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ARTICLE

PATTERNS OF POSTCRANIAL FUSION IN THE EMU (DROMAIUS NOVAEHOLLANDIAE) AND

CRETACEOUS THEROPOD DINOSAUR TROODON FORMOSUS

HEATH R. CALDWELL, ®* EMILIO BEDOLLA, and DAVID J. VARRICCHIO

Department of Earth Sciences, Montana State University, Bozeman, Montana, 59717, U.S.A., caldwellheath@outlook.com;

workbedolla@gmail.com; djv@montana.edu

ABSTRACT—Skeletal fusion has been a widely used indicator of maturity for fossil vertebrate specimens, including non-
avian dinosaurs. However, recent research has highlighted the potential variability in fusion patterns that can exist among
closely related vertebrates. Making more justified ontogenetic interpretations for fossil specimens requires the fusion
patterns of extinct and extant taxa to be assessed whenever possible. In the case of Cretaceous paravian dinosaurs, a
refined understanding of postcranial fusion is lacking. Here, we describe the patterns of postcranial fusion in the extant
emu (Dromaius novaehollandiae) and in a Cretaceous theropod Troodon formosus. Our results suggest similarity in fusion
patterns of the postcranial axial column between the two taxa. Both taxa exhibit a bidirectional pattern of neurocentral
suture closure that begins anteriorly and posteriorly before converging in the sacral region and is complete before
maximum body size is obtained. This pattern contrasts with the caudocranial directionality of crocodilians and the
apparent craniocaudal directionality of some neognath birds and highlights that complete neurocentral suture closure is
not always an indicator of maturity. Additionally, observed fusion of the atlas, axis, cervical ribs, and sacrum/synsacrum
are events that happen late in ontogeny. Appendicular fusion is an ontogenetically delayed event for both taxa as well,
although it is far more extensive in the emu than in Troodon. These data expand upon how ontogenetic interpretations
for extinct paravian dinosaurs should be made and emphasizes the diversity of fusion patterns among Archosauria.
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INTRODUCTION

Determining the relative ontogenetic stages of fossil archosaur
specimens has been the subject of intensive study through a
variety of approaches including morphometric (e.g., Dodson,
1975), histological (e.g., Woodward et al., 2020), and skeletal
fusion analyses (e.g., Brochu, 1996). One study, Brochu (1996),
describes the patterns of neurocentral suture closure in extant
crocodilians as having a caudocranial directionality, with those
of the cervical vertebrae being fused in only the most mature
individuals. Numerous studies have used Brochu (1996) as a
baseline for interpreting the ontogenetic stage of various dino-
saur specimens, particularly where a complete growth series of
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a taxon is not known (e.g., Carrano et al., 2002; Norell et al.,
2006; Smith et al., 2007; Yates & Kitching, 2003). However, the
reported diversity in the pattern and timing of neurocentral
suture closure among many archosaur groups, especially dino-
saurs, highlights the issues of using crocodilians as an ontogenetic
analogue (Brochu, 1996; Griffin, 2018; Griffin et al., 2021; Hein-
rich et al., 2021; Hone et al., 2016; Irmis, 2007; O’Connor, 2007;
Poust et al., 2020; Stark, 1993). Other postcranial fusion features
have been used as indicators of maturity, despite a lack of
detailed understanding of their ontogenetic or evolutionary pat-
terns (e.g., Longrich & Currie, 2009; Longrich & Saitta, 2024).
These studies emphasize the need for more refined analyses of
the patterns and timing of skeletal fusion for individual groups
within Archosauria before these features can be used for onto-
genetic interpretations (Griffin et al., 2021).

The ontogenetic patterns of many extinct paravian dinosaurs
(those that are more closely related to crown birds than ovirap-
torosaurs) are especially poorly understood and convoluted
(Poust et al., 2020). For instance, the seemingly immature skeletal
proportions for specimens of the small troodontid Mei long con-
trast with the presence of extensive skeletal fusion and bone
microstructure typically associated with maturity (Gao et al.,
2012; Xu & Norell, 2004). This lack of understanding has been
the source of some confusion surrounding the taxonomic status
of many fossil specimens within Paraves. For example, small troo-
dontid specimens previously suggested to be immature
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individuals of Saurornithoides mongoliensis and Byronosaurus
jaffei are now considered to be distinct species, which is in part
based on these specimens possessing skeletal features typically
associated with maturity (Bever & Norell, 2009; Currie &
Peng, 1993; Pei et al., 2017; Xu et al., 2012). Understanding the
precise pattern and timing of skeletal fusion events through onto-
geny in paravian dinosaurs can help resolve some of the issues
surrounding the interpretation of fossil specimens.

