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Interpretation of fossil embryos requires reasonable assessment of
developmental age

D. Charles Deeming™ © and Martin Kundrit

Abstract—Dinosaur embryos cause a lot of excitement in the scientific literature and are often widely
reported because of the general public’s interest in dinosaur biology. Well-preserved, articulated ovirap-
torosaur embryos in eggs are usually interpreted as representing a stage of development close to hatching
because of their large size and good level of skeletal ossification. Based on this evidence, a recent report
suggested that the position of the one embryo’s head was reminiscent of an avian-like hatching position.
Here we explore how the developmental stage of well-preserved oviraptorosaur embryos can be esti-
mated, rather than assumed. This will help in our understanding of their developmental biology and
its evolutionary consequences. Using quantitative methods and comparison with modern crocodilian
embryos, we show that all articulated oviraptorosaur embryos are small relative to the egg and most likely
at a stage of development equivalent to around 50%-60% of the developmental period, that is, not even
close to hatching. This conclusion is supported by the fact that many elements of the crocodilian skeleton
are well ossified many weeks before hatching and the position of oviraptorosaur embryos’ heads was also
comparable to a crocodilian embryo many days before hatching. Misunderstandings about the stage of the
developmental biology of these well-preserved oviraptorosaur embryos hampers our understanding of
the true nature of their reproductive biology. We urge a more conservative approach to their interpret-
ation. This is important, because misunderstandings in the minds of the public about dinosaur biology
are hard to counter once poorly evidenced ideas have been reported around the world.
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Introducti
nirocuction to the hatching position exhibited by modern

Dinosaur embryos always attract a lot of
media attention when they are reported in
the scientific literature, because they capture
the imagination of academics and the public
alike. Spectacular fossils like that of an
exceptionally well-preserved, articulated ovir-
aptorosaur embryo in an egg from China
(YLSNHMO01266; Xing et al. 2022) are fascinat-
ing. Its three-dimensional (3D) level of preser-
vation has allowed interpretation of the
developmental status of this embryo. In this
instance, the position of the head relative to
the rest of the skeleton in this well-ossified
embryo led Xing et al. (2022) to suggest that
the embryo was close to hatching and that
the embryo had adopted a posture comparable

birds. There was even a suggestion that other
articulated oviraptorosaur embryos in eggs
exhibit similar positioning of the head. The
evidence to support these assertions was the
well-ossified skeleton and the position of
the skeletal elements compared with micro—-
computed tomography scans of an ontogen-
etic series for the domestic fowl Gallus gallus.
The report detailed broader implications for
theropod evolution, because it purported to
provide evidence that avian-like developmen-
tal features were established in non-avian
theopods, rather than being a characteristic
of birds themselves. However, whether this
suggestion has any merit relies on the strength
of the evidence.
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The first embryonic dinosaurs were found in
the 1980s (Horner and Weishampel 1988, 1996),
and there were many reports thereafter (see
Deeming [2004], but also Norell et al. [1994,
2001], Weishampel et al. [2008], Wang et al.
[2016], Yang et al. [2019], and Bi et al. [2021]
for oviraptorosaur embryos). The interpret-
ation of these specimens has often relied on
how the skeletons have been methodologically
perceived, particularly in terms of the degree of
ossification and how it relates to hatching based
on modern crocodialian and avian proxies
(Kundrat et al. 2008). For instance, Bi et al.
(2021) reported several oviraptorosaur eggs
with ossified embryonic bones that vary in
size and suggested that this implied asyn-
chronous development in a clutch. In addition,
“Baby Louie” was a small, isolated, articulated,
and well-ossified skeleton of a caenagnathid
oviraptorosaur found in association with a
clutch of Macroelongatoolithus eggs (Pu et al.
2017). It was considered as a perinate embryo,
that is, one close to hatching, despite not being
enclosed in eggshell. These fossil embryos
needed to be relatively well ossified in order
to be fossilized in the first instance but often
many of the reported descriptions are qualita-
tive and independent of any extant vertebrate
model for development. The lack of a compara-
tive analysis often weakens the argument for
the proposed interpretation of many of these
embryo specimens.

