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The adult skull of early tetrapods was composed of numerous 
independent bones, several of which are absent in modern 
lineages1,2. Some of these bones have ceased to form com-

pletely; however, single bones in the adult skull may develop from 
more than one embryonic ossification centre, fusing without 
leaving any trace during development. These ossification centres 
may correspond to ‘lost’ elements that have ceased to develop as 
independent bones. A recent example is the discovery in several 
species of mammals of two previously overlooked ossification 
centres that fuse to form the intertemporal bone, and which once 
developed into the independent postparietal and tabular bones of 
remote ancestors3.

The toothless skull of modern birds is notable for its radical evo-
lutionary transformation. Since their ancestors among early thero-
pod dinosaurs, there was a marked increase in the relative size of the 
brain and eye4, which especially affected the circumorbital bones 
(those surrounding the eye). The frontal bone expanded towards 
posterior4, and the prefrontal and postorbital bones are presumed 
to have been lost. Erdmann described in 1940 the presence of early 
circumorbital ossification centres in chicken embryos, which then 
fuse seamlessly to other developing bones5. An obvious question 
is whether these could correspond to the prefrontal or postorbital 
once present in the skull of ancient theropods. Comparisons of 
relative position and shape could support this hypothesis, but no 
photographic documentation is currently available. Additionally, 
their presence in other avian taxa remains uncertain. For instance, 
Erdmann reported that the frontal bone in the chicken has an addi-
tional posterior ossification centre5, but developmental sequences 
of species from different orders have failed to detect it, includ-
ing Palaeognathae6–10, Anseriformes11,12, Galliformes13–16 and 
Charadriiformes12,17. Likewise, a lacrimal bone forming from two 
ossification centres was reported in the chicken, but, other than this 
species, two lacrimal ossification centres have only been detected 
in the emu (Dromaius novaehollandiae)6. A reasonable concern is 
that the stages in which these ossification centres are observable as 
separate elements could have been missed in many species due to 

insufficient stage sampling, especially in wild taxa where embryo 
harvesting is often limited.

To re-assess the presence of circumorbital ossification centres in 
avian embryos, we obtained developmental series from a broad phy-
logenetic sample comprising six different orders of Neognathae, as 
well as the Chilean tinamou Nothoprocta perdicaria, which belongs 
to the Palaeognathae, the other main lineage of modern birds. We 
also observed circumorbital ossification centres in embryos of 
Alligator mississippiensis, representing birds’ closest living relatives 
and presenting the entire set of circumorbital bones once present in 
ancient theropods. Our analysis also includes an updated review on 
the evolution of circumorbital bones along the dinosaur–bird transi-
tion, including first-hand examination of key fossil specimens. The 
combination of embryological and fossil evidence demonstrates 
that the ossification centres of the prefrontal and postorbital are 
still present in bird embryos, but, instead of becoming independent 
bones, they fuse quickly to the developing nasal and frontal, respec-
tively, clarifying homologies and uncovering unexpected evolution 
of the avian skull.

Results
Development of circumorbital ossification centres. Our devel-
opmental sequences of embryos uncovered unprecedented infor-
mation on the early skull ossification centres that are present. As 
in previous studies of skull ossification in birds6,11,13,17–19 we found 
no evidence for intraspecific variation in the number of ossifica-
tion centres, or of developmental instability, such as the asym-
metric presence of an ossification centre at only one side of the 
skull. Ossification sequences for all species are summarized in 
Supplementary Table 1.

The lacrimal bone of birds (referred to in some older works as the 
prefrontal15) is found at its typical position at the anterior margin 
of the orbit20. In almost all birds studied, we found a developmen-
tal stage where two independent ossification centres of the lacri-
mal are present, before fusing to form a single ossification centre, 
which becomes the adult lacrimal bone. The size and shape of the  
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lacrimal ossification centres can vary considerably among bird spe-
cies (Supplementary Fig. 1). Only in the pigeon, we did not recover 
evidence for more than a single ossification centre. However, the 
apparent absence of an ossification centre is always regarded with 
caution in studies characterizing skull development3,6: agenesis is 
uncertain because an ossification centre may have not formed yet, or 
may have already fused to another developing bone. Also, it remains 
possible that some skeletal elements do not progress beyond the pre-
osteogenic condensation, before fusing to others. Importantly, we 
found that the lacrimal of the non-avian archosaur A. mississippien-
sis also develops from two ossification centres, as observed at stages 
19–20 (Supplementary Fig. 1). Published ontogenetic sequences 
of alligator embryos show a single embryonic lacrimal at stage 21  
(ref. 21), indicating that they have already fused by then.

