount of light and oxygen concentration
in the water.

THE BUCCAL PULSE PUMP MODEL

Based on the observation from X-ray
motion pictures, the following model for
the buccal pulse pump can be formulated.
Air ventilation proceeds in four phases
(Figs. 6-8).

(a) Transfer phase (Fig. 6). During this
phase air is transferred from the lung into
the buccal cavity. This transfer can pro-
ceed either passively or actively. Passive
transfer proceeds because hydrostatic
pressure decreases in the cranial region of
the lung as the fish raises its head toward
the surface. If transfer proceeds passively
the model predicts no action of either the

FIG. 4. 1, A typical scanning microscope view of respiratory gasbladder epithelium ofPangasius sutchi showing
microvilli bearing cells; 2, cells of respiratory epithelium with microridges between them in Noloplerus chitala;
3, enlarged view showing microvilli.
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Fie. 6. Models of gas transfer from the lung into
the buccal cavity. Active muscle indicated by a black
bar. Stippled bars and stippled line indicate postulated
patterns in the other phases of the ventilatory cycle.
Broken arrows depict airflow. Single arrow depicts
passive force. Double arrow depicts muscular force.
Lung is shown to have an intrinsic force capable of
constricting the lung. Heavier stipled area denotes
body cavity. BP, buccal pressure; COM, compressive
muscles (primarily geniohyoideus); EXP, expansive
muscles (primarily sternohyoideus).

compressive or expansive muscles and no
pressure changes in the buccal cavity. On
the other hand, if the transfer proceeds
actively, the model predicts that the expan-

EXPULSION

PASSIVE MODEL ACTIVE MODEL

HYDRO-
STATIC

COMP

T E 1 c

+nn+

COM

EXP

T

• w

E

• M M

1 c

FIG. 7. Expulsion models. See legend of Figure 6 for
further explanation of abbreviations.

sive muscles will be active, lowering the
buccal pressure by expanding the cavity
and thereby drawing the gas from the lung
into the buccal cavity. The striated muscles
around the lung are throught to be active
in the transfer phase (Johansene* al., 1970)
and would assist the buccal pump.

(b) Expulsion phase (Fig. 7). Expulsion of
gas from the mouth can also proceed either
passively or actively. Passive expulsion
would rely on hydrostatic pressure as the

FIG. 5. Prints of selected frames of high speed X-ray motion picture taken at 100 frames per second of Amia
calva during an air ventilation cycle. 1. The fish swims up to the surface, its lung (gb) still full of gas, which
appears as a light image against a dark background. 2. As the fish reaches the surface, spent gas from the
lung has flowed to the buccal cavity (gbs) through the pneumatic duct which can be seen as a light ductlike
connection between the buccal cavity (gbs) and the lung (g). 3. With its snout protruded from the water
surface, the fish is expelling gas from its mouth. The partially emptied lung (g) has a small volume within the
body cavity. As a result the abdomen has buckled inward. 4. Exhalation is now completed as all the air has
been expelled from the buccal cavity. Residual gas (rg) remains in the partially collapsed lung. 5. The fish
has inhaled fresh air in its buccal cavity (gbf). 6. With its mouth fully filled, the fish begins to compress the
fresh air into the lung. 7. As the fish sinks slightly below the water surface it has compressed the air into the
lung which is increasing in volume. 8. The lung is completely filled and an excess air bubble (e) has been
expelled, and some more excess air can be seen as a white shadow just in front of the lung, be, buccal cavity;
e, excess air; g, lung; gb, lung with stale gas; gbf, fresh air in buccal cavity; gbs, spent gas in the buccal cavity;
rg, residual gas in the lung.
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FIG. 8. Intake and Compression models. See legend of Figure 6 for further explanation of abbreviations.

fish is at the surface and opens its mouth.
According to the passive model, expulsion
would occur without any muscle actions.
The active model predicts action of the
compressor muscles which decreases the
cavity, thereby raising the buccal pressure
and forcing the spent gas out.

