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1. EBEWIRRE (4600Ma~)
fe ~ 1/1000 [Schwartzman and Volk, 1989]
2. AR FED A H (3800Ma?~)
fe ~ 1/7 ~ 1/3 [e.g., Drever and Zobrist, 1992]

CO,LRJL

3. M ERIEYDHIREEH (420~350Ma)
fe ~ 2/5 ~ 3/4 [wolk, 1989]

4, fEFHEYI D EH (140~80Ma)
fo=1

HTHE

BB F\° = kS fz(t) = fa(t) = fs(Pcon, Ts)

B EAEMEL - RBRELELEDEM ey el
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x [E EHEYDOILEEERE: ~7F B EFEE [Stewart, 1983]
W B DHLELRFRE : ~6F HFEFEE [Lidgard and Crane, 1988]
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Figure 1| Pulmonary ar-sac system in a bird. a, Latex injection (blue) of
the pulmonary system in s duck (Anas crecca), highlighting the extent of air
sacs throughout the body. b, Main components of the avian flow-through

system (ribs have been lustrated in their proper anatomical positions).

Crth, cranial thoracic air sac; Cv, cervical air sa; F
Lu, lung Lwd, lateral vertebral diverticuls; Py, pelvis; Tr, trachea.

Figure 3 | Vertebral pneumaticity in avian and non-avian theropods.
Comparisons between a bird (a, b) and theropod dinosaur (¢, d) in candal
(a, c) and right lateral (b, d) views, llustrating the topological similarity of
pneumatic features. a, b, Cranial thorack vertebm of a sarus crane (Grus
antigone, SBU AV104063). ¢, d, Mid-cervical (c) and cervicothoracic (d)
vertebra of an abelissuroid theropod (Mapungatholus atopus, UA 8678).
Scale bar, 1 am (a, b) and 3cm in (¢, d). CeP, central pneumatic foramen;
NaP, neural arch pneumatic foramen; Ne, neural canak Ns, neural sping
Pp, parapophysis

BlXEFELEILRE

Abd, abdominal air sac; Cdth, caudal thoracic air sac, Cl, davicular air sac;
3 Fu, furculs; Hu, humerus;

Figure 4 | Reconstruction of pulmonary airsac system in Majungatholus
atopus(based on UA 8678/FMNHPR2278/2100(ref. 21)). a, Pulmonary
components based directly on vertebral morphology in UA 8678 indude the
following cervical system (green), lung (orange) and abdominal system
(blue). In modern birds, clavicular and thoracic air sacsare also present (see
Fig. 1); their placement here (indicated in light grey), combined with the
overlapping nature of other components, representstertiary-level inferences
emphasizing the uncertainty surrounding the reconstruction of soft tissues

VAT LEZE-STLV:

not constrained by osteological evidence. Unknown skeletal elements are
indicated by dark grey shading b-f, Vertebrae (b—e) and rib (f) of UA 8678
illust rating pneumatic features. b, Second cervical; ¢, first thoracic d, ninth
thoracic (reversed); e, sacral complex, left lateral view; f, left ninth cervical
rib, medial view (reversed). CeP, central pneumatic foramen; CoP, costal
poeumatic foramers; Cp, capituluny; IVF, interve tebral foramen; NaP, neural
arch pneumatic foramen; Ns, neural spine; Pp, parapophysis Th,
tuberculum,
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[O’Connor and Claessens, 2005]
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