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We describe a specimen of the basal ornithuromorph Archaeor-
hynchus spathula from the Lower Cretaceous Jiufotang Formation
with extensive soft tissue preservation. Although it is the fifth
specimen to be described, unlike the others it preserves signifi-
cant traces of the plumage, revealing a pintail morphology pre-
viously unrecognized among Mesozoic birds, but common in
extant neornithines. In addition, this specimen preserves the prob-
able remnants of the paired lungs, an identification supported by
topographical and macro- and microscopic anatomical observa-
tions. The preserved morphology reveals a lung very similar to
that of living birds. It indicates that pulmonary specializations
such as exceedingly subdivided parenchyma that allow birds to
achieve the oxygen acquisition capacity necessary to support
powered flight were present in ornithuromorph birds 120 Mya.
Among extant air breathing vertebrates, birds have structurally
the most complex and functionally the most efficient respiratory
system, which facilitates their highly energetically demanding
form of locomotion, even in extremely oxygen-poor environ-
ments. Archaeorhynchus is commonly resolved as the most basal
known ornithuromorph bird, capturing a stage of avian evolution
in which skeletal indicators of respiration remain primitive yet the
lung microstructure appears modern. This adds to growing evi-
dence that many physiological modifications of soft tissue systems
(e.g., digestive system and respiratory system) that characterize
living birds and are key to their current success may have preceded
the evolution of obvious skeletal adaptations traditionally tracked
through the fossil record.
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Although soft tissue preservation in fossils is considered ex-
tremely rare, during the last three decades, thousands of

specimens of feathered dinosaurs and birds have been collected
from Late Jurassic and Early Cretaceous deposits primarily in
China, recording numerous integumentary structures (1), varia-
tions in plumage (2), feather color (3), and even the dermal
structures of the wing (4, 5). Preservation of internal soft-tissue
structures is far less common. However, exceptional discoveries
of preserved soft tissues in Jehol birds have already revealed
aspects of the digestive tract (6), reproductive organs (7), ten-
dons/ligaments of the foot (8), and the internal structure of the
propatagium (5).
Neornithines have a highly efficient respiratory system with

unidirectional airflow, lungs supplemented by air sacs, and a
highly pneumatized skeleton (9). Although recent evidence sug-
gests that unidirectional airflow is plesiomorphic to Archosauria
(10, 11), the evolution of the avian form of respiration aided by
air sacs within the Dinosauria has been the subject of great in-
terest (12–14). Soft tissue traces being unlikely to fossilize, in-
ferences regarding respiratory function have previously relied
entirely on osteological features such as pneumatization (14) of
the skeleton and the morphology of the uncinate processes on
the thoracic ribs (15, 16). Here we report a plausible occurrence

of preserved traces of lung tissue in a stem bird, occurring in a
specimen of the basalmost ornithuromorph Archaeorhynchus
spathula (STM7-11; Shandong Tianyu Museum of Nature, Pingyi,
China; Fig. 1) from the Early Cretaceous Jehol Lagerstätte in
northeastern China. This Lagerstätte has produced more ex-
ceptional specimens of early birds and dinosaurs preserving
soft tissue than any other (1, 6, 7), a taphonomic phenomenon
likely exaggerated by the enormous volume of collected spec-
imens. Although this is the fifth specimen of Archaeorhynchus
to be described (17–19), this specimen is distinct in that it
preserves extensive soft tissue, which includes informative
feather remains. The identification of unusual soft tissue traces
in Archaeorhynchus STM7-11 as lungs is supported by topo-
graphical location and gross anatomical observations mainly
acquired by SEM analysis.

Results
Purported Lung Tissue. Preserved primarily in the counterslab of
Archaeorhynchus STM7-11 (SI Appendix, Supplementary Materials
for taxonomic referral) rostral to the ventriculus is a speckled
white material that has not been previously observed in any Jehol
specimen. In the ventral slab, the material forms two distinct
nearly symmetrical lobes slightly displaced to the right side of the
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body (Fig. 1 and SI Appendix, Fig. S1). In the dorsal slab, the
thoracic ribs are deeply embedded within and overlapped by re-
mains of the white material (Fig. 2 A and B), confirming that the
substance is located within the thoraco-abdominal (coelomic)
cavity. Furthermore, the deep insertion of the ribs resembles the
condition in modern birds, in which the lungs bear costal and
vertebral impressions that accommodate parts of these bones. The
paired morphology of the structures, as well as their craniodorsal
location in the body cavity and association with the rib cage (Fig. 2
D and E), are consistent with their identification as the lungs,
based on comparison with modern birds (20, 21). In birds, cranial