Our developmental sequences for Chilean tinamou document 
a previously undescribed ossification centre towards the anterior 
margin of the eye, dorsally positioned with respect to the lacri-
mal, which then fuses to the developing nasal bone (Fig.1 and 
Supplementary Figs. 2 and 3). Importantly, a corresponding ossifi-
cation centre is found at the same position in the embryonic skulls 
of A. mississippiensis, which gives rise to the prefrontal bone (Fig. 1). 
In the Chilean tinamou, fusion of this prefrontal ossification centre 
to the nasal gives rise to a posteriorly projected process of the nasal, 
conferring an elongated ‘V’ shape to this bone (Supplementary  
Fig. 2). The nasal in several Palaeognathae also shows this posteri-
orly projected process, suggesting that this ossification centre may 
be present in other members of this clade.

The eye of birds is surrounded in its dorsal and postero-dorsal 
region by the large frontal bone. We confirmed the previous report 
by Erdmann5 that in the chicken, two separate ossification centres 
give rise to the frontal (Supplementary Fig. 4). We also found that 
two ossification centres fuse to become the frontal in the domestic 
duck Anas platyrhynchos, and the Chilean lapwing Vanellus chilensis  

(Supplementary Fig. 5). In the chicken, the posterior ossification 
centre is considerably larger and more antero-posteriorly expanded 
than in duck or lapwing, a reminder that this species is often not 
representative of other birds. Comparison to alligator embryos 
reveals a corresponding ossification centre at the same position as 
the posterior ossification centre of birds: at the posterior margin of 
the eye, behind the thin and elongated embryonic frontal (Fig. 2). 
This ossification centre develops into the independent postorbital 
bone of the adult alligator21.

Evolution of circumorbital bones in the fossil record. The fossil 
record provides a unique and irreplaceable source of information on 
the evolution of circumorbital bones in the lineage leading to birds. 
As shown above, developmental sequences of the Tinamou reveal the 
presence of an embryonic ossification centre that is comparable to 
that of the prefrontal in alligator embryos. As in the alligator, thero-
pods present an independent adult prefrontal bone at the same posi-
tion20. No other bone was present in this antero-dorsal region that 
may represent a potentially alternative homologue to the ossification 
centre found in embryos of the Chilean tinamou. The evolution of the 
prefrontal bone is summarized in Supplementary Fig. 6. Compared 
with basal Triassic forms such as Herrerasaurus22 and Coelophysis23 
or Tawa24, the adult prefrontal became reduced in Coelurosauria 
(Fig. 3). In forms such as Tyrannosauridae, suture lines reveal that 
the prefrontal could fuse to other bones: it is fused to the frontal in 
a specimen of Gorgosaurus (Albertosaurus) UA 10, and to the lac-
rimal in specimens of Gorgosaurus libratus (TMP 94.12.602)25 and 
Tyrannosaurus rex (FMNH 2081)26. An independent prefrontal is still 
observable in taxa closer to birds, as reported for Compsognathus27, 
the therizinosaur Erlikosaurus andrewsi28 and the alvarezsaurs 
Haplocheirus sollers29 and Shuvuuia deserti30. Oviraptorosauria and 
Paraves (which arguably form a clade, Pennaraptora31,32) typically do 
not show any evidence of an independent adult prefrontal. Thus, loss 
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Fig. 1 | Early formation of a prefrontal ossification centre in a palaeognathous bird. In addition to the lacrimal (red arrowhead), a previously unknown 
ossification (yellow arrowhead) is found at the dorsal-anterior margin of the eye in the Chilean tinamou (Nothoprocta) embryo at the 10th day (E10) of 
incubation (above, lateral view; below, dorsal view). It then quickly fuses to the nasal, becoming undetectable in the adult. This ossification is in a position 
comparable to the embryonic ossification centre of the prefrontal of a crocodylian (Alligator) at stage 20 (St. 20) of development. An adult prefrontal in 
comparable position was also present in theropod dinosaurs (exemplified by the coelurosaur Compsognathus), which are direct ancestors of birds. n, nasal 
bone; mx, maxillary bone; f, frontal bone.
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of the adult prefrontal is often considered to have already occurred 
near the origin of these taxa. Their lacrimal is distinctively T-shaped, 
possessing a postero-dorsal process that makes it distinct from the 
‘inverted-L’ shape of other theropods33–40 (Fig. 3, see the T-shaped 
lacrimal of Velociraptor). This postero-dorsal process is in the posi-
tion previously occupied by the prefrontal bone, which has led to 
the suggestion that it could actually correspond to a prefrontal that 
has fused seamlessly to the lacrimal during ontogeny41,42 (hypothesis 
illustrated for Velociraptor in Fig. 3). Importantly, in at least some 
Pennaraptora, a separate prefrontal has been mentioned, as in speci-
men MOR747 of the dromaeosaurid Deinonychus antirrhopus43. 
Our first-hand observations of this fossil discard the possibility of 
a crack or artefactual separation, thus confirming the presence of an 
unfused prefrontal, separated from the L-shaped lacrimal by a flat, 
partially overlapping contact surface, as is common among cranial 
bones (Fig. 4a,b and Supplementary Fig. 7). Other Pennaraptora in 
which a separate prefrontal has also been mentioned in recent pub-
lications include the dromaeosaurid Sinornithosaurus millenii31, and 
the oviraptorosaurs Huanansaurus ganzhouensis44 and Nemegtomaia 
barsboldi45. In the emblematic taxon Archaeopteryx lithographica, 
the condition has been reconstructed as presenting a typically 
T-shaped lacrimal and no prefrontal46–48. However, a prefrontal has 
been described by some authors in the fifth (Eichstätt) specimen 
of Archaeopteryx49,50. Our first-hand examination of this specimen 
confirms the presence of a separate element in the appropriate posi-
tion (Fig. 4c,d and Supplementary Fig. 8a,b). Published photographs  
of the 10th (Thermopolis) specimen also suggest an inverted-L-
shaped lacrimal, with a possible independent prefrontal51, and  
the 12th specimen has recently been described as presenting a sepa-
rate prefrontal52.

