
well-established respiratory equations to 

A letter contests the view that a CT scan of Australopithicus model the gas exchange potential of the 
reptilian oxygen delivery system and to 

africanus "is about to  wreak havoc on our view of hominid evo- examine the role of lung structure in con- 
lution." Other letter writers discuss theropod dinosaur and an- straining gas exchange. Each step in the 
cient bird "breathing mechanisms," looking at  how "lung venti- oxygen cascade is described by a set of 
lation and gas exchange" relate to the dinosaur-origin-of-birds respiratory equations and, consequently, it 

hypothesis. is possible to describe mathematically the 
flux of oxygen through the entire cascade 
and to evaluate the impact of modifica- 

NO Surprises? Dean Falk's Research to publish our results as quickly as you can tions in any of its components (3). We 
commentary "Hominid say "Ardipithecus." When reading a film used this approach to predict the effects of 

brain evolution: Looks can be 
deceiving" (Science's Com- 
pass, 12 June, p. 1714) con- 
tends that "another new speci- 
man.. .is about to wreak havoc 
on our view of hominid evolu- 
tion" and that it changes the 
big picture. A cranium (Stw 
505) found at Sterkfontein, 
South Africa, in 1989 was no 
surprise-the site has been 
~roducine s~ecimens for more 
ihan 50 ;ears. A coffee-table 
book (1) and "the grapevine" speculated 
that it had a 600+ cubic-centimeter (cm3) 
brain. To test this, brain volume was esti- 
mated by using a computed tomography 
(CT) scanner. The digital measure 
matched the volume obtained by tradition- 
al water displacement, but not the coffee- 
table book or the grapevine. Conclusion: 
CT scanners are more accurate than ru- 
mors. To have these sources match, or to 
have found a brain, would have been sur- 
prising. A mere volume of 5 15 cm3 for 
Australopithicus africanus is not. Readers 
still searching for the surprise, anticipating 
havoc in the field and changes in their "big 
picture," may be disappointed by these 
facts, but not all summer "blockbusters" 
live up to reviews by friendly critics. 

Tim White 
Laboratory for Human Evolutionary Studies, Mu- 
seum of Vertebrate Zoology, and Department of 
Integrative Biology, Univers i ty  o f  California, 
Berkeley, CA 94720, USA, E-mail: timwhite@socra 
tes.berkeley.edu 
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Response: 
Stw 505 is important because of its unex- 
pected cranial capacity of 515 cm3, which 
suggests that the cranial capacities of other 
hominid fossil specimens may have been 
incorrectly estimated. Since writing my 
commentary, my colleagues and I have ex- 
tensively researched the endocasts in our 
collection and have begun to compare 
them with 3D-CT reconstructions from the 
actual specimens from which they were 
taken. We are mighty surprised, and intend 

review, I always hope that the 
critic (friendly or otherwise) 
has actually seen the picture. 
Worthwhile science,  like a 
credible film review, depends 
on knowledge of the subject 
matter. In other words, the 
proof, as it relates to the signif- 
icance of Stw 505, is in the 
pudding. I believe that White 
and I are both attending a small 
worksho~ in August. I'm bring- 
ing the puddini  White shouid 

bring a spoon. 

Dean Falk 
Department of Anthropology, State University of 
New York a t  Albany, Albany, NY 12222,  USA, 
d.falk@albany.edu 

Lung Ventilation and John A. Ruben 
Gas Exchange in and h is  co l -  

leagues sug- Theropod Dinosaurs gest - \ 

14 Nov. '1997; 
p. 1267) that the lung of theropod di- 
nosaurs was most likely similar in form to 
that of several extant reptiles and was 
therefore incapable of sustaining high oxy- 
gen (02)  exchange rates characteristic of 
endothermy. We disagree for two reasons. 
First, we examined the comparative physi- 
ology literature and determined that maxi- 
mum oxygen exchange rates (V02max) of 
some extant reptiles overlap the oxygen 
consumption rates measured in some 
mammals during activity. Specifically, ex- 
ceptionally active reptiles with multicam- 
era1 lungs ( I )  (for example, monitor 
lizards and sea turtles) have values of 
V02max that overlap or approach the oxy- 
gen exchange rates measured in similar 
size mammals during activity (2). There- 
fore, the septate lung in those reptiles must 
be capable of sustaining rates of gas flux 
characteristic of endotherms. However, 
mammals and birds "typically" have a 
greater V02max. Therefore, we addressed 
the question of what modifications in the 
oxygen transport system of  an extant 
reptile would be necessary to support 
higher rates of oxygen consumption. 

