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The developing bird pelvis passes through
ancestral dinosaurian conditions
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Living birds (Aves) have bodies substantially modified from the ancestral reptilian
condition. The avian pelvisin particular experienced major changes during the

transition from early archosaurs to living birds"?. This stepwise transformation is well
documented by an excellent fossil record®*; however, the ontogenetic alterations that
underly it are less well understood. We used embryological imaging techniques to
examine the morphogenesis of avian pelvic tissues in three dimensions, allowing
direct comparison with the fossil record. Many ancestral dinosaurian features? (for
example, aforward-facing pubis, shortiliumand pubic ‘boot’) are transiently present
inthe early morphogenesis of birds and arrive at their typical ‘avian’ form after
transitioning through a prenatal developmental sequence that mirrors the
phylogenetic sequence of character acquisition. We demonstrate quantitatively that
avian pelvic ontogeny parallels the non-avian dinosaur-to-bird transition and provide
evidence for phenotypic covariance within the pelvis that is conserved across
Archosauria. The presence of ancestral states in avian embryos may stem from this
conserved covariant relationship. In sum, our data provide evidence that the avian
pelvis, whose early development has been little studied*”, evolved through terminal

addition—a mechanism
developmental sequence, resulting in expression

810 whereby new apomorphic states are added to the end of a

81 of ancestral character states

earlier inthat sequence. The phenotypicintegration we detected suggests a
previously unrecognized mechanism for terminal addition and hints that retention of
ancestral states in development is common during evolutionary transitions.

Birds (Aves) display a dizzying array of ecologies and aradically divergent
body planrelative to other vertebrates. Nearly every aspect of avian
morphology has been heavily modified from the ancestral archosaurian
condition: the avian integument is covered in complex feathers'>'*, the
brain and eyes have expanded?, the rostrum has transformed into a
beak'®”, the skeleton s lightweight and pneumatic'®, and the forelimbs
have been modified into powerful wings®. Like the pectoral region, the
avian pelvis underwent a radical transformation during the transition
fromthe ancestralarchosaurian configurationto that of birds (Fig.1). The
ilium was greatly extended both posteriorly and anteriorly, and the hip
socket (acetabulum) became perforated. The avian pubisisretroverted
to face backwards, whereasin most other tetrapods, including in many
non-avian dinosaurs, it faces anteriorly. Unlike those of most archo-
saurs, the distal ends of the pubes are not fused to each other (the pubic
symphysisis open?). In concert to these pelvic changes, the ancestrally
large, muscular tail has been reduced to a shortened pygostyle. All of
these transformations (Fig. 1) are associated with the uniquely avian

mode of bipedallocomotionin which the femuris largely horizontal and
stationary and the lower leg swings to produce motive force** 2, The
sequence of anatomical changes during the origin of the avian pelvisis
now well constrained by an excellent fossil record** (Fig. 1). Many key
alterationsfirstappeared in non-avian dinosaurs®; indeed, the bird-like
characteristics of the dinosaurian pelvis were quickly recognizedin the
nineteenth century®?. Evolutionary changes morphology are intimately
linked to shifts in developmental patterns®, but information on the
evolution of avian pelvic development is lacking (see historical reviewin
the Supplementary Information), especially withregard to early organo-
genesis and integration of the skeletal, muscular and nervous tissues*?°,

Major morphological changes may evolve through changesin early
developmental events® or, at the other extreme, by late modification
through terminal addition®°. However, the prevalence of terminal addi-
tion in general as a mechanism for the evolution of morphological
novelty among deep (that s, ‘class’-level) divergences has been much
debated®™.
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Fig.1|Archosaurian phylogeny and pelvic evolution ontheline to birds.
Through evolutionary time, theilium extends both anteriorly and posteriorly,
the pubisretroverts, the tailbecomes proportionally reduced and the
acetabulumbecomes perforated. TheIF (M. iliofemoralis and homologues)
splitsinto two muscles (IF1, M. iliotrochantericus caudalis; IF2, M. iliofemoralis
externus), thelarger of which becomes directed anteriorly; the CFL

(M. caudofemoralis longus and homologue) is reduced; and PIFE1+2

(Mm. puboischiofemoralis externus1et 2and homologues) change their lines
ofactionasthe pubisretroverts.a, Sphenodon pelvis. b, Alligator pelvis.