Previous research has documented dissimilarity in skeletal
fusion patterns between non-avian dinosaurs, extant crocodi-
lians, and neognath birds (Irmis, 2007). However, the lack of a
growth series for many extinct archosaur taxa has prevented
precise interpretations for many fossil specimens, including para-
vian dinosaurs (Griffin et al., 2021, Poust et al., 2020). A more
informed understanding of the postcranial fusion patterns in
large paravian dinosaurs can be accomplished through the analy-
sis of extant and extinct taxa in tandem. The troodontid Troodon
formosus is unique for being one of the larger Cretaceous para-
vian dinosaurs for which a relatively complete growth series is
known, making it an ideal candidate for ontogenetic analysis
(Varricchio, 1993; Varricchio et al., In Press). Despite the
amount of material preserved for Troodon, the gaps in the
growth series require the use of an extant analogue, such as the
emu (Dromaius novaehollandiae). The use of the emu, as
opposed to a crocodilian, as an ontogenetic analogue for a para-
vian such as Troodon is justified not only by the relatively close
phylogenetic relationship (Agnolin et al., 2019), but also biome-
chanical similarities. Both the emu and Troodon exhibit simi-
larities in skeletal growth (Castanet et al., 2000; Cubo et al.,
2012; Erickson et al., 2007; Varricchio, 1993) and, unlike most
neognath birds, have similar body masses and locomotor strat-
egies as bipedal, non-volant animals (Campione et al., 2014).
There is an extensive body of research (e.g., James, 2009; Gam-
baryan et al., 2005; Mulder, 2001; VanBuren & Evans, 2016)
suggesting that similarities in skeletal fusion are related to
shared biomechanical stresses. Following this assumption, even
though Troodon is equally related to neognath and paleognath
birds such as the emu, the latter is more likely to reflect the
fusion patterns of Troodon.

Here, we describe the patterns of postcranial fusion through
ontogeny in the emu and Troodon formosus. This analysis
allows for a better understanding of the evolution of skeletal
fusion in Archosauria and provides a more informed framework
for interpreting the growth stages of fossil paravian specimens.

MATERIALS AND METHODS
Specimen Collection and Preparation

The postcranial skeletons of 12 individual emus were analyzed
(Table 1). Eleven of these individuals were donated to Montana
State University from a private company (Montana Emu
Ranch), and one specimen was from the Montana State Univer-
sity Paleontology Department teaching collection (EMU-235).
The donated emus were reported to have died of natural
causes before being obtained for this study (Boekenheide,
2023). Emus were de-fleshed using a combination of manual
maceration methods and placement in a dermestid beetle
colony. Specimens were then de-greased through soaking in
aqueous solutions of Tergazyme or ammonia for multiple
weeks at a time. The ages for two emus (EMU-143 at 99 days
and EMU-181 at 135 days) are known and were recorded by
the company. The sexes of the individuals are not known. It is
important to note that emus are slightly sexually dimorphic in
body mass, with adult males reported to have a maximum body
mass about 90% of adult females (Maloney & Dawson, 1993).

The sample of Troodon formosus specimens evaluated consists
of three associated skeletons (MOR 430, 563, 748) and the

TABLE 1. Measured femur lengths (millimeters) and ages (days) for
emu specimens used in this study. ‘*’ indicates estimated femur length.
“**’ indicates estimated ages. ‘***’ indicates estimated ages based on
the extrapolation of data.

Femur Length % Maximum Femur Age
Specimen (mm) Length (Days)
EMU-45 45 19 9
EMU-63 63 27 26%*
EMU-143 143 61 99
EMU-170 170 72 126%*
EMU-175 175 74 131%*
EMU-176 176* 75 13274
EMU-181 181 77 135
EMU-182 182 77 138%#*
EMU-177 177 75 132%*
EMU-185 185 79 140%*
EMU-209 209 89 162%%*
EMU-235 235 100 187

TABLE 2. Femur length (millimeters) and estimated age (years) values
for specimens of Troodon based on histological analysis. ‘*’ indicates a
locality for which multiple Troodon individuals were collected.

Femur Length % Maximum Femur Estimated
Specimen (mm) Length Age
MOR 430 126 39 <1 year
MOR 553* 218-330 ~70-100 ~2-9 years
MOR 563 220 ~70 ~1 year
MOR 748 320 100 ~9-18 years

remains of multiple individuals from a bonebed (MOR 553)
(Varricchio, 1995) (Table 2). We follow the justification of Varric-
chio et al. (2018, In Press) for using the name Troodon formosus
for this taxon, as defined by Currie (1987). All specimens were
collected from the Two Medicine Formation of Montana (Varric-
chio et al., In Press).

Ontogenetic Stage Determination

Although the ages of only 2 out of the 12 emus are known in
this dataset, we follow the assumptions of Goonewardene et al.
(2003) that individual size is roughly positively correlated with
ontogenetic stage for this taxon. Femur length was used as an
approximation for relative ontogenetic stage based on the
assumption that emus with a greater body size are more skele-
tally mature (Campione et al.,, 2014; Goonewardene et al.,
2003). This assumption is supported by the fact that all these indi-
viduals were raised in captivity. Additionally, all but one of the
emu specimens (EMU-235) were raised in the same facility
under similar conditions. Finally, data on other emu hindlimb
specimens collected from this facility show a strong positive
linear relationship between femur length and emu age (R*=
0.97) (Boekenheide, 2023) (Fig. 1).