(c) Intake phase (Fig. 8). The model pre-
dicts that air can only be taken in actively
by action of the expansive muscles which
lowers the floor of the mouth, thereby low-
ering the buccal pressure and drawing in
atmospheric air.

(d) Compression phase (Fig. 8). The active
model predicts that action of the com-
pressor muscles will raise the buccal pres-
sure, forcing the fresh air from the buccal
cavity into the lung. In the passive model,
it is assumed that as the fish dives into the
water, hydrostatic pressure would move the
air from the buccal cavity into the lung
without any muscle actions.

EXPERIMENTAL TESTING OF THE MODELS

The models of the buccal pulse pump
can be tested by measuring the pressure
changes in the buccal cavity and recording
the action of muscles electromyographi-

cally. Both active and passive transfer do
occur in Amia. During passive transfer,
there is no muscle activity and no appre-
ciable change in buccal pressure (Fig. 9).
Passive transfer is observed under normal
conditions, while active transfer occurs
when the fish is in very shallow water. As
predicted by the model, active transfer
involves activity in the expansive muscles
and a drop in buccal pressure. Expulsion
is always active, involving a rise in buccal
pressure and actions of the compressive
muscles (Fig. 9). Thus the passive model
must be rejected. Intake is indeed invari-
ably active as predicted by the model and
involves a sharp drop in buccal pressure
and activity in the expansive muscles.
Compression is characteristically active and
prolonged with strong actions of the com-
pressive muscles, resulting in a significant
increase in buccal pressure. Passive
compression by hydrostatic pressure has
never been recorded and must be rejected.

THE BUCCAL PULSE PUMP:
A PISCINE BREATHING MECHANISM

Buccal pulse pumping characterizes the
breathing mechanisms of all fishes with

D
ow

nloaded from
 https://academ

ic.oup.com
/icb/article-abstract/28/2/739/211436 by guest on 28 N

ovem
ber 2018



FORM AND FUNCTION OF LUNGS 751

their primary or secondary lungs. The pat-
tern of exhalation followed by inhalation
is found in all fishes and even the pattern
of muscle actions and pressure changes fol-
low that of Amia (Fig. 9) very closely. Nota-
ble exceptions are the lungfishes (Protop-
terus, Lepidosireri) having a passive expulsion
phase (Fig. 7).

Buccal pulse pumping may be viewed as
rather inefficient energetically. It can be
aruged that the volume of air that may be
moved during a single pulse will be a func-
tion of the pressure differential between
lung and buccal cavity and of the volu-
metric change possible in the buccal cavity.
Thus a limitation is placed on the ratio of
tidal volume to lung volume (Gans, 1970a).
However, the buccal cavity of fishes is
known to generate much higher pressure
changes during feeding than is recorded
for air ventilation (Lauder, 1980). Thus,
the buccal cavity is essentially working well
below its potential during air ventilation
and is overdesigned both in respect to cre-
ating a sufficiently large pressure differ-
ential between lung and buccal cavity, and
to its volume. The fish invariably has an
excess of air to expel after inhalation is
completed (Fig. 5). The excess volume and
pressure capacities of the buccal apparatus
can easily induce rapid flow of air. Lungs
can be filled completely between 50-200
msec (Fig. 5). Overdesign of the buccal
pump may reflect the primary and original
function of suction feeding which requires
a musculature apparatus and kinematic
mechanism (Lauder, 1980; Bemis and Lau-
der, 1986) far exceeding the functional
demands for air breathing.

The pulse pump may also be viewed as
less efficient because the buccal cavity is
also strongly affected by the selective pres-
sures of the feeding system. This would
result in a selective compromise, rather
than optimization toward the demands of
most effective ventilation (Gans, 1970a).
Fishes belonging to various lineages with
lungs or respiratory gasbladders (Liem,
1989) have feeding specializations com-
parable to those lacking air breathing
capacities. Thus there seems little evidence
for the alleged limiting effects of selective
compromise on the feeding apparatus and