An alternative approach is more quantitative
and comparative and has been used to confirm
the developmental status of small ichthyosaur
skeletons in association with larger adults.
Deeming et al. (1993) used qualitative observa-
tions of small ichthyosaur skeletons in con-
junction with quantitative data from other
ichthyosaur fossils and from extant alligator
embryos to suggest that these small skeletons
were indeed embryos rather than cannibalistic
prey items. A similar approach has been applied
to pterosaur embryos, whereby four separate
quantitative aproaches allowed for a more pre-
cise identification of the developmental stages
of skeletons in ovo and probable hatchlings
(Unwin and Deeming 2019).

Undoubtedly, the recent description of the
oviraptorosaur embryo YLSNHMO01266 (Xing
et al. 2022) is impressive, but to what extent
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did the report’s authors offer evidence to sup-
port their proposal that the specimen was
about to hatch? Did the evidence support the
authors’ broader interpretation of theropod-—
bird evolutionary biology? We feel that the
report of YLSNHMO01266 is descriptive and
only uses a limited comparative approach to
support its interpretation. Here, we explore
the key assumptions made by many paleontol-
ogists, including Xing et al. (2022), when inter-
preting embryos in ovo; namely: (1) the degree
of ossification and (2) the size of the specimen
accurately indicate ontogenetic status. Many
other interpretations of well-ossified embryos
of oviraptorosaurs (Norell et al. 1994, 2001;
Weishampel et al. 2008; Wang et al. 2016; Pu
etal. 2017) were underpinned by these assump-
tions, but here we explore the extent to which
the assumptions are accurate for oviraptorosaur
embryos like that reported by Xing et al. (2022).

We explore the oviraptorosaur embryo
YLSNHMO01266 in a 3D comparative analysis
relative to crocodilian development to assess
whether it is posible to provide a reasonable
assessment of the ontogenetic status of the spe-
cimen. Ideally, it would be better to use avian
models in this context, but while modern
birds have a basic theropod body plan of a rela-
tively small head on a long neck attached to a
robust body with well-developed pelvic limbs,
they lack an extended tail seen in extinct non-
avian theropods. Crocodilians have the tail, but
the neck is relatively short, but given that they
are, like theropods, archosaurs, they are not
an unreasonable model from the extant fauna.

Materials and Methods

Embryos of Crocodylus mniloticus were
obtained from La Ferme aux Crocodiles (Pierre-
latte, France). Permission to collect the C. niloti-
cus at the farm was granted by two directors:
Luc Fougeirol and Samuel Martin. Clutches
were collected from nesting areas and incu-
bated at 28°C-31°C in a mixture of vermiculite
and sand. The killing procedure was done
under the veterinary supervision of Samuel
Martin and consisted of two steps: (1) eggs con-
taining embryos were transferred from incuba-
tor to room temperature conditions (~20°C) for
30 minutes and then moved into a refrigerator
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(4°C-8°C) for an hour to gradually decrease
circulatory activity and prevent any further
movement of embryos. Subsequently, the cold
eggs containing embryos were injected with
formalin and then submerged in formalin com-
pletely. This procedure was chosen to preserve
the original position of crocodilian embryos
inside the eggs. Later, the eggs were refixed
with 95% ethanol. Crocodile egg specimens
were individually placed in plastic tubes filled
with 95% ethanol. Each tube was then imaged
with propagation phase contrast X-ray syn-
chrotron microtomography on the beamline
ID 19 of the European Synchrotron Radiation
Facility (ESRF) using a polychromatic beam
with an isotropic voxel size of 28 um. The
reconstruction was performed using a single
distance phase retrieval process (Paganin et al.
2002). The volumes were then reconstructed
using a filtered back-projection algorithm.
After reconstruction, residual ring artifacts
were corrected on the slices using an algorithm
developed at the ESRF (Lyckegaard et al.
2011). The segmentation of the data and 3D
modeling was performed with Volume Studio
Max 2.1 (Heidelberg, Germany).