For Troodon, maturity of some of the specimens was assessed
through histological analysis of limb bones (Boekenhide, 2023;
Erickson et al., 2007; Varricchio, 1993) (Table 2). MOR 748,
the largest individual in the dataset, is associated with a clutch
of eggs and suggests that individuals of this approximate size
were near skeletal maturity (Erickson et al., 2007; Varricchio
et al., 1997, 2008). For disarticulated specimens from MOR
553, it is assumed that larger elements are from older individuals,
which is corroborated by the histological analysis of disarticu-
lated limb bones from the locality (Boekenhide, 2023; Varricchio,
1993).



Caldwell et al.—Postcranial fusion in the emu and Troodon (€2493166-3)

150

100

Age (days)

50

0 50 100

150
Femur Length (mm)

O Age Known
© Age Estimated

200

FIGURE 1. Plot of femur length against age for emu specimens. Linear regression is based on specimens of known ages (rhombus). All of these speci-
mens were collected from the same facility with the exception of the largest individual (EMU-235). Specimens denoted by a circle have age values
estimated from the linear regression. Most of the aged specimens were not included in the remainder of this study, as they lacked most of the skeleton.

Ontogenetic Analysis

An ontogenetic analysis of fusion patterns was conducted fol-
lowing the methods of Brochu (1996) to more easily interpret the
collected data. An ontogenetic matrix was built with Mesquite
version 3.81 using skeletal fusion data in the emu postcranial
skeleton. A maximum parsimony analysis with an implicit enu-
meration search was conducted using Tree analysis using New
Technology (TNT) version 1.6 (Goloboff & Morales, 2023).
This analysis included 13 operational ontogenetic units (12 emu
specimens, 1 hypothetical outgroup) and 141 equally weighted
ordered characters that were observed to vary in the sample
(Table 3, Supplementary File 1). A hypothetical outgroup was
designated with all characters coded as open (0), reflecting the
assumed embryonic stage where no fusion has occurred
(Brochu, 1996). Fusion state classification follows those outlined
by Brochu (1996) (Fig. 2). A fully closed suture (coded as 2) is
one where the suture is no longer visible. An open suture
(coded as 0) is defined as having an unbroken line between the
two components. A partially closed suture (coded as 1) is one
where fusion has begun to occur, but the suture is still visible.
Although a purely surficial examination of the sutures does not
account for the subsurface patterns of fusion, this analysis is
more appropriate from a paleontological perspective, where his-
tological or computed tomography analysis of a specimen may
not be readily available to the researcher (Bailleul et al., 2016).

The characters of interest and methods used for the Troodon
dataset are the same as those used for the emu dataset with the
added character of fusion of the astragalus to the calcaneum
(Table 3, Supplementary File 2). Given the more incomplete
Troodon sample, specimens belonging to individuals of similar
body sizes were grouped together into singular operational onto-
genetic units and characters from the same body region (e.g.,
dorsal vertebrae, caudal vertebrae) were grouped together. The

TABLE 3. An abbreviated list of the characters used in ontogenetic
analysis of the emu and Troodon growth series.

Skeletal Region

Characters

Atlas (1st Cervical
Vertebra)

Axis (2nd Cervical
Vertebra)

3rd — 18th Cervical Vertebra

2nd Cervical Vertebra—20th
Sacral Vertebra

9th Dorsal-20th Sacral
Vertebra

Sacral Ribs
Synsacrum

Pectoral Girdle
Sternum

Metatarsus
Tarsometatarsus
Acetabulum
Posterior Pelvis

Tibiotarsus

Astragalus and Calcaneum

Fusion of the right and left lateral
processes of the vertebral arch to each
other and to the atlantal intercentrum.

Fusion of the axial intercentrum and the
atlantal pleurocentrum to the axial
pleurocentrum.

Fusion of the cervical ribs to the
parapophyses and diapophyses of the
cervical vertebrae.

Closure of the neurocentral suture.

Fusion of the neural spines and centra in
the synsacrum to their respective
elements in the adjacent vertebrae.

Fusion of sacral ribs to synsacrum

Fusion of the 9™ dorsal and sacral
vertebrae to the ilia.

Fusion of the scapula to the coracoid.

Fusion of the left and right components of
the sternum.

Fusion of the metatarsals to each other.

Fusion of the tarsus to the metatarsus.

Fusion of the pubis to ilium, ischium to
ilium, and ischium to pubis.

Fusion of the ischial boot to the distal
ilium.

Fusion of the proximal epiphysis and
astragalus to the tibiotarsus.

Fusion of the astragalus to the calcaneum
(Troodon only).
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FIGURE 2. Partial synsacrum of EMU-177 in ventral view with
examples of how skeletal fusion was categorized. Not to scale.

character matrix for Troodon consists of 5 operational ontogen-
etic units (4 body-size categories, 1 hypothetical outgroup) and 6
equally weighted ordered characters (Supplementary File 3). The
degree of skeletal fusion for each specimen was noted and com-
pared with the more complete emu growth series.