to the ventriculus (the muscular stomach) anatomically lies the
proventriculus (the glandular stomach); this organ is small and
lacks any paired structure, and in small birds, it is not used to store
food (the function of the esophageal crop). The fine-grained ap-
pearance of the white material further suggests it is not food.
Interpretation of the substance as triturated food remains pushed
forward within the alimentary canal are unlikely, given that the
gastrolith mass is largely undisturbed (Fig. 1), suggesting also that
the alimentary canal had not ruptured, and given that no complete
gastral mass in any Jehol specimen is preserved in a similar white
material or any material distinct from the matrix itself. The large

Fig. 1. Archaeorhynchus STM7-11 (main slab, dorsal view) preserving integument (millimeter scale visible in Lower lefthand corner). Small rectangles indicate
autapomorphies of Archaeorhynchus, enlarged for detail [spatulate edentulous dentary (10× magnification); coracoid with wide omal margin and blunt
procoracoid (3× magnification); metatarsal I and digit I reduced (3× magnification)]. ac, acrocoracoid process; mtI, metatarsal I; pr, procoracoid process.
Numbers refer to the six rectrices on the Right side of the body. Image courtesy of J. Zhang (Institute of Vertebrate Paleontology and Paleoanthropology,
Beijing).
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area occupied by the soft tissue in STM7-11 is inconsistent with
the proventriculus, which is typically small and too far caudal to be
in the crop, contents of which are preserved whole (22). Fur-
thermore, the purported lung tissue does not resemble stomach
contents preserved in the Jehol birds Jeholornis (23) and Yanornis
(6), which are distinct from the traces preserved in STM7-11 in
color and position and lack a paired appearance. Archaeorhynchus
IVPP V20312 preserves a dark organic/carbonized mass proximal
to the gastral mass (19); the position, smaller size, and singular
appearance of the remains are consistent with possible identifi-
cation as traces of the contents of the proventriculus. If the sub-
stance in STM7-11 was interpreted as food remains, then both the
intimate association with the ribs and the paired morphology
would be difficult to explain. The only other organs found in this
part of the body are the heart and the liver, but these are smaller
structures and not paired organs such as the lungs (24). Although
the bilobed appearance of the avian liver could possibly lead to a
paired appearance, the tissue in question lacks the reddish color
associated with fossilized liver tissue, resulting from its high iron
content (25, 26).

SEM Analysis. Twenty-two samples were observed using SEM (SI
Appendix, Supplementary Materials). Of the 12 taken from the
purported lung tissue (SI Appendix, Figs S2 and S3), seven reveal
structures that resemble parabronchi (airways, tertiary bronchi;
Fig. 2 F and G) and a parenchymatous region that consists of
closely packed minuscule air cells (Fig. 2H); the spaces have an

average diameter of ∼3 μm (Fig. 2 H and I) and correspond with
the air capillaries of the lungs of some of the very small modern
birds (20, 27). This structure has not been observed in any other
known sample taken from a Jehol vertebrate. Albeit minuscular
in size, the air capillaries of the avian lung are very strong (28–
32). Structural interdependence between the air and the blood
capillaries and presence of type IV collagen in the basement
membrane of the blood–gas barrier (33, 34) are some of the
features that may explain how and why the seemingly delicate
structures may have been well-preserved in the fossilized lung.
The microscopic characteristics of the preserved substance cor-
respond to those of the lung, but totally differ from those of the
liver (Fig. 2H). An energy dispersive X-ray spectrometer (EDS)
fails to distinguish the lung tissue from the matrix (SI Appendix,
Fig. S4). The two samples taken from the wing feathers do not
reveal any visible melanosomes (samples S15 and S16). Bacteria-
like elongate mono-organelles longer than eumelanosomes, and
lacking organization, are visible in two samples (samples S4 and
S7; SI Appendix, Fig. S5).

