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Hummingbird-sized dinosaur from the 
Cretaceous period of Myanmar

Lida Xing1,2,11, Jingmai K. O’Connor3,4,11 ✉, Lars Schmitz5,6,11, Luis M. Chiappe5,  
Ryan C. McKellar7,8, Qiru Yi9 & Gang Li9,10,11

Skeletal inclusions in approximately 99-million-year-old amber from northern 
Myanmar provide unprecedented insights into the soft tissue and skeletal anatomy  
of minute fauna, which are not typically preserved in other depositional 
environments1–3. Among a diversity of vertebrates, seven specimens that preserve the 
skeletal remains of enantiornithine birds have previously been described1,4–8, all of 
which (including at least one seemingly mature specimen) are smaller than specimens 
recovered from lithic materials. Here we describe an exceptionally well-preserved  
and diminutive bird-like skull that documents a new species, which we name 
Oculudentavis khaungraae gen. et sp. nov. The find appears to represent the smallest 
known dinosaur of the Mesozoic era, rivalling the bee hummingbird (Mellisuga 
helenae)—the smallest living bird—in size. The O. khaungraae specimen preserves 
features that hint at miniaturization constraints, including a unique pattern of cranial 
fusion and an autapomorphic ocular morphology9 that resembles the eyes of lizards. 
The conically arranged scleral ossicles define a small pupil, indicative of diurnal 
activity. Miniaturization most commonly arises in isolated environments, and the 
diminutive size of Oculudentavis is therefore consistent with previous suggestions 
that this amber formed on an island within the Trans-Tethyan arc10. The size and 
morphology of this species suggest a previously unknown bauplan, and a previously 
undetected ecology. This discovery highlights the potential of amber deposits to 
reveal the lowest limits of vertebrate body size.

Aves, Linnaeus 1758
Oculudentavis khaungraae gen. et sp. nov. (Fig. 1)

Holotype. Hupoge Amber Museum (HPG)-15-3, a complete skull pre-
served in amber; the block measures 31.5 mm × 19.5 mm × 8.5 mm and 
weighs 2.84 g.
Etymology. The generic name Oculudentavis is derived from the Latin 
oculus (eye), dentes (teeth) and avis (bird). The species name khaun-
graae is from Khaung Ra, who donated the specimen to the Hupoge 
Amber Museum.
Locality and horizon. Cenomanian age, 98.8 ± 0.6 million years ago11. 
Angbamo site, Tanai township (Myitkyina district, Hukawng valley, 
Kachin province), northern Myanmar.
Diagnosis. Very small bird with the following autapomorphies: jugal 
process of maxilla reaches caudally to the level of mid-orbit; jugal bar 
cross-section strongly angled dorsolaterally–ventromedially; triangu-
lar, dorsolaterally oriented coronoid process on mandible; and 23 teeth 
in the upper jaw, 4 of which are located beneath the orbit. The taxon 
can be further diagnosed by the unique combination of the following 

features: slender rostrum; antorbital fenestra reduced or absent; and 
scleral ossicles spoon-shaped, longer (from external to internal margin) 
than they are wide (distance between adjacent ossicles). Although 
the medial articulations between the premaxillae and dentaries are 
discernible, high-resolution synchrotron computed tomography scans 
reveal that the bones are partially fused. We consider HPG-15-3 to be 
skeletally mature or nearly so (Supplementary Information), and con-
sider its small size and an unusual pattern of cranial fusion (with the 
premaxilla, maxilla and nasal fused into a single unit) to be diagnostic 
features of O. khaungraae.

Description
HPG-15-3 is mesorostrine (Fig. 1, Extended Data Fig. 1). The jugals are 
bowed laterally and the skull width is greatest at the caudal margin of 
the orbit. The upper jaw is wider than the lower jaw, the dentition of 
which occludes with the ventral surface of the secondary palate.

The cranial half of the rostrum is imperforate. Nutrient foramina 
are present on the lateral surface of the premaxillae, maxillae and 
dentaries. The premaxillae are partially fused medially, such that the 
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right premaxilla can be clearly distinguished from the left in rostral or 
dorsal view. Articulation with the maxillae cannot be discerned, which 
suggests that these elements were fused to one another. The frontal 
processes of the premaxillae are elongate, and apparently articulate 
deeply with the frontals. The external nares have rounded rostral mar-
gins and tapered caudal margins.