In summary, our updated review of prefrontal evolution reveals 
that it was not lost in the adult of all Pennaraptora; rather, several 

specimens show a separate prefrontal with the inverted-L lacrimal. 
Considering the continued presence of a prefrontal ossification cen-
tre in embryos of the Chilean tinamou (a modern Pennaraptora), 
the best inference is that an independent ossification centre of 
the prefrontal was also formed in embryos of basal Pennaraptora, 
fusing seamlessly to the lacrimal in most cases (where it became  
T shaped), but developing as an independent bone in some species 
or individuals. Because these specimens are nested phylogeneti-
cally among taxa with no adult prefrontal and a T-shaped lacrimal, 
they probably represent independent reversals to non-fusion. In the 
Ornithothoraces (which include the ancestors of modern birds), no 
adult specimen has ever been reported to present an independent 
prefrontal. Basal Enantiornithes often show adult specimens with a 
typically T-shaped lacrimal as in early Pennaraptora. However, we 
present new evidence that confirms that an independent prefrontal 
ossification centre also continued to form in these Mesozoic birds: 
the fossil of an enantiornithine hatchling (IVPPV15564A) shows a 
separate prefrontal, and a lacrimal lacking a postero-dorsal process 
(Fig. 4e,f and Supplementary Fig. 8c,d).