We used morphological and physiologi- 

modifying-several parameters in the oxy- 
gen cascade on V02max in a 1-kilogram 
lizard Varanus exanthematicus (4). Our 
analysis included four modifications: (i) a 
small increase in the maximum cardiac 
output; (ii) an increased oxygen carrying 
capacity of the blood from reptilian to 
mammalian values; (iii) an increase in 
maximum cardiac output combined with 
the changes in blood oxygenxarrying ca- 
pacity; and (iv) an increased respiratory 
gas exchange area in the dorsal region of 
the lung through elaboration of the inter- 
camera1 septa with a membranous region 
in the ventral portion of the lung. Without 
modification of the lung structure, our 
analysis predicts that changes in blood 
oxygen capacity and cardiac output sup- 
port a V02max that is 50% of the value for 
a "typical" 1-kilogram (kg) mammal (5). 
However, if we combine these changes 
with conservative modifications in lung 
morphology, we predict a V02max that is 
nearly 70% of the typical mammalian val- 
ue. Our analvsis indicates that modifica- 
tions in several of the steps of the oxygen 
cascade have a cumulative effect on 
V02max ( 6 ) .  The resulting high oxygen 
flux rate mandates an increase in lung ven- 
tilation that is 233% above the maximum 
level measured in extant lizards. 

Lizards have a mechanical constraint 
on simultaneous vigorous locomotion 
and costal ventilation that arises from the 
design of the axial musculoskeletal sys- 
tem, and this mechanical constraint was 
probably the primitive condition for all 
tetrapods ( 7 ) .  Consequently, the funda- 
mental change required to support sus- 
tainable high oxygen exchange rates was 
the development of new mechanisms to 
increase ventilation (7). This constraint 
has been circumvented to varying de- 
grees in some extant lizards, for exam- 
ple, the use of the gular pump to assist 
costal ventilation during activity (8) and 
in the lineages that gave rise to en- 
dotherms by the evolution of ventilatory 
mechanics that are not limited by loco- 
motor requirements (7). 

Inadequate preservation of the soft-tis- 
sue componenk of the oxygen transport 
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system precludes accurate assessment of 
the aerobic potential of theropod di- 
nosaurs. However, on the basis of metabol- 
ic patterns in extant reptiles and our theo- 
retical analysis, we find that the notion 
that nonavian septate lungs constrain high 
oxygen flux rates is not supported. Our 
analysis suggests that modifications in 
lung structure were not a prerequisite for 
supporting higher oxygen consumption 
rates. In the mammalian and archosaur lin- 
eages that evolved endothermy, higher 
oxygen consumption rates could have been 
supported through changes in ventilatory 
mechanics and increases in blood oxygen 
content and cardiac output. 

James W. Hicks 

Colleen C. Farmer 
Department of Ecology and Evolutionary Biology, 
University of California, Iwine, CA 92697, USA 
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Ruben et  al. are to be commended for 
bringing forth yet another intriguing argu- 
ment concerning dinosaur physiology. 
While there may be evidence that theropod 
dinosaurs maintained a separate thoracic 
and abdominal cavity by means of a sep- 
tum, stronger evidence is needed to sup- 
port the idea that this membrane served as 
a diaphragmatic hepatic piston. The au- 
thors compare by analogy the partitioning 
of the body cavity of an alligator with 
Sinosauropteryx (their figure 5). It would 
be beneficial to show in a similar illustra- 
tion how this condition differs in other 
reptiles, as well as in birds. Teiid lizards 
(such as Tupinambis), for example, inde- 
pendently developed a non-muscular pos- 
thepatic septum dividing the lungs and liv- 
er from the abdominal viscera (I), yet un- 
like in crocodilians, this structure does not 
participate in ventilation. Varanid lizards 
(such as Varanus) similarly separate their 
lungs (which occupy most of the thorax) 

from the peritoneal cavity by means of a 
non-ventilatory, postpulmonary septum 
(I). Birds also developed a complex, non- 
muscular, septa1 partitioning of their body 
cavity by means of two membranes: the 
horizontal and the oblique septa (the latter 
separates all but the abdominal air sacs 
from the viscera, spanning the vertebrae to 
the sternal margin) (2). These septa, also, 
are nonventilatory in function. How can 
we rule out that we are not seeing some- 
thing similar in Sinosauropteryx? 