The maxilla is long and toothed along its entire length. Caudal to the 
nares, the maxilla expands dorsolaterally until it reaches the rostral mar-
gin of the orbit, forming a long and broad nasal process. The jugal ramus 
of the maxilla extends beyond the rostral margin of the orbit, articulating 
with the ventral surface of the jugal (Extended Data Fig. 2). Medially, the 
jugal ramus of the maxilla contacts the pterygoid—whether this is through 
an ectopterygoid or not is unclear—and ends just caudal to this contact. 
The lacrimal has well-developed dorsomedial and ventral processes, and 
a very small dorsolateral process. The lacrimal is roughly trapezoidal in 
dorsal aspect; the rostral margin is wedged between the nasal medially, 
and the maxilla laterally (Fig. 1c). There is no clear evidence of an antorbital 
fenestra. The jugal and maxilla have a long, dorsoventrally overlapping 
articulation, such that the jugal forms the entirety of the concave, ven-
tral margin of the orbit12. The jugal is strongly compressed, bowed and 
transversally inclined such that its cross-section is angled dorsolater-
ally–medioventrally. The caudal end of the jugal tapers dorsocaudally, 
articulating with the jugal process of the postorbital.

The large, Y-shaped postorbital forms a complete infratemporal 
bar and demarcates the infratemporal and supratemporal fenestrae 
(Fig. 1). The quadrate is angled dorsocaudally–rostroventrally. The 
otic process forms a single articular surface (Extended Data Fig. 2c, d).  
The triangular orbital ramus is short and broad, articulating with the 
pterygoid medially.

The orbits are large and entirely occupied by massive scleral rings; 
their internal margins are medially displaced (that is, the internal mar-
gin is medial to the external margin, opposite to the in vivo condition 
in neornithines). The ring consists of 14 scleral ossicles (the modal 
number in saurians). The ossicles are large, and their length is twice 
that of their greatest width. The internal half of each ossicle is rounded 
and the external half is strap-like, expanded in width externally. As pre-
served, the internal diameter of the scleral ring measures slightly less 
than the long axis of the ossicles themselves. An interorbital septum 
is not visible and the mesethmoid appears to be absent.

The frontals are long, slender and medially fused (Fig. 1). The parietals 
are unfused to the frontals, which is typical of nonornithurine birds 
(Extended Data Fig. 3d). Medially, the parietals are fused only along the 
rostral half of their contact. The parietals are large, longer than they are 
wide and domed. Their caudal margins form a delicate nuchal crest. 
The triradiate squamosal is unfused to the braincase. The occipital 
table is poorly preserved, owing to the activity of bivalves13 (Extended 
Data Fig. 4g). The broad supraoccipital forms the dorsal margin of the 
large caudally opened foramen magnum (Fig. 1f, g). Short paraoccipital 
processes project sideways at roughly the level of the dorsal margin 
of the foramen magnum. Only the dorsal surface of the brain is clear 
in the endocast, and reveals well-developed cerebral hemispheres 
that—in dorsal view—are as wide as they are long (Extended Data Fig. 4).

The parasphenoidal lamina is large and flat (Extended Data Fig. 2a). 
The palatal configuration resembles that of palaeognaths in having 
rostrolaterally projecting basipterygoid processes. The ptergyoids are 
cranially forked into a short maxillary process and a longer palatine pro-
cess. The tapered parasphenoidal rostrum extends rostrally just past 
the midpoint of the orbit. The rostral half of the palate is imperforate, 
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Fig. 1 | Photograph, computed tomography scans and interpretive drawings 
of the HPG-15-3 holotype of O. khaungraae. a, Photograph of the amber piece 
with skull ventrolaterally exposed. b, c, Scan (b) and drawing (c), left lateral view. 
d, e, Scan (d) and drawing (e), rostral view. f, g, Scan (f) and drawing (g), occipital 

view. h, i, Scan (h) and drawing (i), dorsal view. de, dentary; fr, frontal; hy, hyoid 
bone (or bones); jg, jugal; la, lacrimal; mx, maxilla; pa, parietal; pm, premaxilla; 
po, postorbital; qd, quadrate; sc, scleral ossicle; so, supraoccipital; sq, 
squamosal; th, teeth. Scale bars, 5 mm; longer scale bar below b applies to b−i.
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formed by the medially unfused palatal processes of the premaxillae 
(Extended Data Fig. 3c). The choanae appear to be level with the exter-
nal nares. The preserved oral soft tissue bears a pattern of elongated  
papillae14 (Extended Data Fig. 2a, b).

The lower jaws are thin and nearly straight, with subparallel dorsal 
and ventral margins (Extended Data Fig. 5). The medial suture between 
dentaries is clearly visible; no predentary bone is present. The bounda-
ries between postdentary bones cannot be discerned. A triangular, 
dorsolaterally oriented coronoid process is present at one quarter 
length from the caudal margin of the lower jaw. The bowed (that is, 
laterally concave) ceratobranchial elements are preserved with their 
cranial ends in contact with one another (Fig. 1e).

The upper jaw contains 23 teeth on the right side; 18 teeth are pre-
served on the left side. The rostralmost three teeth are somewhat 
procumbent. The apices of the rostralmost seven teeth are weakly 
curved lingually. The caudal teeth are conical and ventrally oriented. 
The mesial and distal margins of the teeth are gently carinated. The 
teeth lack basal constrictions and have expanded roots; they vary in 
size, crown height and spacing. The teeth are largest in the portion 
of the maxilla that is ventral to the external nares, and are smallest 
underneath the orbit. Each dentary had approximately 29 or 30 teeth, 
which resemble those in the upper jaw. The tooth geometry appears 
to be acrodont to pleurodont; no grooves or sockets are discernable.