¢, Tyrannosaurus pelvis.d, Archaeopteryx pelvis. e, Coturnix pelvis, with PIFE2
inserting on the medial face of the ischium. Note that the homology of the
Sphenodon PIFE and the archosaurian PIFE1is ambiguous.

Herewe describe astriking instance of sequential terminal additionin
the evolution of the avian pelvis: an ancestral reptilian configurationin
the earliest developmental stages transitions step by step to the derived
avian conditionin an order that mirrors the morphological evolution of
non-aviandinosaurstoliving birds. We captured three-dimensional (3D)
representations of crocodylian and avian embryonic musculoskeletal
tissues at higher resolutions and earlier stages than has previously
been possible by using a variation of the CLARITY*? protocol to make a
series of embryonic pelvicregions optically transparent while retaining
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fine-scale (thatis, subcellular) structure. We thenimmunostained rel-
evant embryonic tissues (cartilaginous primordia, cartilage, muscle
and nerve) before creating z stacks of confocal microscopy images
for processing with computed tomography (CT) software to form 3D
models of the embryonic tissues (Methods).

Anatomy of the developing pelvis

As an extant archosaurian outgroup, we used the crocodilian Alligator
mississippiensis. We found little overall shape change in the prehatching
pelvicontogeny of Alligator (Fig. 2, Extended DataFigs.1and 2, and Sup-
plementary Information): embryonic Alligator pelves strongly resem-
bled adult pelves throughout development, except that the pubes were
separate fromeach otherin early stages (Extended DataFig. 5). We next
examined the development of the avian skeletal pelvis using the Japanese
quail Coturnix coturnixjaponica.Inthe Coturnix embryo, the tail shifted
fromalong, typically ‘reptilian’ tail to a proportionally shortened nub
(Fig. 3c). Early in avian pelvic morphogenesis, when the cartilaginous
precursors of the pelvic elements were beginning to condense, the pubis
faced anteriorly instead of posteriorly asinadult birds, acondition that
persisted through several early stages (Fig. 3b). A transient pubic ‘boot’ or
expanded distal end, asinbasal tetanurantheropods, appeared and then
disappeared during these stages (Figs.1and 3a,b). At later stages, theret-
roverted pubis, apomorphicfor Paraves, gradually developed (Fig.3a,b).
Initially in development, the ilium was diminutive in the manner
ofearly archosaurs. Subsequently, it became elongated posteriorly, the
apomorphic condition for early Dinosauria (Fig.1). Only atlate develop-
mental stages did it extend anteriorly to produce the derived avialanand
then avian conditions (Fig. 3b). The hip socket remained imperforate
throughout embryonic development® (Fig. 3b). Notably, the sequence
of addition of derived characters in development mirrors their order
of appearance in evolution (Figs. 3 and 4). This pattern was present in
the pelvic ontogeny of another galloanseriform (chick, Gallus gallus
domesticus), a paleognath (Chilean tinamou, Nothoprocta perdicaria)
and (atleast in part) aneoavian (budgerigar, Melopsittacus undulatus),
indicatingthat the overall transformationis ancestral for Aves and may
persist into later-diverging avian clades (Extended Data Fig. 6). There-
fore, the avian pelvis evolved largely through the sequential addition
of morphological innovations at the terminus of morphogenesis. The
only exceptions to this rule were two derived avian states that resem-
bled early ancestral/developmental morphologies (thatis, instances of
localized paedomorphosis): the broad, flat avianischium resembled the
earlyembryonicand ancestral archosaurian condition more thanit did
the intermediate dinosaurian conditions (Figs. 1 and 3a) and the pubic
symphysis remained open throughout avian development, as it is in
early embryonic pelves across tetrapods (Supplementary Information
and Extended Data Fig. 5). Sequential addition of derived characters
duringavian pelvic development has remained largely undocumented,
probably because many of these characters (such as the transient pubic
boot) occur very early in pre-cartilage masses that are not easily visual-
ized using traditional stains such as Alcian blue.