Ruben et al. also note the lack of an 
"expansive sternum," "hinged ribs," and 
evidence for "inhalatory filling of the ab- 
dominal air sacs" as indicators that 
theropods lacked modem avian lungs. The 
primary reason for the elongation of the 
sternum, however (along with the develop- 
ment of the sternal canna), appears to have 
been to increase the surface area for the 
origin of the flight muscles. The hinged 
ribcage can also be considered an adapta- 
tion to counter the forces incurred by the 
thorax during flight. What is the empirical 
evidence to argue that these features must 
have been in place before a modern avian 
lung could have developed? Additionally, 
the lack of air sac diverticula into bone 
may not have precluded the possibility of 
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that air sac's presence. Modern birds use 
caudal thoracic air sacs in addition to ab- 
dominal air sacs during inspiration: and 
the fornler do not typically ramify into the 
skeleton (3). Diverticula forainina are 
variable and are not well surveyed systein- 
atically in inodern birds; they may have 
been an inconstant feature in pre-ornithi- 
urine birds as well. 

Peter N. Nassar 
Department o f  Geology, Bryn M a w r  College, Bryn 
M a w r ,  PA 1 9 0 1 0 ,  USA, E-mai l :  pnassar@bryn-  
mawr.edu 
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Ruben ef iil.'s report about theropods'  
breathing mechanisms and ancient birds 
dovetails well with. data on diilosaur venti- 
lation mechanics. In presenting argulneilts 
using the Extant Phylogenetic Bracketing 
method propounded by Witmer ( I ) :  fossil 
evidence, and morphological correlation: 
the paper advances intriguing ideas of 
how theropods breathed and raises inter- 
esting questions about the timing of avian 
origins. For several years, we have studied 
the costal breathing mechanics of  di-  

u 

nosaurs. Dinosaur ribs have two proini- 
nent sites icaoitulurn and tuberculunll that 

\ L 

articulate with equally well-defined verte- 
bral structures (the parapophysis and di- 
apophysis), and these establish the direc- 
tion of costal breathing motion. Because 
respiratory inuscles are subject to well-es- 
tablished contractile limitations. it is ~ o s -  
sible to predict inaxiinal rib nlovement to 
make predictions of alligator breathing. 

Costal realignment potentially im- 
Droves ventilation with onlv small increas- 
es in muscle effort. Such a progressioil is 
observed in the fossil record. Theropods 
fro111 the Triassic and earliest Jurassic 
show unifornl costal-vertebral angles  
throughout the thoracic sequence. Rib 
movement tends to be directed nlore ante- 
riorly, and somewhat laterally, similar to 
the pattern seen in inodern lizards. This is 
undoubtedly inherited from an earlier state 
in ~vhich intercostal muscles participated 
in both locomotion and respiration (2). A 
stiff back and parasagittal stride removed 
Carrier's constraint from dinosaurs: allo~v- 
ing selection for optimal veiltilation me- 
chanics. Most Jurassic theropods exhibit 
improved vertebral-costal angles, with a 

C O M P A S S  

potential of nloving up to 40% more air 
per breath than their Triassic counterparts. 
There appears to be no further evolution 
occurring in North Ainerican theropods 
after the late Jurasslc (3). This has been 
puzzling for two reasons: first, additional 
biomechanical reserves existed, yet were 
not tapped: second. different clades of  
theropods converged on similar costal-ver- 
tebral angles. This inay have been a conse- 
quence of the hepatic piston suggested by 
Ruben ef 01. for theropods. 

A hepatic piston creates inedially and 
posteriorly directed forces during inspira- 
tion. As a result, posterior thoracic ribs 
which create the greatest lateral motioil 
are being moved by llluscles placed at less 
advantageous angles for this movement. 
Thls less effective movement reouires 
more llluscle effort than more anterior ribs 
and muscles. Thus. the limiting angles 
seen across distinctly different theropod 
clades inav be a coinoroinise between ven- 
tilation volumes, intercostal effort, and 
hepatic piston forces. 

What is clear is that all theropods mea- 
sured to date converge on rather similar 
rib-vertebral n~orphology by the Middle 
Cretaceous, and this suggests physical, 
rather than evolutionary. restrictions. 

The morphology of theropod breathing 
is consistent with an anteriorly ventilated 
bello~vs lung. Among Triassic theropods, 
Stuz~~.iko.cuui.~rs (4) alone shows slight 
modification, indicating that breathing se- 
lection for optimal angles began early. 

Because Jurassic birds already show 
unique costal-vertebral angles, divergence 
may well have occurred at an early stage 
before joint optimization occurred, possi- 
bly as early as the Triassic. 