A

=——=Embryonic Stage

= EMU-45 19% mfl

e EV{U-63 27% mifl

EMU-143 61% mfl

EMU-170 72% mfl

EMU-175 74% mfl
EMU-176 75% mfl

Institutional Abbreviations—MOR, Museum of the Rockies,
Bozeman, Montana, US.A.

RESULTS
Ontogenetic Analysis

A single most parsimonious tree was recovered for both the
emu and Troodon analyses (Fig. 3, Supplementary File 2, Sup-
plementary File 4). In both cases, specimens generally grouped
together sequentially by femur length with the exception of a
‘sister taxa’ relationship that was recovered between EMU-177
(75% mfl) and EMU-182 (77% mfl).

Emu

Axial Skeleton—Fusion of the atlas is complete only for the
largest individual in the dataset at 100% maximum femur
length (mfl) (EMU-235) (Fig. 4). At about 89% mfl (EMU-
209), the lateral processes of the atlas are fused to the atlantal
intercentrum, but not to each other. No fusion has occurred in
the atlas for the next largest individual in the dataset, EMU-
185 (79% mfl) (Fig. 4).

For the axis, an open neurocentral suture is present in the
smallest individual (EMU-45, 19% mfl), but is closed for all
larger individuals in the sample (Fig. 5). Partial fusion of the
atlantal pleurocentrum to the axial pleurocentrum is present in
EMU-143 (61% mfl) and is complete by the growth stage of
EMU-209 (89% mfl). However, there are individuals of sizes
intermediate between EMU-143 and EMU-209 for which this
feature is not fused. Fusion of the axial intercentrum to the
axial pleurocentrum begins by the growth stage of EMU-181
(77% mfl) and is only fully fused by the growth stage of EMU-
209 (89% mfl).

No open neurocentral sutures in the cervical vertebrae
(excluding the atlas and axis) were observed for the specimens
in this dataset, including the smallest individual, EMU-45, at
19% mfl (Fig. 6). Fusion of the cervical ribs to the diapophyses

EMU-181 77% mfl
_:EMU-] 77 75% mfl
EMU-182 77% mfl
EMU-185 79% mfl
r— EMU-209 89% mfl

B be— EMU-235 100% mfi

Embryonic Stage
MOR 430 39% mfl

MOR 563 ~70% mfl
MOR 553 ~80% mfl
MOR 553/748 100% mfl

FIGURE 3. Most parsimonious trees resolved
from the ontogenetic analyses. A, emu data
set; B, Troodon data set. Abbreviation: mfl,
maximum femur length.
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FIGURE 4. Emu atlases in anterior view. A, EMU-185; B, EMU-209; C,
EMU-235. Abbreviations: ati, atlantal intercentrum; Ipa, lateral process
of atlas; mfl, maximum femur length. Gray silhouette corresponds to
atlantal intercentrum lost during preparation.

is complete by the growth stage of EMU-209 (89% mfl) for all
cervical ribs (Fig. 7A). Fusion between the cervical ribs and para-
pophyses in EMU-209 (89% mfl) is complete for all cervical ver-
tebrae except the posterior-most one, where the suture is open.
Fusion of the cervical ribs to the parapophyses and diapophyses
is complete in only the largest individual of the dataset, EMU-
235 (100% mfl). By contrast, EMU-185 (79% mfl) and the
smaller individuals present no fusion of cervical rib features.

Neurocentral sutures of the dorsal vertebrae are completely
closed for emus by the growth stage of EMU-143 (61% mfl)
(Fig. 6). For EMU-45 (19% mfl) and EMU-63 (27% mfl), the
posterior dorsal vertebrae have partially open neurocentral
sutures, while those more anterior are fully closed.

For the synsacrum, neurocentral suture closure begins by the
growth stage of EMU-63 (27% mfl) and is complete by the

A
19% mfl

g;?/ uatp \I?

uaxi —

B U
e o
— uaxi—

FIGURE 5. Emu axes in anterior (left) and left lateral (right) views. A,
EMU-45; B, EMU-63; C, EMU-143; D, EMU-235. Abbreviations: atp,
atlantal pleurocentrum; axi, axial intercentrum; mfl, maximum femur
length; uatp, unfused atlantal pleurocentrum; uaxi, unfused axial inter-
centrum. Gray silhouettes correspond to elements lost during
preparation.

growth stage of EMU-185 (79% mfl) (Fig. 6). The last neurocen-
tral sutures to close are those adjacent to the acetabulum. Neuro-
central sutures anterior and posterior to the acetabulum are
mostly closed by the growth stage of EMU-143 (61% mfl).
Fusion of the sacral ribs to the centra is complete by ontogenetic
stage of EMU-185 (79% mfl) but begins by the growth stage of
EMU-63 (27% mfl) (Fig. 8). Fusion of adjacent sacral vertebrae
to one another begins by the ontogenetic stage of EMU-143
(61% mfl) but is only complete in EMU-235 (100% mfl)
(Fig. 9). Vertebral fusion begins near the region of the acetabu-
lum before progressing anteriorly and posteriorly. The sutures
between partially fused sacral centra are notably more sinuous
than the approximately linear sutures of other elements. Fusion
of the synsacrum to the ilia begins by the growth stage of
EMU-209 (89% mfl) and is complete in EMU-235 (100% mfl).
In EMU-209, all but the anterior and posterior-most vertebrae
of the synsacrum are fully fused to the ilia.