Myology and neuroanatomy of the developing hip

Because the skeletal, muscular and nervous systems are integrated
functionally, developmentally and evolutionarily, we next characterized
the comparative development of avian muscles and nerves with refer-
enceto proposed ancestral forms. Bone scars marking areas of muscle
attachment on the pelvis and hindlimb have been used tentatively to
reconstruct the musculature of non-avian dinosaurs>**, allowing ances-
tral states for soft tissues to be hypothesized (Fig. 1). The presence of
ancestral states inthe avianskeletal pelvis suggests that correspondence
betweenembryonicand hypothesized ancestralmuscular arrangements
may be used reciprocally, both supporting these reconstructions and
illuminating how ancestral states appear in avian development.
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Fig.2|Embryological series of A. mississippiensis pelvesshowingthat
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The muscles substantially contributing to hindlimb-driven loco-
motion are thought to have shifted during the reduction of the tail
along the avian stem: in the ancestral archosaurian state, retained in
living crocodylians®, M. caudofemoralis longus (CFL; Fig.1) of the tail
is the main rearward driver of the leg and M. iliofemoralis (IF; Fig. 1)
acts as alimb abductor"*?**, The IF expanded anteriorly along with
theilium, shifting from leg abduction to femoral long-axis rotation
to facilitate the uniquely avian style of bipedalism"***. The IF of the
avian embryo remained relatively small and situated posteriorly on
theilium at earlier developmental stages (Fig. 3c), similarly to that
of Alligator (Figs.1and 2b). It expanded anteriorly with the ilium as
ontogeny proceeded. Although the ancestrally small IF splitinto two
muscles early along the avian stem lineage? (IF1+2; Fig. 1), IF cleavage
into two heads was not visible in our sampled developmental stages.
Because asingle-headed IF was presentin all avian embryos sampled
(Extended Data Fig. 6), with cleavage of other muscles clearly visible
(forexample, PIFE1+2), we interpret this as areal signal and not meth-
odological imprecision. Insum, earlier embryonicstages resemble the
small IF of the ancestral archosaur while later developmental stages
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resemble the condition typical of non-avian dinosaurs and birds in
being expanded and anteriorly directed.

During avian evolution, two muscles that extend from the pubis to
the femur, Mm. puboischiofemoralis externus 1 et 2 (PIFE1+2), com-
pletely shifted their lines of action as the pubis retroverted and they
were carried posteriorly past the hip joint. During avian ontogeny, dif-
ferentiation of PIFE1+2 from the main muscle mass was delayed relative
to Alligator, occurring only after the pubis began retroversion during
development. We interpret this delay as a functional consequence
of retroversion, with a delay in differentiation necessary to enable
retroversion and the consequent reversal in muscular line of action.

We found, somewhat unexpectedly, that nerve development
appeared to be independent from musculoskeletal development:
the derived condition of the avian nervous arrangement was present
throughout ontogeny (Fig. 3d). The lumbosacral plexus of the devel-
oping embryo was similar to that of the adult Coturnix at even the
beginning of nervous development and differentiation (that is, stage
HH24, -4 days of development) and different from that of the ancestral
diapsid condition® typified by Alligator (Fig. 2c), despite the absence
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showing the transition from ancestral to derived pelvic states across
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evolutionary transition to living birds. Note that pelves are shown as examples
of character states and are not in one-to-one correspondence with
ontogeneticstages. b, During ontogeny, the ilium extends first posteriorly
and then anteriorly, the pubis retroverts, the tailbecomesrelatively reduced
and atransient pubic boot appears atintermediate ontogenetic stages.c, The
CFL (M. caudofemoralis longus homologue) is large during early ontogenetic

of the typical avian extended sacrum in early avian morphogenesis
(Extended Data Figs. 3 and 4). This suggests that there are early con-
straints on nervous development****that are independent from those
onthe pelvic musculoskeletal system. Apparently, differing constraints
caninfluence the waysinwhichancestral and derived states appearin
ontogeny among different anatomical regions and even among tissues
of the same anatomical region.