Details of the hatching sequence of alligators
(Alligator mississippiensis) and various species
of domesticated and wild birds are from per-
sonal observations by D.C.D. over several
years. Embryos of A. mississippiensis investi-
gated here were represented in photographs
taken in 1988 and 1989 and are the same
embryos incubated at 30°C as those reported
by Deeming and Ferguson (1989) with an aver-
age egg length of 72 mm (Deeming and Fer-
guson 1990).

Measurements of all crocodilian embryos
were taken from digital images using Image]J
(https://imagej.nih.gov/ij; Schneider et al. 2012)
after calibration using the relevant linear scales.

The scanned data of the critical developmen-
tal (55, 67, and 87 day) stages of the Nile croco-
dile have been made publicly available on the
ESRF paleontology online database at http://
paleo.esrf.eu.

Results and Discussion

Assessment of the Ontogenetic Stage of the Ovi-
raptorosaur Embryo.—Interpretation of any fossil
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embryo is reliant on a good understanding of
the developmental stage of the specimen,
which relies on the degree of ontogenetic
maturity and interpretation of its size. The ovir-
aptorosaur embryo YLSNHMO01266 is certainly
well ossified, the skeleton is articulated and
relatively large, but is this sufficient to assume
that it is close to hatching?

The degree of ossification of embryonic bones
has often been used to assign certain character-
istics to the specimens. For example, Chapelle
et al. (2020) used tomographic data of Centro-
chelys sulcata, Gallus gallus, and Crocodylus nilo-
ticus embryos to help interpret well-preserved
embryos of the early-branching sauropodo-
morph dinosaur Massospondylus carinatus.
Unwin and Deeming (2019) used descriptions
of ossification in Alligator and the quail Coturnix
coturnix to interpret pterosaur embryos. By con-
trast, Horner and Weishampel (1988, 1996)
used a more qualitative approach to interpret
the poorly ossified terminal ends of small
limb bones of Maiasaura as representing
altricial development. However, as is seen in
birds, only the shafts of the embryonic limb
bones are ossified, and the terminal ends
remain as cartilage in order to facilitate rapid
growth posthatching (Starck 1996, 1998). More-
over, the degree of ossification of hatchlings
does not qualitatively differ between precocial
and altricial species (Starck 1996, 1998). Growth
and development of bones take place over a
protracted period of the developmental period
in birds and crocodilians, and bones become
ossified relatively early in development
(Romanoff 1960; Rieppel 1993). In galliform
birds, ossification starts around midway
through development (Maxwell 2008). In the
Nile crocodile (C. niloticus), a range of poorly
developed elements of the skeleton are already
showing substantial amounts of ossification in
embryos at 39 days of development at 30°C,
which is only 45% of the way through develop-
ment (Fig. 1). As the embryos grow, the degree
of ossification keeps pace, and embryos with
well-ossified skeletons are observed some 30
or 20 days before hatching (Fig. 1). In addition,
the terminal ends of the long bones are not ossi-
fied, even in hatchling birds and crocodilians
(Kundrat et al. 2008: fig. 8; Maxwell 2008: fig.
1). Therefore, a well-ossified skeleton is not
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39 days

45 days 48 days

FiGURE 1.

55 days 68 days 87 days

Three-dimensional mapping of real consectutive positioning and developmental geometry of cranial and post-

cranial elements in Crocodylus niloticus embryos. The incubation period is around 90 days. Note the position of the skull
inside the egg, overall curling patterns, and in ovo space left unoccupied by 55- and 68-day-old embryos.

evidence in itself to allow for interpretation of
the developmental stage of the embryo.

The size of a specimen in ovo is often deemed
to “fill” the egg (Xing et al. 2022), which is seen
as another piece of evidence that the embryo
was close to hatching. Rarely (Deeming et al.
1993; Unwin and Deeming 2019) do reports of
fossilized embryos offer any quantitative
assessment of age in terms of development.
Therefore, how reasonable is it to assume that
specimens like YLSNHMO01266 (Xing et al.
2022) and other oviraptorosaur embryos (Nor-
ell et al. 1994, 2001, Weishampel et al. 2008;
Wang et al. 2016; Pu et al. 2017) are of a size
that is “close to hatching”? Is it possible to
gauge the stage of development of an embryo
from its size? First we consider the physical
characteristics of crocodilians and birds imme-
diately leading up to and through hatching
before considering how to interpret absolute
size for embryos in ovo.