Discussion
The skull of O. khaungraae reveals a general avian morphology, includ-
ing a slender, tapering rostrum with retracted naris, an enlarged and 
well-defined eye socket, a short compressed postorbital region and a 

dome-shaped skull roof. O. khaungraae appears to represent the small-
est known Mesozoic dinosaur, rivalling the extant bee hummingbird—
the smallest known dinosaur of all time—in size (Fig. 2). The length of 
the postrostral portion of the skull (measured from the contact between 
the nasal and frontal at the sagittal line to the caudal end of the cranium) 
is 7.1 mm, compared to 8.8 mm in the vervain hummingbird (Mellisuga 
minima)—which is only slightly larger than the bee hummingbird15. No 
other group of living birds features species with similarly small crania 
in adults (Fig. 2, Extended Data Fig. 6). The discovery of Oculudenativs 
highlights the presence of diminutive members of vertebrate faunas 
that possibly can only be studied through preservation in amber, which 
represents a taphonomic filter capturing the lowest end of the body-size 
spectrum. This discovery is also consistent with hypotheses that the 
Cretaceous Burmese amber from the Angbamo site formed in an island 
arc, as miniaturization most commonly arises in island environments10,16.

HPG-15-3 displays morphologies that, to our knowledge, have not 
previously been observed in any bird; these morphologies include fea-
tures that depart from the theropod condition altogether (for example, 
spoon-shaped scleral ossicles and acrodont to pleurodont dentition), as 
well as an unusual combination of traits that are primitive (for example, 
complete postorbital bar and extensive tooth row) and advanced (for 
example, an expanded imperforate portion of the rostrum and an orbit 
confluent with antorbital fenestra) for avians. Nearly all of these unu-
sual morphologies can be interpreted as the effects of miniaturization, 
which is commonly associated with the reappearance of plesiomorphic 
morphologies, increased bone fusion and proportionally enlarged sen-
sory organs (for example, the eye and middle ear)9,16,17. Miniaturization 
is most commonly associated with paedomorphism that results from 
progenesis9,18. However, the skull of Oculudentavis reveals no obvious 
paedomorphic features (for example, a proportionally large orbit and 
short rostrum), which suggests that miniaturization in this lineage may 
have been achieved by a reduction in growth rate9.

The degree of fusion between the skull bones that form each half of 
the rostrum and the pattern in which the sutures have closed is highly 
unusual among nonneornithine theropods. In early birds, the premaxil-
lary bodies—followed by the dentaries—are consistently the first skull 
elements to fuse in both an ontogenetic and phylogenetic context, and 
these sutures are completely obliterated in mature specimens of some 
taxa (for example, Confuciusornithiformes and the enantiornithine 
Gobipteryx)19,20. In Late Cretaceous ornithurines the mandibular bones 
remain unfused, although the premaxillae form a single element12. In 
Gobipteryx and neornithines, the premaxillae fuse into a single element 
during embryonic development20,21. The pattern of fusion in HPG-15-3 
departs from this pattern and is distinct from all other known thero-
pods, highlighting the enigmatic nature of Oculudentavis. This fusion 
pattern may be related to structural constraints that are imparted by 
miniaturization9 and to the predatory ecology inferred for this animal.

The scleral ring of Oculudentavis is very different from that preserved 
in any known Mesozoic dinosaur, in which the ossicles are typically 
nearly square-to-rectangular, narrow and demarcate a proportionally 
larger aperture (as seen, for example, in Archaeopteryx, Sapeornis and 
Yixianornis). In HPG-15-3, the scleral ring is very large and is formed 
by elongated spoon-shaped ossicles; a morphology similar to this is 
otherwise known only in lizards (for example, Lacerta viridis)22. The 
relatively small aperture defined by the scleral ring of Oculudentavis 
suggests unique visual capabilities compared to other Mesozoic thero-
pods (Fig. 3), and indicates that the maximum size of the pupil was fairly 
small, limiting the amount of light entering the eye23,24. Even account-
ing for a range of values, this morphology suggests a diurnal lifestyle 
in photopic light environments25 (Fig. 3). Although both scleral rings 
appeared deformed, the elongation of the ossicles—together with the 
bowed morphology of the jugal bar—suggests that these elements would 
have defined a conical eye similar to that of some extant birds (Extended 
Data Figs. 7, 8) and lizards22. Nanoid taxa typically have enlarged eyes9,17 
that result from negatively allometric scaling of the eyes to body size. 
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Fig. 2 | Proportions of the eye socket relative to the skull in HPG-15-3, 
compared to extant birds. The plot of log10-transformed orbit length ( y axis) 
versus log10-transformed skull length for extant bird species (grey triangles) 
(n = 206), with the phylogenetic generalized least squares line obtained for the 
majority-rule consensus tree for the Hackett backbone tree set (see ‘Scaling of 
eye socket and skull length’ sections in the Methods and Supplementary 
Information for details). The skull of HPG-15-3 (red square) is smaller than any of 
the extant birds that we included, but the eye socket is about as large as 
expected if the fitted line is extended towards HPG-15-3. The skull drawings of 
M. minima (purple square), O. khaungraae (red square) and Gallus gallus (blue 
square) are depicted to a relative scale (scale bar equals 10 mm). The yellow and 
black squares plot the ostrich (Struthio camelus) and the greater rhea (Rhea 
americana), respectively. The silhouettes depict the body size of Oculudentavis 
relative to Mellisuga, Struthio and Gallus (colours of the silhouettes correspond 
to their respective data points).
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Oculudentavis follows this pattern and falls where expected in a linear 
regression of avian orbit size relative to skull length (Fig. 2, Extended 
Data Fig. 9). The laterally bulging eyes of Oculudentavis, as indicated by 
the angled morphology of the jugal bar, probably represent an alterna-
tive strategy for increasing eye size without further increasing the size 
of the orbit. Notably, Oculudentavis lacks the forward-facing position 
of the eyes of owls and living birds of prey; the eyes are laterally ori-
ented such that binocular vision was absent, or largely limited. Given 
the unusual morphologies observed in HPG-15-3, extant analogues for 
the visual abilities of Oculudentavis may not exist.