Comparative shape analyses

To quantify and formally compare developmental and phylogenetic
trajectories, we used a 3D geometric morphometrics approach (Fig. 4).
We constructed 3D polygon meshes of hemipelves (theilium, ischium
and pubis of one anatomical side) representing embryonic skeletal pre-
cursors that were directly comparable to meshes constructed through
3D surface scanning and CT scanning of skeletal material. Thirteen
landmarks allowed us to capture acomprehensive sample of variation
across asample of embryonic Alligator and avian pelves in combination
with anew assemblage of non-embryonicreptilian pelves that focused
on taxa along the avian stem, extant crocodylians, the archosauri-
form Euparkeria capensis and the lepidosaur Sphenodon punctatus
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(Supplementary Table 3). The first two principal components (PCs)
described the majority of variationin the sample (Fig. 4a), with all oth-
erseachdescribing <15%. Both evolutionary and ontogenetic signalsin
thesamplewerelargely accounted for by PC1, being driven primarily
by the anteroposterior elongation of the ilium and the retroversion
ofthe pubis (Fig. 4b). Taxa with plesiomorphic reptilian/archosaurian
pelves, including Sphenodon, the stem archosaur Euparkeria and living
crocodylians, clustered together along with all Alligator embryos and
early diverging non-avian theropods (for example, Coelophysis and
Allosaurus;Fig.4aandExtendedDataFig.5).Birdsand Heterodontosaurus,
an early ornithischian dinosaur with a convergent pelvic morphol-
ogy, were well separated from this group along PC1. The lineage of
non-avian theropods and their reconstructed common ancestors
bridged the gap between ancestral and derived pelvis morphologies
across the morphospace. Quantification of the allometric trajectories
of Coturnix and Alligator pelvic shape change identified heterochronic
acceleration, not peramorphosis, on the part of Coturnix (Extended
DataFig. 9), supporting our interpretation of terminal addition in
avian pelvic development. The Coturnix and Alligator trajectories
were statistically divergent. In the linear model, centroid size alone
was statistically significant but explained little of the variation in
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shape (R?=0.08, F; ,,=2.66, P=0.035). Both species alone (R*= 0.40,
F,1=13.03, P<0.001) and the interaction between species and
centroid size (that is, the different ontogenies; R = 0.19, F; ;s = 6.60,
P <0.001) explained more variation.

The ontogenetic series of embryonic avian pelves followed a tra-
jectory parallel to the evolutionary sequence across PC1, extending
from the ancestral region of the morphospace to the derived region.
Although the overall trajectories were parallel, the evolutionary
sequence and the ontogenetic series of avianembryos diverged along
the PC2 axis, distinguished primarily by the degree of ventral bowing
and posterior expansion of the ilium (Fig. 4a). The embryonic avian
series extended across novel morphospace on the negative region
of PC2, whereas extant crocodylians and Sphenodon were differenti-
ated from the ancestral archosaurian condition in the positive region
of PC2; notably, the earliest Coturnix embryo (HH28) plotted closer
than any non-embryonic crocodylian to the ancestral archosaurian
condition. The Alligator embryonic series was offset from the mature
crocodylians along PC2 and plotted more closely to Euparkeriabecause
some of the Alligatorembryos had ilia that were more plesiomorphically
elongate than those of mature crocodylians. Most of the variationin our
sample could be described in lateral view, and two-dimensional (2D)
geometric morphometric analysis (which permits greater taxon
inclusion) showed nearly identical relationships in morphospace

ancestral state changes across PC1. Avian embryonic stages follow those in
refs. "2, while A. mississippiensis embryo stages follow those in ref. .
Phylogeny and colours follow Fig. 1.