Neurocentral sutures in the caudal vertebrae are fully closed
by the growth stage of EMU-45 (19% mfl) (Fig. 6). The absolute
timing of the fusion of the pygostyle cannot be determined, as
this element was lost during the preparation of the skeletons
for many individuals.

Appendicular Skeleton—The sternum is unfused in EMU-63
(27% mfl) but is fully fused in EMU-143 (61% mfl) (Fig. 10).
The ischium fuses to the pubis by the growth stage of EMU-
185 (79% mfl) before the two elements fuse to the ilium,
forming the margin of the acetabulum by the growth stage of
EMU-209 (89% mfl). Fusion of the scapulocoracoid, and astraga-
lus to tibia is also complete by the growth stage of EMU-209
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27% mfl

61% mfl

C

79% mfl

FIGURE 6. From left to right, posterior cervical vertebrae, posterior dorsal vertebrae, partial synsacra, and caudal vertebrae from the emu in left
lateral view. A, EMU-63; B, EMU-143; C, EMU-185; Abbreviations: ar, acetabular region; mfl, maximum femur length. Black triangles correspond

to open or partially closed neurocentral sutures.

(89% mfl). Finally, fusion of the tarsus to the metatarsus, cranial
cnemial crest to the tibiotarsus, and posterior ischium and ilium
occurs between the ontogenetic stages of EMU-209 and EMU-
235 (89-100% mfl). Individual metatarsals within the metatarsus
are partially fused to each other for all specimens in this dataset,
but the proximal fusion of these elements is only complete in
EMU-235 (100% mfl).

Troodon

Axial Skeleton—Apart from the atlas, all preserved cervical
vertebrae possess fully closed neurocentral sutures, with the
smallest individual being MOR 430 (39% mfl) (Fig. 11).
However, open neurocentral sutures for the cervical vertebrae
are present in embryonic remains of Troodon (MOR 246)

(Varricchio et al., 2002). MOR 563 (~70% mfl) possesses an
unfused atlas, but no other examples of this element are pre-
served. Whereas large cervical vertebrae (~70-80% mfl) from
MOR 553 lack fused cervical ribs, even larger specimens (~90—
100% mfl) from the same locality possess fused cervical ribs
(Fig. 7B).

Neurocentral sutures of the preserved dorsal vertebrae are
open in MOR 430 (39% mfl) but are closed in all larger speci-
mens (~70-100% mfl) (Fig. 11). Open neurocentral sutures in
the sacral vertebrae are present in MOR 430 (~39% mfl),
MOR 563 (~70% mfl), and a single specimen from MOR 553
(~70% mfl) but are closed in larger specimens from MOR 553
(~80-100% mfl) (Fig. 11). The sacrum itself is unfused in MOR
430, MOR 563, and smaller specimens of MOR 553 (~70-80%
mfl). However, fully fused sacra from MOR 748 (100% mfl)
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FIGURE 7. A, posterior cervical vertebrae from the emu and B, Troodon
in left lateral view. A, EMU-185 (left) and EMU 235 (right); B, MOR
5535 7-13-91-52 (left) and MOR 553s 7-21-92-46. Abbreviations: cr, cervi-
cal rib; mfl, maximum femur length.

and a large individual from MOR 553 (~90-100% mfl) are pre-
served (Fig. 12).

The posterior caudal vertebrae (those lacking a neural spine)
have closed neurocentral sutures for all specimens preserved
(39-100% mfl) (Fig. 11). An anterior caudal vertebra in MOR
430 (39% mfl) possesses a partially closed neurocentral suture.
All other anterior caudal vertebrae have fully closed neurocen-
tral sutures.

Appendicular Skeleton—For the characters of interest, the
only definitive appendicular fusion in Troodon is between the
astragalus and the calcaneum from MOR 748 (100% mfl) and
large specimens from MOR 553 (astragalus lateral condyle
height between 27.8 and 32.3 mm) (Fig. 13). Smaller astragali
from MOR 553 and MOR 430 (astragalus lateral condyle
height between 10.7 and 19.9 mm) are not fused to a calcaneum.
There is possible fusion of the right tarsometatarsus in MOR 748,

A B C
61% mf|

72% mfl

although the left tarsometatarsus is clearly unfused in this indi-
vidual. Preserved pelvic elements from MOR 553 (pubis
length: ~220 mm, ischium length: ~200 mm) show no signs of
fusion. However, fused pelvic elements are known in other
large troodontid specimens of the region (van der Reese &
Currie, 2017).

DISCUSSION
Ontogenetic Analysis

The ontogenetic analyses of the emu and Troodon both recov-
ered single most parsimonious trees that generally group speci-
mens sequentially by femur length. These results are likely
reflecting the low amount of ontogenetic sequence polymorph-
ism for these taxa, which aligns with what has been reported
for other crown birds and closely related theropods (Griffin &
Nesbitt, 2016). The single instance of a ‘sister-taxa’ relationship
in the emu growth series reflects some variation in the ontogen-
etic sequence of postcranial fusion for this taxon (Griffin &
Nesbitt, 2016). It is also worth noting that EMU-177 possesses
a pathological metatarsus. This may have stunted its growth
and is potentially why it was resolved with larger individuals.
These results support claims that more extensive skeletal
fusion generally correlates with maturity (e.g., Griffin, 2018).