Stomach Contents. STM7-11 preserves ∼100 gastroliths in a cluster
in the abdominal cavity, similar to the complete masses preserved
in Archaeorhynchus IVPP V17091, IVPP V17075, and IVPP
V20312. As in previously described specimens (17–19), these
are interpreted as gizzard stones. The cluster is preserved mostly
in the main slab, consistent with the more ventral position of

Fig. 2. Comparison of the macroscopic and microscopic lung morphology in Archaeorhynchus STM7-11 and living birds: (A) counterslab of STM7-11 showing
the ventral aspect (medial surface of ribs exposed): plausible lung tissue is located in the boxed area (enlarged in B). (Scale bar, 1 cm.) (B) Close-up of lungs
with arrows indicating impressions made by the ribs. (Scale bar, 1 cm.) Boxed area is enlarged on C. (C) Close-up of the boxed area in B showing the costal
impressions (red arrows) on the presumptive right lung. (Scale bar, 5 mm.) (D) Dorsal view of the embryonic lungs of the ostrich (Struthio camelus) showing
deep costal sulci (rib impressions). (Scale bar, 3 cm.) (E) A longitudinal slice of the embryonic lung of the domestic fowl (Gallus gallus domesticus) showing
deep costal sulci (rib impressions), (Scale bar, 1 mm.) (F) SEM image of sample ‘2’ from the lung preserved in the counterslab showing presumptive para-
bronchus of the fossilized lung. The parabronchial lumen is surrounded by parenchyma (gas exchange tissue)-like tissue. (Scale bar, 10 μm.) (G) Latex cast
preparation of the lung of the domestic fowl showing a parabronchus that consists of a parabronchial lumen (PL) surrounded by exchange tissue (ET). (Scale
bar, 250 μm.) (H) Close up of boxed area in F showing presumptive gas exchange tissue with minuscular air space-like cells (some of which are indicated by
asterisks) that resemble the air capillaries of the lung of the modern avian lung. (Scale bar, 5 μm.) (I) Exchange tissue of the lung of the ostrich showing air
capillaries (asterisks), the terminal gas exchange units. (Scale bar, 20 μm.) cs, costal sulci; ET, parenchyma-like tissue for gas exchange; LL, left lung; PL,
probable parabronchial lumen; RL, right lung; tr, trachea; vc, location of the vertebral column.
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the ventriculus in the abdominal cavity (Fig. 1 and SI Appendix,
Fig. S1).

Plumage. The carbonized remains of feathers surround the skel-
eton (Fig. 1). The feathers are nearly entirely preserved in the
main slab, although clear impressions are preserved in the
counterslab. Crural feathers are notably absent, as in other Early
Cretaceous ornithuromorphs. Body feathers, best preserved in
the capital tract, on the neck and right shoulder, appear to be
without a rachis, having a wispy, hair-like appearance, as in other
Jehol birds (e.g., enantiornithines, Jeholornis, Confuciusornis) (1,
35). They appear to consist of a bundle of filaments basally at-
tached for a third of their length (Fig. 3B). The wings are folded
inward, and the feathers are preserved primarily as amorphous
carbon (confirmed through SEM), revealing few details of their
morphology (Fig. 1). The asymmetrical primaries have a maxi-
mum estimated length of 110 mm, similar to estimates based on
IVPP V14287 and IVPP V17091. A row of short (12–13 mm)
symmetrical secondary covert feathers is preserved on the right
wing attaching to the ulna; in this mode of preservation, the
rachis and barbs appear the same thickness (Fig. 3C). The
proximal ends of pennaceous feathers are visible projecting off
the right alular digit in the counterslab, indicating an alula
was present.
Twelve rectrices are preserved: 10 shorter rectrices forming a

tail fan and two medial elongate pinfeathers (Fig. 1 and SI Ap-
pendix, Fig. S6). Based on length and comparison with the right
half of the tail fan, we consider that two of the left rectrices are
missing. The tail feathers range from 44 to 31 mm, so that the

caudal margin is gently graded. The tail fan defines an 80° arc
around the pygostyle and caudal vertebrae, and the individual
feathers do not overlap, whereas in all other known Jehol bird
specimens preserving fan-tails, the feathers overlap, forming a
single surface but defining a smaller angle (36). Visible in the
well-preserved outer right rectrices (Fig. 3A), the rachises pre-
serve a longitudinal medial stripe. Although these rectrices are
well preserved in both slabs, this feature is only clearly visible in
the main slab, which preserves the ventral surface. The caudal
margins of the individual rectrices are rounded. The vanes in
the outer rectrices are strongly asymmetrical, with the medial
vane being five times the width of the lateral vane. The degree
of asymmetry decreases from the outer to inner rectrix, with
the innermost rectrices appearing roughly symmetrical, as ob-
served in the aerodynamic tail fans of living birds (37). The
elongate central feathers are incomplete; their maximum pre-
served length is 50 mm on both sides. No barbs can be confi-
dently associated along the ribbon-like preserved portions of
these elongate feathers, which may suggest these feathers were
similar to the rachis-dominated feathers in Confuciusornis and
some enantiornithines (38).