Although miniaturization is often associated with edentulism9,  
Oculudentavis possesses an extensive dentition with unusual features. 
First, the acrodont to pleurodont geometry of tooth implantation 
differs from the thecodont condition in all other dinosaurs. Second, 
the tooth row extends ventral to the orbit; this condition is otherwise 
only observed among coelurosaur theropods in the Late Cretaceous 
ornithurine bird Ichthyornis12,26. In most coelurosaurs (including Aves), 
the maxillary tooth row typically extends as far caudally as the rostral 
half of the antorbital fenestra (well cranial to the orbit27), although the 
tooth row extends nearly to the jugal–lacrimal contact in some troodon-
tids28 and in Ichthyornis one tooth is located caudal to the lacrimal and 
beneath the orbit. The tooth row is even more caudally extensive in 
Oculudentavis, which has four maxillary teeth underlying the orbit. 
HPG-15-3 has more teeth than any other known Mesozoic bird, which 
highlights both the importance of dentition in the feeding strategies 
of Cretaceous avians and the existence of strong positive selection for 
teeth despite the overall avian trend towards edentulism29. Increased 
dentition in Cretaceous birds has previously been correlated with pis-
civory29. However, the papillae preserved on the tongue and ventral 
surface of the upper jaw of Oculudentavis (Extended Data Fig. 2a, b)  

lack the long, sharp and caudally oriented morphology that is present in 
many extant piscivorous birds14. Although unexpected for its small size, 
the large number of teeth—as well as their sharp and carinated morphol-
ogy—suggests that Oculudentavis was a predator, probably feeding on 
small arthropods and other invertebrates (which are abundant in amber 
inclusions from the Angbamo site). The evolution of island nanism has 
been linked to a previously unrecognized ecological guild specialized 
in feeding on small invertebrates in Paedophryne frogs (a group that 
includes the smallest known vertebrate in the world30), and a similar 
diet is possible for Oculudentavis.

Oculudentavis retains the plesiomorphic diapsid condition that is pre-
sent in most nonornithothoracine birds, whereas the infratemporal bar 
was independently lost among enantiornithines and ornithuromorphs27. 
Retention of the postorbital bar suggests limited cranial kinesis19, consist-
ent with the absence of a distinct craniofacial hinge and with data that sug-
gest avian cranial kinesis is mostly a morphological novelty of neognaths31. 
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The largely akinetic skull morphology of Oculudentavis suggests a bite 
force that is relatively stronger than that of a neornithine of the same size32, 
which is supported by the unusual degree of cranial fusion33, the presence 
of a well-developed coronoid process and the absence of an antorbital 
fenestra. A distinct coronoid process is not developed in any other Meso-
zoic bird but it is well-developed in predatory birds of the Cenozoic era, 
such as phorusrhacids34. In archosaurs, this process provides attachment 
for adductor muscles35. Reduction in pneumatic features may suggest that, 
in the Oculudentavis lineage, solid bone was favoured biomechanically 
over opportunistic pneumatization36. This reinforcement of the skull may 
reflect the predatory lifestyle inferred for Oculudentavis. Alternatively, the 
loss of the antorbital fenestra may be a consequence of miniaturization, 
and provide additional space for the enlarged orbit9.