E
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1 c

1MB
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•
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I
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FIG. 9. Summary diagrams of pressure recordings
of the buccal cavity and electromyographic record-
ings of key respiratory muscles of Amia calva during
the ventilatory cycle. The top diagram summarizes
the pattern during passive transfer of gas from the
lung to the buccal cavity while the bottom diagram
represents active transfer. Black bars indicate that the
muscles are active. BP, buccal pressure; C, compres-
sive phase; E, expulsion phase; EP, epaxial muscles;
GH, geniohyoideus, interhyoideus muscles; I, intake
phase; SH, sternohyoideus muscle.

on the overdesigned pulse pump, which
works well below its realized capacity for
suction feeding when moving air during air
ventilation. The inherent overdesign of the
buccal pulse pump may account for the
conservation of its basic structural and
functional organization during the long
evolutionary history of the piscine air
breathing forms.

THE FROG'S BREATHING MECHANISM:
HISTORICAL COMPROMISE

The buccal pulse pump in frogs is often
regarded as not a very effective way to pro-
vide for more than low levels of ventilation,
and the limitation of breathing capacity
may have constituted a major constraint in
amphibian evolution.

Air is drawn in via the open nostrils into
the lowered posteroventral portion of the
oropharyngeal cavity through the action
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BUCCAL PRESSURE

INTERMANDIBULARIS

INTERHYOIOEUS

QENIOHVOIDEUS

STERNOHYOIDEUS

FIG. 10. Diagrams showing air flow patterns and
mechanical movements that make them possible and
the time relationship among lung pressure, buccal
pressure, and the electromyograms of the key respi-
ratory muscles in the frog. Muscle firings are indi-
cated with black bars (modified from de Jongh and
Gans, 1969 and Gans, 1970a). a. With the glottis closed
and nostrils open, the floor of the mouth is lowered
and air is drawn into the posteroventral portion of
the buccal cavity, b. The glottis opens and gas is forced
along the dorsal roof of the buccal cavity and out
through the open nostrils by the elasticity of the wall
of the lung. c. The nostrils close and compression of
the buccal cavity forces the fresh air stored in the
posteroventral portion into the lung. d. The glottis
closes and nostrils open to flush out buccal gas prior
to the following ventilatory cycle.

of the expansive (sternohyoideus) muscles
(Fig. 10). The glottis opens to allow the
outflow of pulmonary gas that streams
through the dorsal aspect of the chamber
to exit via the nostrils. Contraction of the
compressive (interhyoideus, geniohyoid-
eus, intermandibularis) muscles closes the
nostrils and forces the air from the pos-
teroventral portion of the cavity into the
lung. This three-cycle flow pattern serves
to bypass air past the pulmonary contents
with minimal mixing. It represents an
improvement for an intrinsically poor
sequence that has apparently been retained
from a lungfishlike condition (Gans,
1970a). Because intrapulmonary pressure
remains so high, the buccal pulse has to
impart significant compression, and a large
fraction of the energy in a given pulse serves

compression rather than flow. Volumes of
buccal cavities of frogs do place significant
limitations on the ratios of tidal volumes
to lung volumes, since the frog's buccal
cavity cannot expand to the same extent
as that of suction feeding fishes. Many of
the disadvantages of the frog's buccal pulse
pump may reflect historical factors: The
buccal pulse pump as found in the piscine
suction feeding ancestors functioned
extremely well in aquatic habitats. But with
the invasion of terrestrial surroundings
accompanied by a radical shift to non-suc-
tion feeding mechanisms, pulse pumping,
which was inherited from lungfishlike
ancestors, has become energetically
underdesigned, thus limiting the size of
frogs. However, the pulse pump in frogs
has become integrated with vocalization
mechanisms involving pulsatile shifts of the
pulmonary contents into the vocal sacs
(Gans, 1970a). Vocalization plays a key role
in salientian social organization, and for
this reason the relatively inefficient pulse
pump is not likely to be restructured (Gans,
19706).