Comparison between Crocodilian and Avian Egg
Immediately before Hatching.—Both crocodilian
and avian embryos occupy much of the volume
of the egg immediately before hatching (Grigg
and Kirshner 2015). In both taxa, the embryo
has absorbed the residual yolk into its abdominal
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cavity and the embryo remains surrounded by
the extra-embryonic membranes. In crocodilians,
the allantoic sac is still full of fluid, which at 5 g is
around 8% of an alligator egg of 64 cm® (Deem-
ing and Ferguson 1989). Within hours of hatch-
ing, air is present within the amniotic cavity
(Fig. 2), which allows the perinatal alligator to
vocalize, despite the allantoic fluid remaining
in the egg (Andrews 2004). By contrast, in
avian eggs, all of the allantoic and amniotic
fluids have been resorbed by the embryo, and
15% of the egg’s volume is occupied by the air
space (Ar 1991). Vocalization is only possible
after the perinatal bird has internally pipped
and is breathing through its beak, which is
pushed into the air space (Romanoff 1960).
Hatching has been reported in crocodilians
(see Ferguson 1985; Grigg and Kirshner 2015),
and the following account includes additional
personal observations by D.C.D. Despite
reports to the contrary (Grigg and Kirshner
2015), there is no internal air space in crocodil-
ian eggs incubated under normal conditions
(D.C.D. personal observations), and this pre-
vents internal pipping, as is seen in birds
(Romanoff 1960). Hatching proceeds by the
perinatal embryo externally pipping the
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FIGURE 2. A full-term embryo of Alligator mississippiensis in
situ within its egg. The top half of the eggshell with asso-
ciated chorioallantoic membrane has been removed, and
the allantoic fluid drained away. The embryo’s head is to
the left and is pointing to the top. Note the embryo occupies
most of the egg, and its tail is wrapped around the abdomen
and legs. (Photograph by D.C.D.)

eggshell and pushing the distal end of its ros-
trum and its nostrils into the air. This releases
allantoic fluid that leaks from the egg. After a
variable period of time (usually only a few min-
utes) of air-breathing, the head is simply
extended through the hole, and in seconds the
hatchling pushes its way out of the egg. The
head of the perinatal crocodilian does not adopt
a particular position before external pipping
(D.C.D. personal observations).

In birds, the hatching process requires
internal pipping by the beak being pushed
into the air space (Romanoff 1960). This leads
to the perinatal embryo adopting a position
where it tucks its head under the right wing
so that the beak can be pushed through the
chorioallantois and inner shell membrane.
Once internal pipping occurs, the air in the air
space is transferred into the perinatal respira-
tory system, where it inflates the air sacs and
the lungs. After a period of 24 hours, the peri-
natal embryo makes an initial external pip
hole in the egg shell, which it proceeds to
enlarge by rotating within the eggshell while
repeatedly hitting the eggshell to form a frac-
ture line. After a species-specific degree of rota-
tion, the end cap of the eggshell is pushed off,
and the hatchling kicks its way out of the egg
(Bond et al. 1986, 1988).

Quantitative Assessment of Ontogenetic Sta-
tus—Deeming et al. (1993) used morphomet-
rics of ichthyosaur fossils and quantitative
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patterns of alligator development to demon-
strate that small ichthyosaur skeletons asso-
ciated with adults were embryos that were
born tail first. An effective growth series is not
reported for theropods, and embryos in ovo
remain relatively rare (Kundrat et al. 2008), so
how can developmental age be assessed? The
YLSNHMO01266 specimen is helpful, in that
the surrounding eggshell is nearly intact and
uncrushed, so egg length was reliably mea-
sured at 167 mm. Xing et al. (2022) also
reported that the embryo specimen was
~235 mm in length and seemed to fill the egg.
However, as shown earlier, both avian and
crocodilian hatchlings occupy most of the
egg’s volume but, as Xing et al. (2022) acknowl-
edged, YLSNHMO01266 clearly has space around
it. In fact, the tail never extends/projects from
the embronic body of modern crocodiles, as
Xing et al. (2022) illustrated in highlights of
their paper, and it bends from its base toward
and around the body.