HPG-15-3 preserves no features that unambiguously indicate its phy-
logenetic position, although the sum of the observed morphologies 
suggests that the taxon falls outside Ornithuromorpha. The extensive 
tooth row resembles noncoelurosaur theropods26 and the ornithurine 
Ichthyornis12, whereas the presence of premaxillary teeth (which are 
absent in the ornithurines Hesperornis and Ichthyornis), complete 
infratemporal and supratemporal fenestrae (which are typically absent 
in Ornithothoraces)37, the quadrate with a broad orbital process (which 
is typically narrow in Ornithuromorpha) and the absence of a preden-
tary (which is present in toothed Cretaceous ornithuromorphs)38 all 
suggest a more-basal position. However, nonornithothoracine avian 
lineages (for example, Jeholornis and Sapeornis) are typically much 
larger than Cretaceous ornithothoracines—particularly the enantio-
rnithines. Miniaturization is strongly associated with extreme homo-
plasy, which obfuscates phylogeny9. Our cladistic analysis using a priori 
weights produces a poorly resolved consensus tree in which all birds 
more derived than Archaeopteryx form a polytomy (Extended Data 
Fig. 10a). Approximately 90% of all equal-length trees resolve Oculuden-
tavis as more derived than Archaeopteryx but basal to Jeholornis; the 
remaining 10% place it within Enantiornithes. Using implied weights 
(which is recommended for taxa characterized by strong homoplasy, 
including Aves39–41), our analysis consistently resolves Oculudentavis as 
intermediate between Archaeopteryx and Jeholornis (Fig. 4, Extended 
Data Fig. 10b, Supplementary Information). If this hypothesis were to be 
supported by additional postcranial data, HPG-15-3 could possibly rep-
resent the first nonenantiornithine bird in the avifauna in the Hukawng 
valley deposits. Given the unusual morphology of Oculudentavis (which 
is clearly unlike that of any other bird), there is a strong potential for 
new data to markedly alter our systematic conclusion. Regardless, this 
discovery highlights the capacity of amber to document vertebrate 
diversity that is unrecorded by other depositional environments.
Note added in proof: Since this paper was accepted, an eight specimen 
that preserves the skeletal remains of an enantiornithine bird has been 
described42.
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Methods

No statistical methods were used to predetermine sample size. The 
experiments were not randomized and investigators were not blinded 
to allocation during experiments and outcome assessment.

Material and photography
HPG-15-3 is housed and displayed in the Hupoge Amber Museum; the 3D 
printing models are available through the Dexu Institute of Palaeontol-
ogy. HPG-15-3 was examined with a VH-Z100UT Universal Zoom Lens 
(100× to 1,000×) in an optical microscope (KEYENCE VHX-6000) with 
100× magnification at Shenyang Normal University. Photographs were 
taken using a Canon digital camera (5D Mark III, MP-E 65MM F/2.8 1-5X) 
fitted to a macro rail (Cognisys) and processed using Helicon Focus 5.1 
and Adobe Photoshop CS5 software.

Scanning and 3D reconstruction
HPG-15-3 was imaged nondestructively using propagation phase-con-
trast synchrotron radiation X-ray microtomography, on beamline 13W 
of the Shanghai Synchrotron Radiation Facility. The SR beam was mono-
chromatized at 22 keV using the double Si (111) crystal monochromator. 
The distance between sample and detector (propagation distance) 
was 60 mm to obtain the phase contrast. The physical pixel size of 
the charge-coupled device sensor was 6.5 μm × 6.5 μm, and we used a  
2× microscope objective; the isotropic voxel size was 3.25 μm. The 
pixel number of our detector was 2,048 × 2,048 and its dynamic range 
was 16 bit. The field of the view of our detector was 6.6 mm × 6.6 mm.

Six microcomputed tomography scans under the same conditions 
were performed to image the whole specimen, owing to the fact its 
size in the vertical direction is much larger than the field of view of 
our detector. The off-axis scanning 360° mode was adopted to 3 scans 
because the size of the sample in the horizontal direction was larger 
than the field of view of the detector. In this mode, 6,000 projections 
were collected for a single computed tomography scan. The exposure 
time of a single projection was 0.3 s.

In the preprocessing of the off-axis scanning data, image stitch-
ing was the first step performed, considering the image alignment, 
the contrast unification and the tilt of the rotation axis. We obtained 
3,000 stitched images with enlarged horizontal fields of view (about 
6.6 mm × 13 mm) for 3,000 project angles. The phase retrieval and 
slice reconstruction of all the six projection datasets were performed 
using PITRE-3 software43. After the reconstruction, the computed-
tomography slice sets for the six segments were stitched again in the 
vertical direction.

The computed tomography slices for the entire sample comprised 
36 GB of data. To reduce the amount of memory used, the sampling 
interval was set as one pixel in all three directions, so that the data 
were reduced to one-eighth of their original size. The amber and all 

impurities surrounding the skull were removed using the image seg-
mentation function. The rotation correction was performed using 
ImageJ software. The 3D data processing, segmentation and analysis 
were performed using VG StudioMax 1.2 and 2.1. The 3D morphology 
of the endocast was obtained through manual segmentation using 
ImageJ 1.4 and rendered using VG studio Max 2.4.