Discussion
Lungs. After birds attained the capacity for powered flight, they
dispersed widely, and consequently underwent a notable adap-
tive radiation that ultimately resulted in Aves being the most
speciose of the amniote clades. Among vertebrates, birds have
structurally the most complex, and functionally the most efficient,
respiratory system: the lung-air sac system (20, 21, 39, 40), which is

Fig. 3. Details of the feathers preserved in Archaeorhynchus STM7-11. (A) details of rectrices forming the tail fan showing the medially striped rachis (white
arrows indicate edge of rachis and medial stripe). (Scale bar, 5 mm.) (B) Apparently rachis-less body feathers covering the neck. (Scale bar, 1 mm.)
(C) Pennaceous secondary covert of the right wing preserved as an impression in the carbon (white arrow indicates narrow rachis). (Scale bar, 1 mm.)
(D) Pennaceous secondary coverts of the left wing (counterslab; arrow indicates rachis). (Scale bar, 5 mm.) (E) Pennaceous secondary coverts of the left wing
(main slab). (Scale bar, 5 mm.) (Scale bars in A, D, and E equal 5 mm, and in B and C they equal 1 mm.) Image courtesy of J. Zhang (Institute of Vertebrate
Paleontology and Paleoanthropology, Beijing).
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capable of supporting their highly energetically demanding form
of locomotion (powered flight), even in extremely oxygen-poor
environments (e.g., for the bar-headed geese, which fly over the
Himalayas). Although certain morphological similarities exist be-
tween the lungs of birds and those of other reptiles (41, 42), im-
portant questions on how, when, and why the modern avian lung
evolved remain unclear (43).
Unusual traces of paired soft tissue structures preserved in

Archaeorhynchus STM7-11 are, largely by exclusion, identified as
plausible remnants of the lungs (Fig. 2), a deduction supported
by topographical location and gross morphological and micro-
scopic lines of evidence. In fact, this is not the first known record
of fossilized lungs in a vertebrate; lung remains are also pre-
served in a Mesozoic mammal from the 125-Ma Las Hoyas
Lagerstätte (25) and several Tertiary fossil amphibians (44, 45).
Because EDS failed to reveal the chemical composition of the
authigenic mineral forming the lung remains, we cannot attempt
to explain the taphonomic processes responsible for this pres-
ervation at this time. Although not all of the main structures of
the avian respiratory system could be identified on the supposed
fossil lung (e.g., the very delicate air sacs that are even less likely
to fossilize), the microstructure of the preserved lung closely
resembles that of modern birds. This suggests that the general
structural design of the avian lung has been conserved for a very
long time, being already present in the most primitive members
of the Ornithuromorpha, the clade that includes Neornithes, and
can be presumed to have considerable functional utility. The
preserved morphology of the presumptive fossilized lungs sug-
gests they were directly attached to the wall of the coelomic
cavity as in modern birds, a feature rendering the lungs practi-
cally inflexible, a state that allowed the parenchyma to be sub-
divided into extremely small terminal gas exchange units (air
capillaries) conferring large respiratory surface area and allowing
development of an extremely thin blood–gas barrier (20, 46, 47).
These specializations resulted in the large pulmonary diffusion
capacities of oxygen necessary to support active flight. The ex-
ternal morphology of the avian respiratory system is remarkably
uniform (20, 48), but internal specializations exist between lungs
of volant and nonvolant species (20, 47, 49). The large energetic
demands of flight, and therefore the concomitant great need for
respiratory efficiency may have compelled conservation of the
structural components of the avian lung once achieved. According
to the morphology of the uncinate processes and gastralia, it is
hypothesized that advanced nonavian maniraptorans had respi-
ratory systems as derived as Archaeopteryx (16). However, it is
considered unlikely that Archaeopteryx was capable of sustained
powered flight (50), and the same skeletal indicators (uncinate
processes, gastralia, sternal morphology) suggest the neornithine-
like respiratory mechanism may be limited to a subset of the
Ornithuromorpha. Therefore, it is possible such advanced morphol-
ogy of the lung soft tissue may be limited to the Ornithuromorpha
and may have contributed to the survival of their descendants
through the K-T extinction event.