THE ASPIRATION PUMP AS A
BREATHING MECHANISM

In terrestrial surroundings pulse pump-
ing is inefficient. The functional require-
ment of moving air in and out of the gas
exchanger can be met more efficiently by
shifting from pulse pumping to aspiration
pumping. In aspiration pumping the energy
required to deform the lung is applied
directly to the lung simply by placing the
lung within the pump, which is either the
pleuroperitoneal cavity or the chest cavity.
As the chest cavity (pump) in which the
lung is freely positioned expands, the
resulting pressure drop directly lowers the
pressure of the lung to subatmospheric
levels aspiring air in a single stroke inde-
pendent of the structural features of the
buccal cavity. When pressure in the cavity
surrounding the lung increases, it will
directly cause the intrapulmonary pressure
to rise above atmospheric resulting in
exhalation.

The emergence of the aspiration pump
decoupled the feeding apparatus from the
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breathing apparatus. Such a decoupling
constitutes an adaptive breakthrough in
terrestrial vertebrates since the buccal
apparatus can reflect the selective effects
of functional demands in feeding. In aspi-
ration pumping the transient deformations
of elastic tissues can be recaptured in the
form of elastic recoil. Flow in aspiration
pumping can be continuous, requiring
lower pressures and can even be effective
in driving air through narrow tubes. Thus,
aspiration pumping has opened up new
pathways for novel designs of lungs, which
can now be further subdivided and evolve
tracheae, bronchi and bronchioles. As a
result lungs are no longer functionally con-
strained to the simple balloon configura-
tions so characteristic in fishes and amphib-
ians.

MULTIPLE DESIGNS:
REPTILIAN EXPERIMENTS

The selective advantage of aspiration
pumping is clearly mirrored among rep-
tiles in which each group evolved a differ-
ent mechanism.

In turtles (Fig. 11) the volume of the
cavity within the shell can be changed by
inward and outward movements of the
limbs and girdles and special respiratory
muscles that form a concave closure around
the posterior or anterior apertures lateral
to the limbs. Ventilation results from
changes in visceral volume brought about
by inward and outward movements of the
limbs and girdles (Gaunt and Gans, 1969).
Changes in visceral volume cause changes
in pressures in both the visceral cavity and
lung. When the transverse abdominis and
pectoralis muscles (Fig. 11) contract, they
cause an inward movement of the pelvic
and pectoral girdles, respectively, thereby
increasing the visceral and thus the intra-
pulmonary pressure, which in turn leads to
exhalation. Inhalation is brought about by
action of the obliquus abdominis and ser-
ratus muscles, which move the girdles out-
ward, causing an increase in visceral vol-
ume, which lowers the pressure in the
visceral cavity and lung.

Among crocodilians yet another version
of the aspiratory pump evolved (Gans and

TRANSVERSUS ABDOMINIS

IDLE PROTRACTOR

OBLIQUUS ABDOMINIS

FIG. 11. The mechanism of lung ventilation in a
turtle as deduced from pressure recordings and elec-
tromyography by Gaunt and Gans (1969). Action of
the transversus abdominis and pectoralis muscles
decreases pressure in the abdominal cavity and, there-
fore, increases intrapulmonary pressure to cause
exhalation. Action of the girdle protractor and obli-
quus abdominis increases the visceral volume and
intrapulmonary pressure drops below atmospheric
pressure (modified from Gaunt and Gans, 1969).

Clark, 1976). From the glottis in the phar-
ynx, a long trachea passes posteriorly, sub-
dividing into two bronchi that enter into
the elaborate lungs housed within a rib cage
(Fig. 12). Ventilation is diphasic. Exhala-
tion is accomplished by the action of the
transverse abdominal muscles which
squeezes the visceral cavity posterior to the
liver thereby forcing the liver anteriorly.
The anterior shift of the liver reduces the
pleural cavity. Reduction of the thoracic
cavity is enhanced by actions of deep dorsal
intercostal muscles. Pleural volume reduc-
tion causes an increase in the cavity sur-
rounding the lung. Intrapulmonary pres-
sure rises above atmospheric and the glottis
opens for exhalation to proceed. Inhala-
tion is the result of contractions of the dia-
phragmatic muscles, which pull the liver
posteriorly. The backward shift of the liver
increases the volume of the chest cavity
which lowers the pressure around the lung.
Reduction in pressure of the pleural cavity
is enhanced by the ventral deep intercostal
muscles. Coincident with the drop in pleu-
ral cavity pressure is a decline of intrapul-
monary pressure to subatmospheric values,
and inhalation occurs. Thus the aspiration
pump in crocodilians is driven by a hepatic
piston.