With a total length of 235mm, the
YLSNHMO01266 specimen was 1.4 times the
length of the egg, so how does this compare
with the length of extant crocodilians at hatch-
ing? Alligator mississippiensis hatchlings aver-
aged 260-300 mm in length and hatched from
eggs that are 75 mm in length (Deeming and
Ferguson 1989), making them 3.4—4 times the
length of the egg. The C. niloticus hatchling in
Figure 1 had a total body length of 264.9 mm
from an egg measuring 101.3 mm in length, a
ratio of 3.3:1. Figure 3 shows data collected
from the images of C. niloticus in Figure 1 and
from digitized photographs of A. mississippien-
sis embryos collected during development as
proportions of egg length. As development
proceeds, crocodilian embryos get progres-
sively longer and average around 3.4 times
the length of the egg at hatching. Figure 3 also
shows the ratio of head length to egg length
for the same embryos; hatchlings have heads
that are around 0.5 of the egg length. Equiva-
lent data are not available for birds, but an
ostrich hatchling was 2.7 times the length of
its 150 mm egg (D.C.D., personal observation);
adding a tail would only increase this ratio.

With a total length to egg length ratio of 1.4,
the YLSNHMO01266 specimen was seemingly
around 55% of its way through development
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FiGURe 3. Relationships between total body length as a proportion of egg length (TL/EL, filled circles) and head length as
a proportion of egg length (SL/EL, open circles) plotted against percentage of the incubation period for embryos of Alligator
mississippiensis and Crocodylus niloticus. Blue number indicates TL/EL, and the orange number indicates HL/EL, for the
oviraptorosaur embryo YLSNHMO01266 (Xing et al. 2022). Lines indicate extrapolation of these values onto crocodilian

relationships.

(Fig. 3). The skull length to egg length ratio is
0.29 for this oviraptorosaur, which also sug-
gests a similar stage of development of ~55%
of the developmental period. Juvenile speci-
mens of oviraptorosaurs reported by Lii et al.
(2013) were larger than embryos in ovo, but des-
pite the availability of data from a variety of
oviraptorosaurs (Lii et al. 2013), there is no con-
sistent series of oviraptorosaur embryos and
juvenile stages to allow a more direct compari-
son with the embryo. This makes it hard to real-
istically compare embryos with juvenile or
adult animals.

Every oviraptorosaur embryo reported to
date is well ossified and has been described as
being close to hatching (Norell et al. 1994,
2001; Weishampel et al. 2008; Wang et al.
2016; Pu et al. 2017). However, these specimens
were all relatively small compared with the egg
length. For example, skull length of IVPP 100/
971 is only 40 mm (Norell et al. 1994), whereas
oviraptorosaur eggs found in nests in the same
location were 180 mm in length (Clark et al.
1999). Beibeilong sinensis (HGM 41HIII1219;
Pu et al. 2017) was an articulated, well-ossified
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skeleton found associated with the largest
known eggs for dinosaurs (oogenus Marcoelan-
goolithus). This specimen was described as a
perinate despite not being found inside an egg-
shell, because it was interpreted as having been
expelled from one of the crushed macroelonga-
toolithid eggs. The curled skeleton, which is
missing a tail, is only 230 mm long compared
with an associated egg measuring 400-
450 mm in length; adding a tail of 170 mm
means that the total length of 400 mm would
still not exceed the length of the egg. It is clearly
visible in Pu et al. (2017) that the specimen was
too small in length to fill the total inner space
of any associated macroelangoolothid egg.
Furthermore, the embryo’s head was about
66 mm long (Pu et al. 2017). Assuming an egg
length of 450 mm, the total body length of
400 mm was only 0.88 of the egg length, and
the skull length to egg length ratio was only
0.14. Both of these values suggest that HGM
41HIII1219 was much less than 50% of its way
through development (see Fig. 1). Compared
with crocodilian embryos, the positioning of
the head in the Beibeilong holotype is also in
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agreement with the ratios presented earlier,
despite being partly disarticulated. Ironically,
Pu et al. (2017) suggested in figure 4 of their
supplementary materials that, based on skel-
etal orientation, the “perinate” specimen had
probably died several months before hatching.
It is interesting that Chapelle et al. (2020) used
observations of the osteology of extant verte-
brates to conclude that embryos of the basal
sauropodomorph dinosaur M. carinatus were
only ~60% through their incubation period
and so were also younger than previously
hypothesized.