Neurocentral Suture Closure

For the emu and Troodon, neurocentral suture closure is bidir-
ectional, beginning anteriorly in the cervical vertebrae and pos-
teriorly in the caudal vertebrae before converging on the
synsacrum/sacrum later in ontogeny (Fig. 14). This contrasts
with the caudocranial directionality reported for crocodilians
and the purely craniocaudal condition for some neognath birds
and rhynchosaurs (Brochu, 1996; Heinrich et al., 2021; Stark,
1993; Verriere et al., 2022). The bidirectional pattern of suture
closure appears to be consistent with what is reported for other
theropods such as dromaeosaurids (Poust et al., 2020; Wang &
Pei, 2024), allosaurids (Malafaia et al., 2017), abelisaurids
(O’Connor, 2007), tyrannosauroids (Nesbitt et al., 2019), and
coelophysoids (Griffin, 2018). However, other theropod groups
may have different patterns (Griffin et al., 2021; Irmis, 2007; Ver-
riere et al., 2022). This includes oviraptorosaurs (Funston, 2024),
which appear to have the caudocranial pattern of neurocentral
suture closure observed in crocodilians.

D
79% mfl

A

FIGURE 8. Partial emu synsacra in ventral view. A, EMU-63; B, EMU-143; C, EMU-170; D, EMU-185. Abbreviations: mfl, maximum femur length;
sr, sacral rib. Black triangles correspond to open or partially closed sacral rib—vertebra sutures. Gray silhouettes correspond to elements lost during
preparation.
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FIGURE 9. Emu pelvic girdles in ventral view. A, EMU-143; B, EMU-209; C, EMU-235. Abbreviations: il, ilium; is, ischium; mfl, maximum femur
length; pu, pubis; sy, synsacrum. Black triangles correspond to open or partially closed sacral vertebra—vertebra sutures.

Non-atlantal neurocentral suture closure is complete for emus
and Troodon before maximum body size is reached (~80% mfl),
as is reported for most similarly sized specimens of the early ther-
opods Coelophysis bauri and Megapnosaurus rhodesiensis
(Griffin, 2018, 2021) as well as precocial neognath birds (Stark,
1993). This contrasts with extant crocodilians where only the
most mature individuals exhibit complete closure of all neuro-
central sutures (Brochu, 1996). The early closure of most neuro-
central sutures, especially those of the non-sacral vertebrae, for
both taxa in this study highlights the need for caution when
using this feature as an indicator of maturity for groups where
an ontogenetic series is poorly understood. Complete neurocen-
tral suture closure has been used as the primary justification for
interpretations of maturity for many maniraptoran specimens
(Naish & Sweetman, 2011; Norell et al., 2009; Senter et al.,

2012; Sues, 1997, Wang et al., 2022; Xu & Xiaolin, 2004). Interest-
ingly, the closure of neurocentral sutures in the holotype speci-
men of the small Early Cretaceous dromaeosaurid Yurgovuchia
doellingi was used as support for this taxon being distinct from
the larger sympatric dromaeosaurid Utahraptor ostrommay-
sorum, but this does not necessarily mean these two taxa are
synonymous (Senter et al., 2012). It is important to emphasize
that the timing of neurocentral suture closure can be highly vari-
able, even within restricted groups. Within Alvarezsauridae, for
example, the relative timing of neurocentral suture closure has
been suggested to correlate with the maximum body size specific
taxa attained (Averianov et al., 2023). Given the extreme varia-
bility of body sizes among theropods and within specific thero-
pod groups, caution is needed when applying the trends in
fusion of one taxon for making interpretations of another, even
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FIGURE 10. Emu appendicular elements. A, scapulocoracoids in left lateral view of EMU-185 (left) and EMU-209 (right); B, sternums in dorsal view
from EMU-63 (left) and EMU-143(right); C, pelves in left lateral view of (from left to right) EMU-143, EMU-181, EMU-209, and EMU-235; D, prox-
imal tibiotarsi of EMU-209 and EMU-235 in left lateral view, and distal tibiotarsi of EMU-185 and EMU-209 in anterior view; E, proximal tarsome-
tatarsi (from left to right) of EMU-185, EMU-209, and EMU-235 in anterior view. Abbreviations: as, astragalus; cc, cranial cnemial crest; co, coracoid;
dt, distal tarsus; il, ilium; is, ischium; mfl, maximum femur length; mt, metatarsus; pu, pubis; sc, scapula; ti, tibia.

if the taxa are closely related (D Emic et al., 2023). It is possible,
however, that the similarities in neurocentral suture closure for
the emu and Troodon reflect a pattern shared among similarly
sized paravians.