(Extended Data Fig. 7a; Mantel test of Procrustes distances: R =0.96,
P=0.001; Methods). Cluster analysis showed the expected dichotomy
between ancestral and derived morphologies in the non-embryonic
data, with the series of avian embryos split among clusters in the 2D
analysis and forming their own cluster (excluding the most mature
individuals) in the 3D analysis (Extended Data Fig. 7a,b). Therefore,
avian ontogeny and phylogeny form parallel morphological trajec-
tories: the avian pelvis possesses many plesiomorphic states in early
organogenesis that change to derived states in roughly phylogenetic
order, with the intermediate embryos diverging slightly in shape along
PC2.Indeed, in the absence of middle-stage embryonic pelves, the
ontogenetic and phylogenetic paths through morphospace were even
more similar (Extended Data Fig. 7c).

Modularity and integration

Development influences the integration of phenotypic traits into
modules (covariant traits that are weakly correlated with other
traits®***), which have had important rolesin archosaurian and avian
phenotypic evolution***’, We therefore investigated phenotypic
covariance in the archosaurian pelvis. Covariance among traits can
promote the evolution of extreme morphologies along an evolu-
tionary axis of least resistance*, so these processes are especially
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important to the evolution of highly divergent anatomical regions
such as the avian pelvis®. We first tested for the presence of covariant
portions of the archosaurian pelvis by splitting landmarks into a
priori anatomical subsets for the ilium, ischium and pubis and con-
ducting geometric morphometrics on these subsets. We found that
most subsets contained a nearly identical signal to the overall pelvic
analysis, with the only major divergences from this pattern in the
ischium and ischium + pubis subsets (Extended Data Fig. 8). This is
potentially because the plate-like embryonic Alligator and Coturnix
ischia are more similar to each other than they are to the rod-like
ischia of non-avian theropods (for example, see Fig. 1). We also quan-
tified covariance by examining statistical differences between the
covariance ratios (CRs)*® of a priori subsets and the CR values of
randomly distributed subsets of landmarks. Only the anteroposterior
extremities of theilium and the distal extremity of the pubis (that is,
the traits described by PC1; Fig. 4a) were phenotypically covariant
(CR=0.94,P=0.0478; Extended DataFig. 8g), and all other anatomical
subsets failed to meet the threshold for statistical significance
(P=0.152-0.489). This set of traits remained significant both for
non-paravian archosaurs (CR = 0.889, P=0.013) and for only those
taxawithretroverted pubes (CR =0.900,P=0.006) aswell asaninde-
pendent dataset* of 149 extant avian pelves (CR = 0.812, P=0.036).

We further explored pelvic covariance by taking relevant measure-
ments (for example, the anterior extension of theilium and length of the
pubis) normalized to acetabulumwidth, as well as the degree of pubic
retroversion, and constructing a variance-covariance matrix of these
factors (Methods). Unexpectedly, given the seemingly extreme differ-
ences between the ancestral archosaurian/dinosaurian and derived
avian pelvic conditions* (Fig.4), the covariances among different pelvic
proportions were nearly identical between paravians (with retroverted
pubes) and non-paravian archosaurs (with anteriorly directed pubes)
(Extended DataFig.10).For example, inboth groups, the anterior length
of theilium increased as the pubic angle shifted posteriorly; evenin
groupswithout pubicretroversion, thisrelationship held. Thisindicates
thatbirds do not have pelvic covariances fundamentally different from
those of their non-avianrelatives, but that the avian pelvisis an extreme
case of covariation conserved across non-avian theropods and other
archosaurs. Therefore, unexpectedly, despite the extreme divergence
oftheavian pelvis relative to other archosaurs, distinctive transforma-
tions such as the anteroposterior extension and the lengthening and
retroversion of the pubis occur together within a consistent covariant
relationship among archosaurs.