Scaling of eye socket and skull length
We assessed the allometry of the avian eye socket with phylogenetic 
generalized least squares44. We used a Brownian correlation matrix and 
maximum likelihood estimates of λ to summarize the slope estimates 
over 1,000 previously published time-calibrated trees45,46.

Reporting summary
Further information on research design is available in the Nature 
Research Reporting Summary linked to this paper.

Data availability
Owing to their size, the raw computed tomography data are available 
upon request from L.X. (xinglida@gmail.com). All other materials are 
included in the Supplementary Information or are available at https://
doi.org/10.5281/zenodo.3591994.
 
43. Chen, R.-C. et al. PITRE: software for phase-sensitive X-ray image processing and 

tomography reconstruction J. Synchrotron Radiat. 19, 836–845 (2012).
44. Symonds, M. R. E. & Blomberg, S. P. in Modern Phylogenetic Comparative Methods and 

their Application in Evolutionary Biology (ed. Garamszegi, L. Z.) 105–130 (Springer, 2014).
45. Jetz, W., Thomas, G. H., Joy, J. B., Hartmann, K. & Mooers, A. O. The global diversity of 

birds in space and time. Nature 491, 309–316 (2012).
46. Jetz, W. et al. Distribution and conservation of global evolutionary distinctness in birds. 
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Extended Data Fig. 1 | Close-up photographs of HPG-15-3. a, Entire skull in left 
lateral view. b, Left eye. c, Maxillary dentition. The black arrows in a indicate 
decay products from the soft tissue of the dorsal surface of the skull and the 

original position of skull, which drifted before the resin hardened; the black 
arrow in b indicates the position of decay products released from the left eye. 
Scale bars, 2 mm (a), 500 μm (b), 200 μm (c).
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Extended Data Fig. 2 | Computed tomography scan of HPG-15-3 in palatal 
view, with the mandibles removed, and an isolated quadrate. a, Full palatal 
view. b, Close-up of the preserved lingual papillae of the roof of the mouth.  
c, Isolated left quadrate in lateral view. d, Quadrate in caudal view. Dashed 

square box in a indicates the region enlarged in b. bp, basipterygoid process; 
bs, basisphenoid plate; bsr, basisphenoid rostrum; ch, choana; dt, developing 
tooth; pt, pterygoid; pp, papillae; pmc, medial contact of the palatal processes 
of the premaxillae.



Extended Data Fig. 3 | Raw computed tomography slices showing the 
anatomy of important cranial sutures of HPG-15-3. a, Interparietal suture, 
cranial portion (closed). b, Interfrontal suture (closed). c, Palatal processes of 
the premaxilla (open). d, Frontoparietal suture (open). e, Interparietal suture, 

caudal portion (open). f, Image of the entire skull, showing position of the slices 
shown in a–c, e (image shown in d is a sagittal slice through the middle of the 
skull). Boxes outlined in dashed pink lines show the region enlarged in the 
insets, to clearly demonstrate the morphology of the suture or contact.
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Extended Data Fig. 4 | Rendering of the cranial endocast of HPG-15-3.  
a, Dorsal view. b, Ventral view. c, Caudal view. d, Cranial view. e, Right lateral 
view. f, Left lateral view. g, Interior view of the brain cavity, showing the bivalve 
boring that intrudes through the ventral surface. Because the ventral surface of 
the cranium is damaged by a bivalve boring and the bones supporting the 
cranial margins of the brain are not preserved, only the dorsal surface of the 

endocast reveals reliable information. The white dashed lines indicate the 
portions of the endocast that probably were not occupied by brain tissue. The 
cerebrum appears to be prominent but a distinct optic lobe—as seen in other 
birds—cannot be identified. bb, bivalve boring; c, cerebrum; ot, part of the 
olfactory tract and/or olfactory lobe.



Extended Data Fig. 5 | Isolated mandible of HPG-15-3. a, Right mandible in 
(from top to bottom) ventral, dorsal, medial and lateral views. b, Left mandible 
in (from top to bottom) ventral, dorsal, medial and lateral views. c, Articulated 

mandibles in ventral (left) and dorsal (right) views. cor, coronoid process; mds, 
mandibular symphysis; mf?, possible mandibular foramen; nf, nutrient 
foramina.
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Extended Data Fig. 6 | Skull size in HPG-15-3 compared to other birds. The 
skull of HPG-15-3 is small compared to those of extant birds (total of n = 213 
extant bird species sampled), here illustrated through a box plot of log10-
transformed postnasal skull length (as a proxy for the braincase), measured 
from the craniofacial hinge to the caudal end of the cranium. Each box plot 

illustrates the median (thick line) the 1st and 3rd quartiles (the hinges), and the 
distance from the upper and lower hinge to the largest and smallest value no 
further than 1.5× the interquartile range (the whiskers). HPG-15-3 is smaller than 
swifts (n = 12), passerines (n = 23) and hummingbirds (n = 22)—and may even be 
smaller than the smallest hummingbird, M. helenae.