Atlas and Axis Fusion

Complete fusion of the atlas occurs relatively late in ontogeny
for the emu with only the largest individuals (EMU-209, EMU-
235) having a fully fused atlas. An unfused atlas is preserved for
MOR 563 (~70% mifl), but a lack of specimens at later growth
stages prevents an assessment of when this element fuses for
Troodon. An unfused atlas is reported for the holotype of Dilo-
phosaurus wetherilli (Marsh & Rowe, 2020), a juvenile specimen
of the therizinosaur Falcarius utahensis (Zanno, 2010), and the

relatively large holotype specimen of the troodontid Gobivenator
mongoliensis (Tsuihiji et al., 2014). Fusion of the atlas late in onto-
geny also occurs in extant crocodilians (Brochu, 1996). The see-
mingly widespread similarity in timing of atlantal fusion across
Archosauria potentially suggests that a fused atlas is a reliable
indicator of skeletal maturity for members of this clade.

Similar to the atlas, fusion of the axis is complete late in onto-
geny for the emu. Neurocentral suture closure for this element is
complete by the growth stage of EMU-63 (27% mfl). This is then
followed by fusion of the atlantal and axial pleurocentra by the
growth stage of EMU-143 (61% mfl), although there are larger
individuals in the dataset for which this feature is not fused.
Fusion of the axial intercentrum and pleurocentrum is only com-
plete by the growth stage of EMU-209 (89% mfl). MOR 563
(~70% mfl) possesses the only axis for the Troodon sample.
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FIGURE 11. From left to right, posterior cervical vertebrae, posterior dorsal vertebrae, partial sacral vertebrae, anterior and posterior caudal ver-
tebrae from Troodon in left lateral view, except for the cervical vertebra for MOR 430, which is in posterior view. A, MOR 430; B, MOR 563; C,
MOR 553s; Abbreviations: ¢, centrum; mfl, maximum femur length; na, neural arch. Light gray triangles correspond to open or partially closed neu-
rocentral sutures. Question mark and dark gray silhouettes correspond to material that is not preserved.
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FIGURE 12. Sacral vertebrae from Troodon in left lateral view. A, MOR 563; B, MOR 553s 8-20-92-312; C, MOR 553d 02-11. Abbreviation: mfl,
maximum femur length. Gray triangle corresponds to open neurocentral suture.

While the neurocentral suture is closed, poor preservation pre- doellingi (Senter et al., 2012) and Gobivenator mongoliensis
vents an assessment of any other fusion features. A fully fused (Tsuihiji et al., 2014). A lack of fusion between the atlantal pleur-
axis is present in the holotype specimens for Yurgovuchia ocentrum, axial pleurocentrum, and axial intercentrum is
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FIGURE 13. Troodon astragali in left lateral view. A, MOR 553s 7-7-91-
19 (reversed); B, MOR 553 11-1-01-1. Abbreviations: aca, absent calca-
neum; ca, calcaneum; mfl, maximum femur length.

reported for the Dilophosaurus wetherilli holotype specimen
(Marsh & Rowe, 2020). Ontogenetically delayed fusion of
these axial elements is also reported for extant crocodilians
(Brochu, 1996). Like the atlas, the similarities in the timing of
fusion events for the axis across Archosauria supports its use as
a reliable indicator of maturity for this clade.

Cervical Ribs

Fusion of the cervical ribs to the corresponding cervical ver-
tebrae occurs late in ontogeny for both the emu and Troodon,
with only the largest specimens for both taxa having fusion of
the cervical ribs. At least for the emus, cervical ribs fuse to the
diapophyses before fusing to the parapophyses. The incomplete
cervical rib fusion for the posterior-most cervical vertebra in
EMU-209 (89% mfl) contrasts with the complete fusion in the
more anterior vertebrae and suggests a craniocaudal directional-
ity of cervical rib fusion, at least for emus. Ontogenetically
delayed cervical rib fusion has been suggested to be a synapo-
morphy for Maniraptora (Gauthier, 1986).

Sacral Fusion

For both emus and Troodon, complete fusion of synsacrum/
sacrum is complete for only the largest individuals (~90-100%
mfl) in the dataset and is preceded by complete neurocentral
suture closure. Fusion of the synsacral vertebrae for the emu
begins before neurocentral suture closure is complete, unlike

Troodon. For the emu, fusion of adjacent synsacral vertebrae
appears to begin near the acetabulum, before terminating with
fusion of the anterior and posterior-most vertebrae in the synsa-
crum. Although fusion of the sacrum appears to be a reliable
indicator of maturity for paravian dinosaurs, the variability and
convergence of sacrum fusion among Archosauria makes it diffi-
cult to assess how useful this character is in a broader context
using the data of this study alone (Moro et al., 2021). An embryo-
nic oviraptorosaur specimen, for example, is reported to possess
sacral centra that are fully fused to each other (Norell et al.,
2001). The relatively sinuous intervertebral sutures in the emu
synsacrum compared with those of the rest of the postcrania is
potentially reflective of the greater skeletal stress in that region
(Herring, 2008).