Origin of the bird hip by terminal addition

We suggest that phenotypic covariancein evolution and development,
and terminal addition in the musculoskeletal (but not the nervous)
architecture of the archosaurian pelvis, was key to the origin of the
highly derived pelvic morphology of Aves, promoting evolution
of the disparate morphology required for the unique avian form of
hindlimb locomotion"'®?'?* This covariance of structure also suggests
the tantalizing possibility of a mechanism—phenotypic modularity—
promotingthetendency of ancestral statesto persist in the development
of vertebrates (terminal addition)®’. We propose that a mechanism
compelling persistent covariation of proportions across the archo-
saurian pelvis underlies terminal addition in evolution of the extreme
morphology present in birds. Continuous covariation across the pel-
visin the evolution of the avian lineage could produce morphological
changes primarily to the axis of least resistance** determined by this
covariation: changes would occur by truncation of development or, as
seen along the avian line, by extension, manifesting as terminal addi-
tion. This not only suggests an explanation for the retention of ancestral
statesin development, especiallyinlater developmental stages, but also
provides specific criteria for detecting other cases of terminal addition.
Such cases may be common across major evolutionary transitions.
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Methods

Clearing embryonic pelves with the CLARITY>? protocol
We incubated Japanese quail (C. coturnix japonica) eggs for between
4-7.5days, removing embryos and fixing in4% paraformaldehyde (PFA)
at HH stages 24-34 in plastic test tubes for 3 days (see refs. *?) before
dehydrating them with100% methanol (four 15-min washes in100% PBS
followed by four 15-min washesin100% methanol). This same procedure
was conducted on domestic chicken (G. gallus domesticus) embryos at
stages HH29 and HH34, Chileantinamou (N. perdicaria) embryos at stages
HH30and HH34, and budgerigar (M. undulatus) embryos at stages HH31
and HH35. We selected A. mississippiensis embryos from between stages
F13-F20 (15-30 days of incubation; stages following ref. *°). Coturnix
eggsand embryos were sourced from Stromberg’s Chickens; Galluseggs
and embryos were from the University of Connecticut Poultry Farmand
Poultry Resource Unit; Melopsittacus and Nothoprocta embryos were
fromthe Laboratory of Ontogeny and Phylogeny, Universidad de Chile (A.
Vargas, principal investigator); and A. mississippiensis eggs were collected
fromthe Rockefeller Wildlife Refuge. Embryos were removed and fixedin
PFA before being dehydrated into 100% methanol and stored at—20 °C.
To bleach the embryos, we replaced the methanol solution with
a mixture of methanol, peroxide and DMSO and placed them under
a UV lamp with motion for 24 h. After a series of washes to progres-
sively replace the methanol with 100% PBS, we removed the 1x PBS
solutionand replaced it with 200 ml of modified CLARITY solution to
create ahydrogel monomer (160 ml of water, 20 ml of 10x PBS, 20 ml of
acrylamide (40%), 0.5 g of V-040 as an initiator and 250 pl of
bis-acrylamide) before placing these samplesin a4 °C refrigerator
under motion for 24 h. Bis-acrylamide in particular is an addition
to cross-link samples, allowing for greater tissue integrity when the
embryo is later dissected. Following this step, we placed rubber stop-
pers containing two syringe needles connected to valves on the test
tubes. One stopper of each needle was connected to nitrogen gas, and
one was connected to a vacuum; air was progressively replaced with
nitrogen by running alternating rounds of vacuum and nitrogen gas
into the stopper. After closing the valves, we placed the test tubes in
a37°C water bath under motion for 3 h, keeping the stopper on at all
times to prevent oxygen from entering. Following this, the CLARITY
solutionwas replaced with aPBS detergent solution (PBST; 0.1 M PBS,
0.5% Triton X-100) before placing samples under motion and light for
1h. Following another round of washing with PBST and motion for
1h, wereplaced the PBST with HCI (1 M HCl diluted 5:2 with deionized
water) and placed the samples in a 37 °C heater under motion for1h,
before washing twice with PBST again. We then dissected embryos with
smallscissors transversely at the torso to preserve the pelvis, hindlimb
and tailmorphology while keeping the sample as small as possible for
confocal microscopy. We then placed the embryonic hipsin4%SDS, an
ionic detergent, and placed them at 37 °C under motion for roughly 1
week or until the hips were clear. See the Supplementary Information
for amore detailed description of the modified CLARITY protocol.