Our developmental sequences of chicken, duck and lapwing have 
also documented an embryonic ossification centre present in the 
posterior region of the frontal, which compares well with the post-
orbital ossification centre of alligator embryos. As in alligator, an 
adult postorbital with the same position and tri-radiate shape was 
also present in ancient theropod ancestors of birds (Figs. 2 and 3). 
There are no other bones in ancient theropods that could represent 
alternatives, such as the postparietal or the postfrontal, which are 
absent in dinosaurs in general and which are mostly found only in 
distant relatives of birds (such as squamates). The fossil evidence 
on the evolutionary history of the postorbital is summarized in 
Supplementary Fig. 9. The postorbital was present in theropods 
and early Avialae as a triradiate element separating the temporal 
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Fig. 2 | Early formation of a postorbital ossification centre in neognathous birds. At the 12th day (E12) of incubation in the domestic duck (Anas), two 
ossification centres, one anterior (magenta arrowhead) and another posterior (blue arrowhead), can be seen that give rise to the bone traditionally 
identified as the frontal. The posterior ossification was also detected in chicken and Chilean lapwing. In both lateral view (above) and dorsal view (below), 
those centres are comparable to the ossification centres that in Alligator give rise to frontal (magenta arrowhead) and postorbital (blue arrowhead) bones, 
respectively, at stage 20 (St. 20) of embryonic development. The adult postorbital of the alligator develops the same tri-radiate shape as in the theropod 
ancestors of birds, as exemplified by the coelurosaur Compsognathus. p, parietal bone; qj, quadratojugal bone; j, jugal bone.
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fenestrae and the orbit (Fig. 3). It may have been reduced in some 
Archaeopteryx specimens: it is not clearly preserved in most spec-
imens53, but has been commonly accepted as present, based on a 
groove on the postorbital process of the jugal48. This was recently 
confirmed by the new 12th specimen where the Y-shaped postor-
bital is present and contacts the jugal, closing the postorbital bar52. 
Other forms closer to modern birds than Archaeopteryx, such as 
the Jeholornithiformes and the basal pygostylian lineages, have pre-
served a robust T-shaped postorbital that fully separated the infra-
temporal fenestra from the orbit. In the lineage leading to modern 
birds, an independent postorbital was lost at some point between 
the origin of Euornithes and the origin of Ornithurae; this cannot be 
established more precisely because preservation of basal Euornithes 
does not allow recognition of the presence or absence of a postorbital 
(Supplementary Fig. 9, orange). Importantly, the loss of the postor-
bital may have coincided with enlargement of the frontal bone and 
the expansion of relative brain and eye size to approximately mod-
ern proportions, which occurred near the origin of Euornithes54. 
Ichthyornis, an extinct close relative of the crown group, possessed 
an extensive adductor chamber enclosed by bone and margined 
anteriorly by a posteriorly pointing postorbital process55. Although 
this projection is not separated as an independent element, the 
overall configuration resembles more the condition of non-avian 
dromaeosaurids, suggesting fusion of the postorbital to the rest of 
the skull roof55. This interpretation is strongly supported by our 
embryological data, which show fusion of a postorbital ossification 

centre to the frontal in crown birds. The postorbital may have also 
been lost independently in another lineage of Mesozoic birds, the 
Enantiornithes. Within this clade, members of the Bohaiornithidae 
are documented with a robust T-shaped postorbital, also considered 
to rostrally delimit the infratemporal fenestra. However, at least one 
basal enantiornithine, Pengornis houi, clearly has a reduced postor-
bital, which does not fully separate the orbit from the infratemporal 
fenestra, and, in at least one Late Cretaceous specimen, a free bone 
is no longer present56. The adult postorbital may have therefore 
also become reduced and lost in enantiornithines, independently  
from modern birds; alternatively, the Bohaiornithidae may repre-
sent a reversion.

Discussion
Developmental evolution of the lacrimal. Our data reveal that the 
lacrimal of Archosauria develops from fusion of two ossification 
centres, as previously reported only in the chicken5. These ossifi-
cation centres have been previously proposed to correspond to a 
prefrontal and a lacrimal5. This interpretation may appear consis-
tent with current fossil evidence discussed above, that the prefrontal 
once fused to the lacrimal in ancient Pennaraptora. However, our 
data discard this possibility since none of these lacrimal ossification 
centres are in a dorsal position comparable to a prefrontal, and the 
alligator lacrimal also develops from two ossification centres, while 
at the same time presenting an independent, dorsally positioned 
prefrontal. Importantly, a condition similar to the alligator was 
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Fig. 3 | Evolution of adult circumorbital bones along the dinosaur–bird transition. In early dinosaurs such as Herrerasaurus, the anterior border of the orbit 
comprises the lacrimal and the more dorsally located prefrontal; its dorsal border is formed by the frontal and, towards posterior, the tri-radiate postorbital 
bone. In coelurosaurs such as Compsognathus, the lacrimal bone presents an inverted-L shape and is larger relative to the smaller prefrontal. Within 
Paraves such as Velociraptor, the prefrontal bone is typically absent, along with a T-shaped lacrimal, which has a posterior process in the position where the 
prefrontal used to be. A possible interpretation is that the T-shaped lacrimal of maniraptorans is a composite of the lacrimal and the prefrontal bone, fused 
into one single element, so the prefrontal bone corresponds to the posterior process of the lacrimal (Velociraptor, bottom image). Closer to modern birds, 
the postorbital bone was lost within Euornithes such as Hesperornis74. Although it was also reduced or absent in some Enantiornithes, it is a large bone in 
other members of this clade, such as Shenqiornis56.
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observed in the Chilean tinamou: the lacrimal develops from two 
ossification centres, while a separate ossification centre above the 
lacrimal corresponds to that giving rise to the prefrontal in alliga-
tor. The best inference is that the primitive condition for archosaurs 
is to present an independent, dorsally positioned prefrontal, and a 
lacrimal that develops from two ossification centres.