Appendicular Fusion

Fusion events of the appendicular skeleton are character-
ized by occurring relatively late in ontogeny for the emu and
Troodon, although it is far less extensive in the latter. For
the emu, all appendicular fusion events occur between the
growth stages of EMU-182 (77% mfl) and EMU-235 (100%
mfl). The delayed fusion of the hindlimb is generally consistent
with what is reported for other paleognaths, although the
absolute timing relative to skeletal maturity may vary
(Turvey & Holdaway, 2005). The astragalus and calcaneum
are the only elements that definitively fuse for Troodon.
Fusion of the astragalus and calcaneum is commonly reported
for troodontids, especially in specimens displaying other fea-
tures of maturity (Lee et al., 2023). It is important to note
that the holotype specimen for the troodontid Almas ukhaa
exhibits fusion of these two elements, despite having a suite
of immature characters (Pei et al., 2017). It is possible that
MOR 748 (100% mfl) has a fused tarsometatarsus, but poor
preservation precludes a definitive interpretation. Appendicu-
lar fusion that is not confidently observed in the Troodon
sample is variably reported for other troodontids. This
includes fusion of the scapulocoracoid (Gao et al., 2012), tibio-
tarsus (Cau & Madzia, 2021; Shen et al., 2017; Xu et al., 2012),
distal tarsals (Norell et al., 2009; Xu et al., 2012), metatarsus
(Xu et al., 2012), and pelvic elements (Norell et al., 2009; van
der Reest & Currie, 2017). The absence of these features in
the Troodon sample suggests that such fusion events happen
relatively late in ontogeny, if at all.

It is possible that the more extensive appendicular fusion in the
emu reflects peramorphic evolution among paravian dinosaurs,
as has been suggested for other aspects of appendicular evolution
in this clade (Griffin et al., 2022). However, pelvic fusion has
been suggested to be highly convergent among maniraptorans
(Wang et al.,, 2017). Additionally, the pattern and timing of
appendicular fusion can be variable even among closely related
archosaurs (Brochu, 1995). Just outside of Paraves, for
example, extensive appendicular fusion that approaches the
extremes observed in the emu has been reported in members
of Oviraptorosauria (Funston et al., 2016). Furthermore, the
timing of appendicular fusion events in some oviraptorosaurs,
such as the fusion of the tarsometatarsus in immature individuals
(Funston et al., 2019), is distinct from what is observed in the emu
and Troodon.

Utility of Skeletal Fusion in Ontogenetic Interpretations

The unique patterns of postcranial fusion in the emu and
Troodon highlight the issue of using distantly related taxa to
guide the ontogenetic interpretations of fossil specimens. This
suggestion is consistent with Griffin et al. (2021), which reviews
the high degree of variation in skeletal fusion patterns among
different reptile groups. Given this high amount of variation
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among archosaurs and reptiles as a whole, it is possible that the
similarities between the emu and Troodon are purely homoplas-
tic. While Griffin and Nesbitt (2016) suggest that ontogenetic
polymorphism for archosaurs is less extreme for taxa more
closely related to crown birds, this study does not intensively
explore interspecific variations in ontogeny. However, this
shared pattern of fusion between these two taxa is not necessarily
meaningless, even if it is the result of convergent evolution. As
has been argued for other taxa, these similarities could be the
result of shared biomechanical stresses between the emu and
Troodon (e.g., James, 2009; Gambaryan et al., 2005; Mulder,
2001; VanBuren & Evans, 2016). If the biomechanical properties
of an organism do influence the pattern of skeletal fusion, then
such characteristics must be considered in addition to phyloge-
netic information before using skeletal fusion for an ontogenetic
assessment.

A more holistic investigation of skeletal fusion patterns
throughout the entirety of Archosauria is needed before the
data reported here and by other researchers (e.g., Brochu,
1996; Irmis, 2007) can be confidently applied to the study of
other taxa. This includes intensive sampling across the clade
to not only document the phylogenetic variation of skeletal
fusion characters but also identify the functional drivers of
this diversity (e.g., adaptations for locomotion or large body
size). Doing so will allow for a more nuanced understanding
of the evolution of archosaur growth and provide a detailed
framework for accurately assessing the maturity of fossil archo-
saur specimens.

CONCLUSION

The patterns of neurocentral suture closure in the emu (Dro-
maius novaehollandiae) and Troodon formosus contrast with
what is observed in crocodilians, neognath birds, and other thero-
pod groups. Unlike crocodilians and some neognaths, neurocentral
suture closure appears to originate cranially and caudally and con-
verges in the sacral region early in ontogeny for both emus and
Troodon. Fusion of the atlas, axis, cervical ribs, sacrum/synsacrum,
and appendicular elements are all events that happen late in onto-
geny for both the emu and Troodon, although appendicular fusion
is not as extensive in the latter taxon. Delayed fusion of the atlas
and axis are widespread throughout Archosauria and are poten-
tially reliable indicators of maturity for this group. This study not
only provides additional data on paravian dinosaur ontogeny but
also emphasizes the need for a more holistic understanding of
fusion patterns among vertebrate groups before precise ontogen-
etic interpretations can be made with this information.
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