Other pattens of aspiration pumps are
found in lizards and snakes and aquatic
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EXHALATION
L U N G DIAPHRAGMATIC •

INTERCOSTALS I LIVER

FIG. 12. Simplified representations to show the major pattern of muscle actions causing exhalation and
inhalation in the caiman {Caiman crocodylus). During exhalation the abdominal cavity is squeezed by the
abdominal muscles forcing the liver to move forward pistonlike. During inhalation the diaphragmatic muscles
pull the liver backward. Active muscles are indicated with single arrows. Broken arrows indicate airflow
(modified from Gans, 1970a and Gans and Clark, 1976).

reptiles (Clark etal, 1978; Gans and Clark,
1978).

T H E AVIAN BREATHING MECHANISM:
OPTIMAL DESIGN

The avian breathing mechanism repre-
sents an unmatched efficiency in functional
design for efficient gas exchange (Duncker,
1972; Piiper and Scheid, 1977; Piiper,
1978). The key innovation in avian lung
design is its semirigidity (Fig. 13) expressly
for the purpose of maintaining patency of
the small airways. The lungs cannot expand
or contract during the ventilatory cycle.
Instead an arrangement of air sacs that
connect with the major airways and the
lungs provides compliant reservoirs, which
can empty or fill during the ventilatory
cycle. The air sacs (Fig. 12A-E) are exclu-
sively ventilatory. Pressure changes in the
air sacs are generated by contraction of a
large number of muscles that attach to the
thoracic wall. During inhalation the ster-
num is moved forward and downward while
the ribs move outward with resultant
expansion of the thoracoabdominal space.
Exhalation is caused by contraction of
abdominal muscles.

Tracing the path followed by the inhala-

tion and exhalation phases requires knowl-
edge of the complex anatomical arrange-
ment (Fig. 13). During inhalation air from
the primary bronchus (Fig. 13: 1) enters
the mesobronchus (2) and is mostly directed
into the posterior sacs (D and E), but some
enters the dorsobronchi (4) and from there
into the parallel set of fine air tubes, called
the parabronchi (6). Air that followed the
route mesobronchus-dorsobronchus-par-
abronchi emerges into the ventrobronchus
(3). During exhalation air from the pos-
terior sacs (D and E) enters, in part, the
mesobronchus, but more is routed to the
dorsobronchi and through the parabron-
chi and thence into the ventrobronchi. Air
in the anterior sacs (A-C) also enters the
ventrobronchi and out through the pri-
mary bronchus.

The important consequences of this cir-
cuitous routing is that the parabronchi are
ventilated in a continuous flow from large
posterior air sacs that are periodically filled
with fresh air; the outflowing air is col-
lected into the anterior sacs. Thus the pos-
terior air sacs serve as bellows. The para-
bronchi represent the gas exchanger. The
maze of fine air tubes are interlaced with
blood capillaries. Air entering the para-
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^Mi iP

FIG. 13. Diagrammatic representation of the airflow pattern during inhalation (a) and exhalation (b) in a
generalized bird. The lungs are represented by the paleopulmonic (6) and neopulmonic (7) parabronchi. The
air sacs are as follows: A, cervical; B, interclavicular; C, prethoracic; D, postthoracic; E, abdominal. Bronchi
are: 1, primary bronchus; 2, mesobronchus; 3, ventrobronchi; 4, dorsobronchi; 5, laterobronchi. Solid arrows
indicate airflow, while open arrows depict movements of the walls of the air sacs (from Duncker, 1971,
Ergebnisse Anat. Entwickl. Gesch. 45).

bronchi is kept at a PO2 equivalent to that
in ambient air, and it will gradually fall
along the parabronchial path as oxygen is
being extracted by the capillaries that cross
this pathway as parallel loops. As a result,
the PO2 of the blood leaving the lung will
be higher than the PO2 of the air leaving
the parabronchi (Scheid and Piiper, 1972).
Thus the avian lung is much more efficient
than alveolar lungs in the sense that it can
better extract the oxygen content of the
air passing through the lung. This extraor-
dinary design has been retained through-
out the explosive adaptive radiation of the

birds. Equipped with this superb gas
exchanger, birds have been able to effec-
tively exploit all available major land hab-
itats including the highest altitudes.