Immunostaining of embryonic pelves

Weimmunostained the cleared embryonic hips for proteins expressed
indeveloping cartilage, connective tissue, skeletal muscles and nerves
to capture the morphology of pelvic development at the selected
stages. We accomplished this using indirectimmunofluorescence, with
primary antibodies directed against target antigens (proteins), which
wereinturnantigens of secondary antibodies conjugated to adye that
fluoresced when exposed to a specific wavelength of light. Although
Alcianblue staining of embryonic cartilage is widely used®, including
in the staining of avian pelves*® ®, because this staining works through
binding to chemicals within the cartilaginous extracellular matrix>>>’
itis most appropriate for staining mature cartilage at later develop-
mental stages®*. Therefore, recent studies of avian pelvic ontogeny
that used Alcian blue staining were focused on visualizing mature

cartilage and ossification sequences (stages HH33 and later) and not
onthestages of ontogeny characterized by precartilage mesenchymal
condensation or early-stage cartilage with immature chondrocytes.
Because we were interested in investigating these earlier stages of
cartilage differentiation/formation and early skeletal morphogenesis,
we used mouse and rabbit primary antibodies to stain for SOX9 (a tran-
scription factor expressed early in chondrocyte differentiation® ),
collagen type Il (expressed during early cartilage formation®*’) and
collagen type IX (expressed during endochondral cartilage matura-
tion®*47%%7%) We also stained for myosin heavy chain (MF-20), expressed
in skeletal muscles””2, and neurofilament M (NF-M), expressed in
nerve tissue’®. We further stained for more general connective tis-
sues with collagen I and tenascin, but these were not as successful as
the other stains and we do not discuss them here. We were unable to
immunostain for every protein of interest in every embryo because
of antibody specificity constraints (for example, we could not stain
two proteins of the same embryo with rabbit antibodies and expect to
differentiate the tissues later because the secondary antibody would
bind indiscriminately to all rabbit antibodies). Instead, we stained in
combinations of 2-3 target proteins. Each of these combinations was
used across a growth series of embryos. For Coturnix, we used three
different combinations of proteins: SOX9, MF-20 and NF-M; MF-20,
collagenland tenascin; and SOX9, collagen Il and collagen IX. We also
used three different combinations of proteins for Alligator: SOX9 and
collagen II; MF-20, NF-M and collagen I; and MF-20, collagen Iland col-
lagen 1. For Nothoprocta and Melopsittacus, we stained for SOX9, MF-20
and NF-M, and for Gallus we stained for SOX9, MF-20 and collagen 1.
Note that SOX9-positive cells are presentin both cartilage precursor
cells and chondrocytes (that is, collagen lI-positive cells; Extended
DataFigs. 1a and 3b). See the Supplementary Information for details
of ourimmunostaining protocol.

Confocal microscopy
To prepare the cleared and immunostained embryonic pelves for confo-
calmicroscopy, we first equilibrated them with refractive index match-
ingsolution (RIMS) and then placed the embryo on asmall microscope
dishand covered it with 20 ml of a1% agarose RIMS solution. RIMSis nec-
essary to prevent any optical distortion during confocal microscopy,
and the 1% agarose gel allows the embryonic structure to be retained.
The mounted embryo was then covered with a coverslip to prevent
desiccation during microscopy. The details of making RIMS and the 1%
agarose RIMS solutionare available in the Supplementary Information.
We imaged the cleared and immunostained embryonic pelves with
aZeiss LSM 880 confocal microscope and associated Zen software,
except for those of Nothoprocta and stage HH34 of Gallus, whichwere
imaged with aNikon TiE inverted spinning disc confocal microscope.
We created tagged image file format (TIFF) stacks of images using the
microscope by tiling theimages captured by the confocal microscope to
create whole-embryo ‘slices’, which were then assembled into az stack
of images. Embryo images were captured using a x10 objective. The
overall size of the scan area depended on the size of the embryo (x, y
and z axes), and we used an overlap of 10% for fewer tiling artefacts.
We used a 512 x 512 frame size, with a bidirectional scan with a speed
of 8 and average of 4 to reduce noise, and we left the digital gain at 1.
Each channel wavelength (thatis, each laser used to excite florescence)
was selected on the basis of the secondary antibodies used to stain
the embryo being scanned (for example, if a secondary antibody that
fluoresced at 488 nm was beingimaged, one of the channels would be
a488-nm laser), with laser power set to 3.5 to prevent bleaching. The
pinhole size was set by selecting ‘1 AU’ to optimize and then clicking the
down arrow once. Optimal gain was generally set between 600-800
butwas sometimes lower if needed to properly visualize the embryonic
tissues. We exported the confocalimage stacks as Zeiss CZI (*.czi) files.
To prepare the image stacks to be imported into VGStudio MAX
3.3 (see below), we opened each *.czi file in Fiji”* in Image)” (v.2.0.0),