Extended Data Fig. 7 | Scleral ring of HPG-15-3. a, As preserved. b, After retrodeformation.
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Extended Data Fig. 8 | Scleral rings of selected neornithines. a, Asio 
flammeus, short-eared owl. b, Buteo jamaicensis, red-tailed hawk. c, Cerorhinca 
monocerata, rhinoceros auklet. d, Dendrocopus villosus, hairy woodpecker.  

e, Chordeiles minor, common nighthawk. f, Selaphorus sasin, Allen’s 
hummingbird. g, Cypseloides niger, American black swift. h, Megaceryle alcyon, 
belted kingfisher.



Extended Data Fig. 9 | Summary of the slope estimates obtained from 
phylogenetic generalized least squares with the Ericson and the Hackett 
backbone tree sets, containing 1,000 trees each. a, Ericson backbone tree set. 
b, Hackett backbone tree set. The x axes represent the estimated slope values, 
and the y axes represent the number of the tree sampled from the entire set of 
1,000 trees. Dots signify the actual slope estimate, and grey bars visualize the 
s.e. of the slope estimates. The blue dashed line is the slope value obtained from 
ordinary least square regression, and the red dashed line represents the slope 
of isometry. Results from the phylogenetic generalized least squares iterations 
(n = 1,000) suggest the presence of negative allometry (slope < 1) in the relation 
between eye socket and skull length (P < 0.001).
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Extended Data Fig. 10 | Results of analysis using a priori weights and the 
unsimplified cladogram depicting the results of the phylogenetic analysis. 
For further discussion, see Supplementary Information. a, A priori weighting 
results in a polytomy consisting of all taxa more derived than Archaeopteryx.  
b, Results of the analysis using implied weighting with a k value of 16; results 

were the same for k values of 12–20 and of 25; k values between 2 and 11  
differed only from higher k values in the relative placement of some derived 
enantiornithines. Here Nanantius valifanovi is considered a junior synonym of 
Gobipteryx minuta (thus the operational taxonomic unit name is given as 
‘Gobipteryx_N_valifanovi’).
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Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection No software was used to collect data, except for the linear dimensions of the skull of Mellisuga minima: Lars Schmitz took measurements 
of a scaled digital model in Meshlab 2016.12.

Data analysis All data were analysed in R 3.5.0 using routine phylogenetic comparative methods. Custom scripts are available in the Supplementary 
Information. Figures were made using Adobe CS 2018. Phylogenetic analysis was run using TNT 1.0. CT data was processed using  ImageJ 
1.4 and VG StudioMax 1.2, 2.1 and 2.4.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers. 
We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A list of figures that have associated raw data 
- A description of any restrictions on data availability

All data are available in the Supplementary Information.
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Ecological, evolutionary & environmental sciences study design
All studies must disclose on these points even when the disclosure is negative.

Study description We describe the anatomy of a new fossil enclosed in Burmese amber, facilitated through synchroton microtomography. We also 
performed large-scale phylogenetic comparative analysis of the scaling of eye socket size with respect to skull length, and 
visualization of eye shape through scleral ring and eye socket anatomy. Both approaches facilitate the comparison of the fossil with 
modern birds and lizards. 

Research sample The fossil  we are describing in this paper is curated in the Hupoge Amber Museum, identified through the unique collection number 
HPG-15-3. To faciliate comparative analyses, data on eye socket and skull length were collected for a total of 206 extant species of 
birds. These samples were chosen to reflect all major clades of living birds, providing  an overview of the overall pattern found across 
birds. Data on eye shape (orbit length, external and internal scleral ring diameter) and diel activity patterns of lizards and birds are 
from a previous study (Schmitz and Motani, 2011, Science).

Sampling strategy Samples were chosen to reflect all major clades of living birds. Whenever possible, multiple individuals per species were measured; 
all analyses were performed with the average values of species. Regression analyses of smaller sample sizes (n=50, randomly chosen 
from the 206 species) revealed very similar results, hence the sample size used for the final analysis is deemed adequate.