THE MAMMALIAN DESIGN AS A
COMPARATIVE STANDARD OF REFERENCE

Because gas exchange requires a large
surface of air-blood contact, the gas
exchange units are arranged around the
terminal branches of a highly branched air-
way tree. As a result the basic structure of
the mammalian lung looks like three well-
matched interdigitating trees, one each for
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FIG. 14. The chest wall: anatomy of the human aspi-
ration pump. A. Note the oblique course of the exter-
nal (ext) and internal (int) intercostal muscles which
act as inhalation and exhalation muscles respectively.
The dome-shaped diaphragm can be seen projecting
into the chest cavity. B. Anatomy of the key mam-
malian innovation, the diaphragm. The diaphragm
consists of several parts: one part arises from the ver-
tebral column to form the crura which let the esoph-
agus and major vessels pass through, while the sheet-
like muscular part originates from the lower edge of
the rib cage forming the diaphragmatic dome and the
fibrous part (F) accommodating the passageway of the
inferior vena cava. AO, aorta; D, diaphragm; ES,
esophagus; ext, external intercostal; F, fibrous plate
of diaphragm; int, internal intercostal; VC, inferior
vena cava. (Reproduced from E. R. Weibel, The Path-
way for Oxygen, Harvard University Press, 1984.)

air, arterial and venous blood, all converg-
ing in the small gas exchange units at their
end branches. In contrast to the design of
alveolar lungs of fishes, amphibians and
most reptiles, the mammalian lung can be
subdivided into two functional zones, the
respiratory zone consisting of the entire
complex of gas exchange units and the con-
ducting zone made up of the set of branch-
ing conduits. The mammalian lung with its
millions of alveoli (respiratory zone) con-
nected to the outside air via the conductive
zone behaves like a balloon that is kept
expanded in the chest cavity. As we have
seen, the lung is built as an elastic bag so
as to allow its gas to be ventilated. The lung
is separated from the chest wall by a nar-
row fluid-filled gas, the pleural space. Ven-
tilation proceeds in two phases. Inhalation
is accomplished by expanding the chest
cavity. In the resting state, the ribs droop
forward and to the side. When the ribs are
lifted by contraction of the external inter-

costal muscles (Fig. 14) they also move to
the side and move the sternum upward.
Thus, both the lateral and the anteropos-
terior diameter of the chest become
enlarged. Anatomically the external inter-
costal muscles are well positioned for this
function since they slope downward and
forward, and their muscle fibers run from
the lower edge of one rib to the upper edge
of the next. The most important muscle
for inhalation is the diaphragm; when the
diaphragm contracts, its dome-like con-
tour flattens and the chest cavity becomes
enlarged in the vertical direction. Exha-
lation is effected by the internal intercostal
muscles which take an opposite course to
that of the external intercostals so that their
contraction pulls the ribs downward.
Relaxation of the diaphragm muscle will
cause it to recoil into a dome-shape,
decreasing the chest volume in the vertical
direction. Thus respiration requires alter-
nating contraction and relaxation of inspir-
atory and expiratory muscles.