Implications of an Early-Stage  Ossified
Embryo.—The quantitative evidence presented
here suggests that, despite being well ossified,
the YLSNHMO01266 embryo (Xing et al. 2022)
was not close to hatching. This means that the
positioning of the head relative to the body
cannot bear any relationship to hatching pos-
ition in this animal. The space at the blunt of
the egg cannot be interpreted as an air space
(Xing et al. 2022), because the embryo did not
occupy most of the volume of the egg. The posi-
tioning of the head in the YLSNHMO01266
specimen is more reminescent of a stage of
development equivalent to between 55- and
68-day-old crocodile embryos illustrated in
Figure 1, which is far from hatching. If this is
the case, then the scenario proposed by Xing
etal. (2022) to suggest an avian-like prehatching
posture, and the associated coordinated embry-
onic movements, has no supporting evidence.

Although not universally accepted, most
evidence suggests that oviraptorosaur eggs
were buried (Deeming 2002, 2006). In addition,
there is strong evidence that the developmental
periods of dinosaurs were long and compar-
able to those exhibited by extant reptiles (Rux-
ton et al. 2014; Erickson et al. 2017; Varricchio
et al. 2018). Long periods of incubation are
associated with precocial development in both
birds and crocodilians and allow for a pro-
longed period of ossification and growth dur-
ing the second half of incubation (Deeming
and Ferguson 1989; Ricklefs and Starck 1998).
Embryos of therizinosaurid theropods (Kun-
drat et al. 2008) and Troodon (Varricchio et al.
2002) have been interpreted as being precocial
based on their degree of ossification of the
skull and postcranial skeleton. Whether the
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fossil record of oviraptorosaur embryos illus-
trates the same pattern is also questionable
because of variable eggshell microstructure,
substrate moisture, and nesting strategy in
these groups (Varricchio et al. 1997, 2018;
Deeming 2002, 2006; Weishampel et al. 2008;
Hogan and Varricchio 2021; Kundrat and
Cruickshank 2021). Resolution of these issues
will depend on more specimens of oviraptoro-
saur embryos in eggs being uncovered.

In conclusion, while it is possible that ovirap-
torosaur embryos did exhibit a particular
hatching position, we do not accept that speci-
men YLSNHMO01266 (Xing et al. 2022) or any
other oviraptorosaur embryo identified to date
supports a view that the position was directly
comparable to that of modern birds. Itis unclear
how unfounded speculation is supposed to
further our understanding of theropod devel-
opment or reproductive biology. Rather, this
approach is in danger of establishing an errone-
ous view that could cloud our interpretation of
future discoveries. While Xing et al. (2022) do
accept limitations of their study, the title and
tone of the report do seem to reinforce an idea
that is not supported by any real evidence.
More crucially, such an approach may prevent
recognition of the significance of differences
between extant and extinct birds and their thero-
pod ancestors, which will be to the detriment of
our understanding of the evolutionary history
and paleobiology of both groups. Unfounded
speculation about fossils has other consequences.
Widespread reporting of such ideas by the global
media can establish an idea in the public con-
sciousness that is subsequently hard to dispel.
We urge more caution in the interpretation of
future discoveries of fossil embryos.
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