Richard Hengst 
Depar tment  o f  Biological  Sciences, Purdue Un i -  
v e r s i t y - N o r t h  C e n t r a l  Campus,  W e s t v i l l e ,  I N  
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Response: 
Hicks and Farmer present a scenario for a 
three-fold expansion of resp i ra to~  exchange 
capacity in the varanid septate ("reptiliai~") 
lung. Nevertheless, we stand by our original 
conclusion that the nonavian septate lung is 
probably uilalterably constrained from sup- 
porting respiratory exchange coilsistent with 
maximal aerobic metabolic rates typical of 
active endothenns. 

As Hicks and Fanner point out, no ex- 
tant reptile is capable of aerobic respiratory 
exchange rates greater than about  20 
milliliters (ml) of O2 per kg per minute 

www.sciencemag.org SCIENCE VOL 281 3 JULY 1998 

Is the Reader 

issue of SCIENCE? 

Then use our new 

Online Reader 

Service to receive 

information on 

services advertised 

in this or any issue 

Online Reader 

are sent instantly 

via the Internet to 

all the companies 

you select. This 

means you 

receive detailed 

product information.. . 
fast. 

www.sciencemag.org 
Go to Electron~c Marketplace 
& select Reader Servlce Card 

SC~ENCE 
Online Reader Service 



% C I E N C E ' S  C O M P A S S  

(inin), or about 15 to 20% of those of typi- 
cal endotherms (that is, "Initial condition" 
VOzinax in their table 1). With a hypotheti- 
cal mammal-like "upgrade" of the circulato- 
ry system and optimized pulinonary diffii- 
sion capacity (DL,?), they calculate that with 
an idealized reptilian lung, a 1-kg animal 
might be capable of sustaining \I02max of 
67 ml O2 kg-' min-l. However, this is still 
only about 57% of V0,inax for a typical 1- 
kg inamma1 [ I16  in1 Oz k g 1  inin-', based 
on Taylor et ul.'s preferred regression (I)]. 
where Ir02max (ml per second) = 1 .94M0 j9. 

rnass (M) in kilograms. To our eyes, this dif- 
ference remains substantial and serves to 
emphasize' that even with inajor inodifica- 
tion, the reptilian septate lung seems con- 
strained from supporting gas exchange rates 
typical of inost extant endothelms. 

Nassar questions the basis for our as- 
suinption that the fore-aft partitioning of 
the \. isceral ca\ ity in theropods was neces- 
sarilv associated with a dvnamic. function- 
al hepatic-piston diaphragins rather than 
with a passive, teid lizard-like, post-hepat- 
ic septum. We assert that theropod visceral 
anatomy was associated ~riith a dynamic, 
crocodile-like 'diaphragm primarily be- 
cause of the shared presence of striking 
skeletal specializations in theropods and 

crocodiles. All species of both taxa pos- 
sess robust posterior gastralia and in par- 
ticular, a distinctive, tri-radiate pelvis that 
bears an elongated, spoke-like pubis. As 
discussed in our  original paper, these 
skeletal modifications in crocodilians are 
tightly associated with their service as ina- 
jor points of origin for the diaphragm-ati- 
cus muscles, which provide power for gen- 
erating the piston-like inoveinent of the 
liver during lung ventilation. 111 light of the 
crocodile-like inorphology of the theropod 
visceral cavity, pelvis, and gastralia, prin- 
ciples of  uniformity suggest that this 
anatomical complex in theropods is best 
interpreted as having also functioned in a 
crocodile-like inanner (that is, in associa- 
tion with a dyilainic diaphragm). In this 
regard, it is particularly sigilificant that 
Hengs t  interprets  theropod  poster ior  
costalrib inorphology as having been con- 
sistent with presence of a functional, mus- 
cularized diaphragm. Nassar also asserts 
that the absence of  bird-like thoracic  
skeletal specializations in theropods is not 
necessarily an indicator that dinosaurs 
lacked an avian-style lung. Rather, Nassar 
suggests that the mobile, expansive ster- 
nuin and uniquely hinged ribs of inodern 
birds are specializations that might have 

inore to do with the bioinechanics of flight 
than with lung ventilatory requireinents 
per se. However, birds have high lung veil- 
tilatory requirements (4, and these skele- 
tal inodifications are associated with a 
doubling of avian lung ventilatory capaci- 
ty beyond that provided by nonspecialized 
lateral ribcage expansion alone (3). Signif- 
icantly, even flightless birds (for example, 
ratites) retain virtually identical axial 
skeletal specializations for lung ventilation 
as occur in flighted birds (4). In contrast, 
the relatively simple theropod ribcage was 
unlikely to have been capable of sustainiilg 
lung ventilation rates consistent with an 
avian-style respiratory system 

John A Ruben 

Terry D. Jones 

Nicholas R. Ceist 
Department of Zoology, Oregon State University, 
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