Data collection Li Gang and and Yi Qiru conducted the CT scans and reconstruction - HPG-15-3 was imaged nondestructively using propagation phase 
contrast Synchrotron Radiation X-ray microtomography (PPC-SRX- CT) on beamline 13W of the Shanghai Synchrotron Radiation 
Facility (SSRF). The SR beam was monochromatized at 22 keV using the double Si (111) crystal monochromator. The distance 
between sample and detector (propagation distance) was 60 mm to obtain the phase contrast. The physical pixel size of CCD sensor 
was 6.5 m?6.5 m and we used a 2? microscope objective; the isotropic voxel size was 3.25 m. The pixel number of our detector 
was 2048 x 2048 and its dynamic range was 16 bit. The field of the view of our detector was 6.6 mm ? 6.6 mm.  
6 CT scans under the same conditions were performed to image the whole specimen due to the fact its size in the vertical direction 
is much larger than the FOV of our detector. The off-axis scanning 360° mode was adopted to 3 scans because the sample’s size in 
horizontal direction was larger than detector’s FOV. In this mode 6000 projections were collected for a single CT scan. The exposure 
time of single projection was 0.3 s. 
In the off-axis scanning data preprocessing, the image stitching was the first step that always required to consider the image 
alignment, the contrast unification, and the tilt of the rotation axis. We obtained 3000 stitched images with enlarged horizontal FOV, 
about 6.6 mm  13 mm, for 3000 project angle. The phase retrieval and slice reconstruction of all the six projection data sets were 
performed using PITRE-3 software [S12]. After all the reconstruction, the six segments CT slice sets were stitched again in the vertical 
direction. 
The CT slices for the entire sample consisted of 36 GB data. To reduce the amount of memory used, the sampling interval was set as 
one pixel in all 3 directions so that the data were reduced to one-eighth of its original size. The amber and all impurities surrounding 
the skull were removed using the image segmentation function. The rotation correction was performed using ImageJ software. The 
3-D data processing, segmentation, and analysis was performed using VG StudioMax 1.2 and 2.1. The 3d morphology of the endocast 
was obtained through manual segmentation using ImageJ 1.4 and rendered using VG studio Max 2.4.  
 
Jingmai O'Connor performed the phylogenetic analysis using TNT. HPG-15-3 was scored into an modified version of the matrix 
published by Atterholt et al. 2018 which in turn is a modified version of the 2013 matrix published by O’Connor and Zhou. In order to 
elucidate the phylogenetic position of HPG-15-3 we added five new cranial characters - O'Connor scored these characters from 
published data. The modified matrix consists of 36 birds scored across 257 morphological characters with Dromaeosauridae as the 
outgroup, which was analyzed using TNT (Goloboff etal 2008). First, a heuristic search was conducted using tree-bisection 
reconnection (TBR) retaining the single shortest tree from every 1,000 replications. This produced 46 trees with a length of 728 
steps; an additional round of TBR produced 2,044 trees of the same length, producing a large polytomy in the Nelson Strict 
Consensus tree. Early avian evolution is extremely homoplastic thus we utilized implied weighting. We explored k values from one to 
20 and 25 and found that the position of Oculudentavis stabilized at k values higher than one and that enantiornithine 
interrelationships stabilized at k values higher than 11 (enantiornithine relationships are also stable from k equals 2 to 11 and differ 
from higher k values only in the relative placement of a few deeply nested taxa). In the presented analysis we conducted a heuristic 
search using TBR, retaining the single shortest tree from every 1,000 replications with a k value of 16. This produced three most 
parsimonious trees with a score of 21.3. These trees differed only in the relative placement of the most derived enantiornithines, 
which form a small polytomy in the strict consensus tree (Consistency Index = 0.47; Retention Index = 0.645). 
 
Lars Schmitz collected data of the skull length and eye socket length of birds with digital calipers, in the collections of the Los Angeles 
County Museum of Natural History (LACM), California State University Long Beach (CSULB, now integrated with the LACM 
collections), and the Smithsonian National Museum of Natural History (USNM). Collection numbers of all specimens are provided in 
the data table. A cranium of Mellisuga minima (UF 19832) was CT scanned by Edward Stanley at the Nanoscale Research Facility at 
the University of Florida, Gainesville, and uploaded to Morphosource (identifier: S21840). CT acquisition data are provided at 
Morphosource (https://www.morphosource.org/Detail/MediaDetail/Show/media_id/39924). 
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Timing and spatial scale N/A

Data exclusions No data were excluded.

Reproducibility During the design phase of the study, linear dimensions were taken repeatedly for the same individual skeleton to ensure 
consistency. All repeated measurements were successful.

Randomization Grouping of birds and lizards by diel activity pattern was taken from a previously published study.

Blinding Blinding was not possible and also not relevant for this study. All bird specimens in museum collections are properly labeled hence it 
is impossible to not know what bird taxon is measured. Given that the main goal was to characterize the overall scaling of eye socket 
size, irrespective of taxon or ecological group, blinding was not deemed necessary.

Did the study involve field work? Yes No

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology

Animals and other organisms

Human research participants

Clinical data

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Palaeontology
Specimen provenance Angbamo locality, Hukawng Valley, Kachin Province, Myanmar; the source and preservation of HPG-15-3 are in full compliance 

with the laws of Myanmar and China, including Myanmar’s import and export regulations of jewelry and China’s laws and 
regulations on museum. All extant bird specimens that were included in this study are curated in the collections of the LACM 
(including the CSULB specimens), USNM, and the University of Florida.

Specimen deposition HPG-15-3 is housed and displayed in the Hupoge Amber Museum (HPG), Tengchong City Amber Association, China.

Dating methods No new dates are provided.

Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.
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