Developmental evolution of the prefrontal. In the Chilean tina-
mou, the fact that the prefrontal ossification centre continues to 
form independently is consistent with fossil evidence that it also 
formed independently in non-avian Pennaraptora and Mesozoic 
birds, against the common assumption that these taxa formed no 
prefrontal, and had a merely T-shaped lacrimal. Importantly, while 

the prefrontal fused to the lacrimal in these taxa, its ossification 
centre fuses to the nasal in the Chilean tinamou. This evolutionary 
change can only be recognized through the combined input of pal-
aeontological and embryological data, and highlights evolutionary 
possibilities that are allowed by the persistence of developmental 
modularity in the formation of independent ossification centres. A 
prefrontal ossification centre that forms separately in the embryos 
of Archosauria allows for different developmental trajectories  
(Fig. 5): (1) to form an independent skull bone in the adult, as in 
modern crocodilians and most dinosaurs; (2) to fuse to the lacri-
mal, as in early pennaraptoran dinosaurs; or (3) to fuse to the nasal, 
as in the Chilean tinamou. Other developmental-phylogenetic out-
comes are possible that are not shown in Fig. 5, such as fusion of the  
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Fig. 4 | Formation of the prefrontal as a separate ossification centre in fossil Paraves. Most Paraves show a T-shaped lacrimal in absence of a prefrontal. 
It has been suggested that the prefrontal did form separately in Paraves, but fused completely to the lacrimal, becoming its posterior process.  
a–f, Consistent with this hypothesis, we found evidence for separate formation of the prefrontal (yellow arrowhead) in key Paravian taxa, such as 
Deinonychus MOR747 (a and b), the fifth Archaeopteryx specimen, from Eichstätt (JM2257) (c and d) and an unnamed juvenile enantiornithine specimen 
IVPP V1556 (e and f). These taxa are successively closer to birds but they are also more closely related to forms with T-shaped lacrimals than they are to 
each other. This discontinuous phylogenetic pattern suggests that a prefrontal continued to form separately in Paraves, and then fused to the lacrimal in 
most taxa, producing the T-shaped lacrimal. Red arrowhead, lacrimal; d, dentary; ec, ectopterygoid; l, lacrimal; m, maxilla; pm, premaxilla; po, postorbital; 
q, quadrate; qj, quadratojugal; rm, right maxilla; sa, surangular; so, supraoccipital; sp, splenial; f, frontal; e, exoccipital; s, sclerotic ring; eb, eye ball. 
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prefrontal to the frontal bone, as in some tyrannosaurids26. 
Therefore, an independent ossification centre of the prefrontal has 
allowed to reinforce different aspects of skull architecture along 
evolution. The formation of an independent ossification centre 
can also explain how some members of Pennaraptora reversed to 
developing an independent adult prefrontal, and also the possible 
re-appearance of an independent postorbital in Bohaiornithidae: as 
long as a separate ossification centre is formed, reversal to an inde-
pendent bone remains conceivable. The persistence of ancestor-like 
patterning in embryonic development has been argued to allow 
for morphological innovation, as exemplified by experimental ata-
visms57. The evolution of the avian skull shows how persistence of 
ancient embryonic modules also allows for deconstruction and re-
assembly of composite structures, with the potential of becoming 
new adaptations. This is supported by other examples such as the 
intermedium in the embryonic ankle of neognathous birds, which 
has switched from fusing to the tibiale to fusing to the calcaneum58, 
a modification that also occurred in chameleons, where it is con-
sidered adaptive for climbing59. Another case of a switch in fusion 
patterns may have occurred with an ancient centrale (‘element m’) 
in the ankle of tree-climbing salamanders60.