In the mammalian breathing mecha-
nism, the narrow space separating the lung
from the chest wall, the pleural cavity, is
bounded by epithelial linings, the visceral
pleura and parietal pleura, and contains
fluid (Fig. 15). This gives the lung freedom
to move within the pleural cavity. During
inhalation when the diaphragm contracts,
the pleural cavity expands downward: Flat-
tening the diaphragmatic dome opens up
the costodiaphragmatic recess (Fig. 15) and
this will pull down the lower surface of the
lung. For all air space units (the respiratory
zone) to expand homogeneously, all parts
of the lung must allow this downward
movement. This occurs when the visceral
pleura covering the lung glides along the
parietal pleura lining the pleural space. The
retractive or recoil force of the lung
generated by surface tension and elastic
tension, exerts a concentric pull on the
visceral pleura which is, however, coun-
teracted by the chest wall and the muscle
tone of the diaphragm and intercostal mus-
cles. Because of this dynamic interplay of
forces, a negative pressure is created in the
pleural space. During exhalation, the vol-
ume of the chest cavity decreases vertically
and in the anteroposterior direction,
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respectively by recoil of the flattened dia-
phragm back into a dome shape and by
lowering the ribs with the internal inter-
costal muscles. The resulting increased
pressure within the chest cavity, and there-
fore the lungs, will cause the lung to deflate.
As the lung becomes deflated, its lower
edges retract upward (Fig. 15). As a result
the pleural cavity is now larger than the
lung and the parietal pleura covering the
diaphragm becomes apposed to that of the
chest wall. In this way fluid-filled pleural
recesses are formed. Likewise, the forward
edges of the lung retract sideways and pleu-
ral recesses appear between the pericar-
dium and the anterior chest wall. These
pleural recesses create the necessary space
for the lung to reinflate on inhalation into
an expanding pleural cavity.

The complete partition between the tho-
racic and abdominal parts of the celom by
the diaphragm can be considered a key
evolutionary innovation for mammals.
Once this partition has been completed,
the characteristically mammalian pattern
of aspiration breathing is established. Mus-
cularization transformed the diaphragm
into the principal force during inhalation.
When the thoracic cavity became com-
pletely isolated as a unit by the muscular
diaphragm, the functional demand of ven-
tilating the elaborate airways could be sat-
isfied by an energetically most efficient
design. Inhalation, which takes place
actively by contraction of the diaphragm,
is followed by very efficient exhalation
without muscular effort. Apparently the
potential energy created by the contrac-
tion of the diaphragm is stored in the elas-
tic tissues of the thoracic unit and the lung.
This energy is released when lung and tho-
rax recoil, causing exhalation. The maxi-
mal matching of form and functional
demand of the mammalian design of lungs
and breathing apparatus is further per-
fected by the coupling of breathing pattern
with mode of locomotion (Bramble and
Carrier, 1983). During canter of the horse,
inhalation is coincident with the lifting of
the lead forelimb. At this point the horse
leaves the ground and air flows into the
lung. When the limbs return to the ground,
the thoracic cage undergoes compressive

parietal pleura

visceral pleura

pulmonary
ligament

costo-
diaphragmatic
recess

FIG. 15. The human chest cavity and contents in a
frontal section to show the topography of the lungs
and pleural space during exhalation (broken line) and
inhalation (solid heavy line). Single arrows indicate
retractile forces of lung. The costodiaphragmatic
recess is a reserve space for lung expansion. Double
arrows show the movements of the lung base and
periphery between deep inhalation and exhalation.
(Reproduced from E. R. Weibel, The Pathway for Oxy-
gen, Harvard University Press, 1984.)

loading. As the loading escalates, exhala-
tion begins at a high rate. During the gal-
lop, inhalation is confined to the off-loaded
interval when the horse is entirely off the
ground or supported by the hind limbs only.
As the first forelimb touches the ground,
thoracic loading begins and exhalation
starts. Phase-locking gait and respiration is
clearly adaptive since increased demands
for oxygen are met by increased ventila-
tion automatically when the animal shifts
from one mode of locomotion into the
other. Such fine adaptive tuning of meet-
ing varying functional demands is estab-
lished by fortuitous mammalian thoracic
design in which the thoracic complex is
coupled mechanically in such a way as to
enable phase-locking gait with respiration.