Plumage. Two previously described specimens (IVPP V14287 and
V17091) preserve weak traces of the remiges and body feathers,
revealing only an estimate of primary length (17, 18), whereas
the plumage preserved in STM7-11 is nearly complete. The tail
preserved in Archaeorhynchus STM7-11 reveals a morphology
previously unknown among Cretaceous birds, but fairly common
in living birds: a short, aerodynamic fan-shaped array of rectrices
together with a pair of elongate, centrally located streamers.
Referred to as a pintail (51), this morphology is present in both
dimorphic and nondimorphic extant species (e.g., the Momotidae,
both genders; Dicrurus paradiseus, the greater racket-tailed drongo,
both genders; Trochilus polytmus, the red-billed streamer tail,
males; Ocreatus underwoodii, the booted racket-tail, males) making
it impossible to determine sex from a single specimen without

additional evidence. Although much focus is put on the sexually
driven selection for elaborate tail morphologies in some birds,
most living birds have tail morphologies, the primary function
of which is to supplement the wing apparatus in flight (aero-
dynamic function) (52). However, tail plumage in each species is
not under just one selective pressure, and the pintail morphology
serves both clear aerodynamic and ornamental functions; al-
though the medial tail feathers are elongated under sexual se-
lection, the incurred drag is relatively low, and such tails are
associated with minimal cost (53).
With the exception of Jeholornis (54) among Cretaceous birds,

most tail morphologies appear to be decisively either ornamental
or aerodynamic in primary function [although by limiting barbs
to the distal end of elongate tail feathers, i.e., the racket-plume
morphology observed in Confuciusornis and some enantiorni-
thines, the aerodynamic cost of this ornament is reduced (55),
and conversely the rounded caudal margin of ornithuromorph
tail fans is considered relatively more ornamental than a straight
caudal margin] (56). In all Jehol ornithuromorphs for which tail
plumage is clearly preserved, the tail shape clearly has aero-
dynamic function (i.e., having a morphology that would impart
forces to the body from airflow), formed by an overlapping array
of rectrices that create a surface capable of generating lift (52,
57–60). The tail preserved in STM7-11 provides unequivocal
evidence of ornamental tail feathers in a Jehol ornithuromorph.
However, unlike the paired ornamental feathers that form the
entire tail in other Early Cretaceous birds (Confuciusornis,
enantiornithines, potentially Iteravis), in Archaeorhynchus these
ornamental feathers are combined with a short, graded, aero-
dynamic fan in a pintail arrangement (Fig. 1). Although the short
feathers do not overlap forming a cohesive surface, we consider
this a taphonomic artifact, an interpretation supported by the
wider angle formed by the rectrices in STM7-11 relative to other
Jehol specimens in which the tail feathers are preserved, forming
an airfoil (36). The increasing asymmetry observed in the inner
to outer rectrices in STM7-11 also characterizes living birds with
aerodynamic tail fans, further supporting interpretations that
these shorter tail feathers overlapped in vivo.
Preservation in previously described Early Cretaceous orni-

thuromorphs precluded an accurate estimate of the complete
tail; Yixianornis IVPP V13631 preserves at least eight (59), and
Hongshanornis DNHM2945/6 is reported to have a minimum of
10 (57). The aerodynamic tail fan of Archaeorhynchus would
have consisted of 12 rectrices, as in most living birds. The
Archaeorhynchus tail fan is proportionately shorter and more
deeply graded than that present in Piscivoravis, Yixianornis,
Yanornis, and Hongshanornis (36), further adding to the diversity
of recognized tail shapes exploited by Early Cretaceous birds.

Materials and Methods
The specimen was observed under a binocular microscope and sampled
manually for SEM analysis in two rounds (SI Appendix, Figs S2 and S3). In the
preliminary round, three samples were collected from the counterslab: one
from the surrounding matrix and two from the purported lung tissue (SI
Appendix, Fig. S3). The uncoated samples were investigated under a SEM
(Leo1530VP), with a Variable Pressure Secondary Electron Detector in a low
vacuum condition with a higher accelerating voltage (20 keV). An EDS was
used for selected point analysis of elemental compositions. All EDS data of
the uncoated samples were collected at 20 keV accelerating voltage, at a
working distance of 10 mm and for 120 seconds. After positive results in the
first round of sampling, a second batch of 19 samples was collected. Sixteen
samples are from the main slab: seven from the lungs, three from areas
directly surrounding the lung tissue, three from the gastral mass, two from
feathers, and one from the distal radius (SI Appendix, Fig. S2). Three addi-
tional samples were collected from the counterslab representing the left
lung, matrix, and carbonized remains below the left femur (SI Appendix, Fig.
S3). One sample could not be imaged.
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