Developmental evolution of the postorbital. Our study also con-
firmed that two ossification centres give rise to the frontal in the 
chicken, which we also documented in duck and lapwing embryos. 
The possible identity of the posterior ossification centre in chicken 
has been the subject of previous discussion: fate-mapping studies 
in this species show that the anterior frontal is derived from ecto-
dermal neural crest, whereas the posterior portion is derived from 
mesoderm61–63. In mouse, the frontal is derived entirely from neu-
ral crest cells64, whereas the parietal bone (immediately posterior to 
the frontal) is derived from mesoderm; this is also the case for the 
salamander Ambystoma65. This ectodermal–mesodermal boundary 
has led to the proposal that the posterior ossification centre of the 
chicken frontal corresponds to the parietal66,67, including the sugges-
tion that the adult bone found posterior to the frontal, traditionally 
identified as the avian parietal, is in fact another bone: the postpa-
rietal. This proposal has been formally challenged by a recent study 

that considers quantitative three-dimensional geometric morpho-
metrics, muscle insertion sites and relative position of embryonic 
brain regions, which support the traditional identification of the 
parietal across reptiles, dinosaurs and birds68. In this regard, it is 
noteworthy that our own independent line of evidence supports 
identification of the posterior ossification as the postorbital, rather 
than the parietal. Our data are consistent with the morphologi-
cal evidence, and do not contradict fate-mapping studies either, 
since the germ layer giving rise to the postorbital bone is currently 
unknown for any tetrapod: salamanders and mammals do not form 
a postorbital. By combining fate maps of birds with our own data, 
we predict that the adult postorbital bone of reptiles (such as the 
alligator) is probably of mesodermal origin.

The fact that the postorbital ossification centre has been incor-
porated to the avian skull roof is linked to its failure to develop into 
an independent bone. Importantly, the postorbital ossification cen-
tre of birds no longer carries intrinsic morphological information: 
on quickly fusing to the frontal, it develops as a mere continuation 
of this embryonic bone. Fate mapping of this region shows that the 
mesodermal cells that correspond to the left and right postorbital 
ossification centres grow medially and contact each other at the 
midline, becoming part of the braincase64, an unprecedented case 
within Tetrapoda. Importantly, loss of the postorbital as an inde-
pendent bone occurred somewhere near the origin of Ornithurae, 
which also coincides with the attainment of modern-like propor-
tions of the braincase of taxa such as Ichthyornis. Therefore, incor-
poration of the postorbital into the frontal may have played a key 
role in accommodating a larger brain in the evolution of birds54.

Methods
Animal collection and staging. All procedures were formally approved by the 
ethics committee of the Facultad de Ciencias, Universidad de Chile. None of  
the wild species used are listed in any conservation category of concern.  
Chilean tinamou (N. perdicaria), chicken (Gallus gallus) and mallard duck  
(A. platyrhynchos) eggs were purchased from local farms: Tinamou Chile  
(www.perdiz.cl), Chorombo S.A and Avícola Metrenco, respectively. Rock dove 
(Columba livia) and budgerigar (Melopsittacus undulatus) eggs were obtained 
from birds bred at facilities of the Facultad de Ciencias, Universidad de Chile. Eggs 
from wild Chilean lapwing (V. chilensis) and common coot (Fulica armillata) were 
collected at the beginning of the breeding season with permission from Servicio 
Agrícola Ganadero (Government of Chile).

All eggs were incubated at 37.5 °C and 70% humidity in an incubator with 
automatic rotation. Developmental stages for all species were determined 
according to Hamburger and Hamilton (HH) stages for chicken69. Regardless of 
species, we only considered embryos during a developmental interval comparable 
to stages HH34–HH37 of chicken, when ossification and other key events of skull 
development occur.

The number of embryos harvested per embryonic day depended on the 
availability of eggs; in the case of the farm-purchased Chilean tinamou, domestic 
duck eggs, and the laboratory-bred budgerigars, five embryos per day were 
collected for each species. Staging of lapwing and coot embryos before opening 
the eggs was more difficult, but age was estimated following the Hays and LeCroy 
method70, obtaining between one and two embryos per HH-comparable stage. 
Nine fertile pigeon eggs were also obtained, from which embryos at six different 
stages were collected after candling the eggs. In the case of the more accessible 
chicken eggs, 5 embryos were collected every 2 h during embryonic days 9 and 10, 
and 10 embryos were collected each day thereafter until embryonic day 14.