EPILOGUE

The evolution of form and function of
vertebrate lungs illustrates how new struc-
tures often evolve by intensification of one
of the original functions of an existing
structure. Thus a new structure is often
merely a modification of a preceding struc-
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ture to match new functional require-
ments. There may not be much new in bird
and mammalian lungs, but we have seen
that permutations of the old within com-
plex systems can do wonders. The original
coating of the primitive piscine lung by sur-
factant as a protective device took up an
entirely novel role as a highly effective sur-
face-tension reduction device in the pro-
fusely partitioned alveolar lung, making it
possible for the lung to evolve a dramati-
cally enlarged, super-thin respiratory sur-
face area that can easily be deformed with-
out collapsing.

Functional morphologists strike a bal-
ance between morphologist's biases
(preoccupation with structural complexity)
and those of physiologists (reduce com-
plexities to quantifiable subunits). In doing
so we can examine biological problems in
more holistic terms. Thus the pulse pump
in conjunction with the piscine lung design
in the aquatic habitat can be considered
maximally matched to the functional and
metabolic demands of the animals. The
assertion that pulse pumping is inefficient
seems quite unfounded; to the contrary, by
considering the functional capacities of the
suction feeding apparatus, one can confi-
dently hypothesize that the piscine buccal
pulse pump is considerably overdesigned
for the piscine lung and respiratory
requirements. Such a perspective can only
be gained by considering the feeding and
breathing apparatus simultaneously as an
integrated complex. The alleged ineffi-
ciency of the buccal pulse pump is only
apparent when viewed in isolation as a
quantifiable subunit.

With the invasion of terrestrial habitats
accompanied by higher metabolic require-
ments, the vertebrate lung became subdi-
vided with narrower airways and spaces
offering much greater resistance during
filling, rendering the pulse pump inade-
quate. With the emergence of nostrils and
internal choanae and narrow air passages,
the stage was set for the emergence of the
aspiration pump. By putting the lungs
within a cavity that serves as a pump, the
aspiration pump was established and feed-
ing and respiration became decoupled. The
emergence of the aspiration pump and the

decoupling of the feeding and breathing
mechanism have had cascading effects on
the diversity of feeding and respiratory
specializations among reptiles. Decoupling
or removal of constraints often enhance
the potential diversity in form and function
of descendant taxa (Liem and Wake, 1985).

The principle of symmorphosis, the opti-
mal matching of design with functional
demands finds great support in the avian
breathing apparatus, which is endowed with
a key evolutionary innovation by having
the highly specialized lung continuously
ventilated by multiple air sacs that function
as bellows. The unsurpassed efficiency of
the avian breathing apparatus matches the
exceptional functional demands for the
high level of metabolism of birds. The air
sac system is maintained throughout the
evolutionary radiation of the birds. It
enabled birds to successfully penetrate and
exploit countless new habitats, including
flying over the Himalayas without the help
of oxygen masks!

The merit of the more holistic approach
of functional morphology is especially evi-
dent in the attempts to explain the mam-
malian respiratory system, which by its iso-
lated thoracic cavity and unique muscular
diaphragm, has developed an amazingly
efficient aspiration pump. But even the
most elegant studies concentrating on the
lung surface, architecture of the lung, and
biomechanics of the thoracic complex
would fail rather miserably to gain insights
into the crucial adaptive feature of the
mammalian breathing apparatus: Its built-
in coupling with the locomotory apparatus.
Functional morphological analysis revealed
a coupling between gait and respiration
(Bramble and Carrier, 1983). The integra-
tion of the respiratory and locomotory
apparati adds a significant dimension to our
understanding of adaptive functional effi-
ciency. Thus the seemingly disparate exist-
ing building blocks, when pieced together,
give rise to an "unexpected" new adaptive
functional complex of high selective value.
The fusing together of individual charac-
ters into this new character complex has
wide-ranging functional implications. Yet,
it appears that the coupling of gait and
locomotion is a quasi-accidental coming
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together of two structural complexes
resulting in a new character with a shared
function of high selective advantage. Here,
again, the "new" feature is merely a com-
ing together of preceding complexes.
Functional morphologists directly deal with
this kind of functional and structural com-
plexity that confers an unbounded poten-
tial upon simple, continuous changes in
underlying processes. Much remains to be
discovered in respiration biology from a
functional morphological point of view.
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