Obtaining sequences of rapid skull development in birds. In all taxa, we aimed 
to obtain closely spaced stages to document sequences of skull ossification as 
continuously as possible. Pre-osteogenic condensations can be informative about 
skull development and evolution, but molecular markers have only allowed their 
visualization on histological sections71,72 and no reports of their whole-mount 
visualization have yet been published. We therefore focused only on ossification 
centres, since virtually all comparative data (relative position, number and shape) 
are only available from this stage onwards. For species whose fertilized eggs were 
easily available (duck, chicken and tinamou), our initial strategy was to harvest 
eggs at daily intervals. Classic staging criteria, such as incubation time and the 
progress of external traits proposed by Hamburger and Hamilton69, were effective 
for comparing general embryonic development and age, but ineffective for a 
more detailed study of skull ossification sequences: radical differences in skull 
development would be observed in embryos that would all correspond to stage 
HH36 (in chicken, within a single incubation day) according to classic criteria 

Ontogeny

Phylogeny

Fig. 5 | Evolutionary consequences of embryonic modularity. From a 
common embryonic pattern, different developmental outcomes might 
develop (blue arrows) during the evolutionary history of a lineage (red 
arrows). As exemplified here, the separate ossification centres of the 
prefrontal (yellow), lacrimal (red) and nasal (green) might continue to 
develop separately, as in basal theropods. Another alternative outcome 
could be the fusion of the prefrontal to the lacrimal (as in the majority of 
maniraptoran dinosaurs), which may then switch to fusing to the nasal 
instead (as in the Chilean tinamou). Credit: embryo outlines modified from 
ref. 21, Oxford University Press.
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of external appearance. Progress, but not ossification sequence, varied greatly 
among individuals with identical time and conditions of incubation, presumably 
because of slight differences in other variables that affect the speed of development, 
such as egg size, genetic variation or time from fertilization until collecting and 
cooling of the newly fertilized egg at the farm. However, individual specimens 
were easily ordered into developmental series on the basis of intermediate traits, 
bridging morphological gaps between separated stages. These traits include first 
appearance of ossification centres, their shape and relative size. This approach also 
proved effective to order embryos from species in which time of incubation was 
only estimated (those collected from the wild, or incubated by the mother for an 
unknown period, before being transferred to the incubator). During the period of 
fast skull development, extensive harvesting remains the best strategy to randomly 
obtain embryos that document the presence of ossification centres that then 
quickly fuse to other elements. Especially, intense harvesting was required for the 
chicken, in which skull development progresses faster than in duck and tinamou.

Skeletal staining. Most studies have used double skeletal staining of alizarin 
red for bone and alcian blue for cartilage. However, alcian blue solution is acidic 
and can decalcify skeletal elements73, such that early ossification centres may be 
dissolved completely. Double staining is further uninformative, since circumorbital 
bones develop directly, with no cartilaginous precursor. We therefore only used 
alizarin red staining for this study. Eggs were cooled with ice before harvesting; 
embryos were fixed in 100% methanol for 3 days and postfixed in 10% buffered 
formalin for 20 min before staining with 0.03% alizarin red (Sigma-Aldrich) in 
0.5% KOH for 1 h at room temperature. Embryos were washed in distilled water 
and then cleared in a sequence of 2% KOH, 20% glycerol, 50% glycerol and 85% 
glycerol. Thirty-three Nothoprocta, 98 Gallus, 32 Anas, 9 Columba, 17 Vanellus, 
14 Fulica and 25 Melopsittacus embryos with morphologies allowing for equating 
them to chicken HH stages 32–39 were stained in this way (results summarized in 
Supplementary Table 1). Five A. mississippiensis embryos stained in this  
same way were kindly provided to us for observation by Bhart-Anjan Bhullar  
at Yale University.

Museum specimens. The following specimens were analysed from first-hand 
observations: T. rex (FMNH 2081) at the Field Museum of Natural History in 
Chicago; D. antirrhopus (MOR747) partial skull at the Museum of the Rockies, 
Bozeman; Enantiornithine juvenile specimen (IVPPV15564A) at the Institute  
of Vertebrate Paleontology and Paleoanthropology, Beijing, China; and  
A. lithographica (JM2257) at the Jura Museum in Eichstätt, Germany.

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

Data availability
High-resolution photographs of the specimens are available in the figures and also 
can be provided by request.
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Specimen provenance Enantiornithe juvenile specimen (IVPPV15564A) at the Institute of Vertebrate Paleontology and Paleoanthropology, Beijing, 
China; Archaeopteryx (JM2257) at the Jura Museum in Eichstätt, Germany.
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