ensured the colour mode for all channels was set as ‘greyscale’ (in the
Channels Tool under the Colors menu) and then used the Split Chan-
nel command to split each channel into different windows. We saved
eachwindow as adifferentimage sequence, which created a different
TIFF stack foreach channel to beimported into VGStudio individually,
allowing the immunostained tissues to be visualized and segmented
independently of each other.

CT scanning and construction of 3D meshes

We generated most of the 3D meshes used in these analyses through
X-ray computed microtomographic (LCT) scanning of specimens or
high-resolution research casts at Yale University. We used aNikon XTH
225ST scanner (85 kV, 90 pA) with1-sexposure, 3,141 views and no frame
averaging.Scansweresegmented,and 3D meshes (stereolithography*.stl
files) were created in Mimics (v.20). These 3D meshes were arranged
and cleaned using Meshlab (v.2020.02). Additionally, the mesh of the
mature Alligator pelvis was downloaded from Morphosource (project
M22299), and the other extant, non-embryonic crocodylian pelves
were downloaded from CrocBase (www.osf.io/6zamj). The Coelophysis
bauri pelvis was scanned at The University of Texas at Austin, and we
3D surface scanned the pelves of Allosaurus and Heterodontosaurus at
Yale University and Virginia Tech, respectively.

We visualized and segmented embryonic pelves from the confocal
image stacks using VGStudio MAX 3.3. To form meshes from these
segmented embryonic pelves, we first used the ‘Surface determination’
functionin VGStudio MAX. Three to four different surfaces were deter-
mined for each pelvis: the first at the lowest grey value threshold that
showed the surface of the pelvis and the last at the highest grey value
threshold that continued to show surface features of the pelvis, with
oneor,insome cases, two intermediate thresholds to fully capture the
overallmorphology of the pelves. We constructed 3D triangle meshes
fromthese surface determinations with the ‘Convert to mesh’ function
in VGStudio MAX, using precise ray-based conversion with simplifica-
tion. These meshes were then exported as stereolithography (*.stl) files
forusein other applications. We then combined the different surfaces
ofeach pelvisinto one overall mesh that best captured the morphology
of the embryonic pelvis in Meshlab, selecting extraneous faces and
erasing them using the ‘libfilter_select.dlb’ command. We converted
*.stl files to polygon file format (*.ply) files in Meshlab for geometric
morphometriclandmarking (see below). We used the stain for SOX9 to
construct 3D meshes. See the Supplementary Information for details
of specimens scanned and sources for meshes.

Geometric morphometrics

We selected 13 pelvic landmarks (types I and 11)” on the basis of their
ability to be consistently identified in all sampled taxa and in embry-
onic pelves of Alligator and Coturnix and how well they delineated the
overallshape of the hemipelvis. We used hemipelves instead of pelves
to reduce error caused by physical distortion of the embryo. Each
cartilaginous hemipelvis remained intact and relatively undistorted,
butespecially in cases where the hemipelves were unfused (thatis, in all
avianstages and early Alligator stages) some hemipelves were shifted
relative to the other during mounting as the embryo was laid on its
side. Descriptions and illustrations of these landmarks are available
inthe Supplementary Information. We placed these landmarks on the
3D meshes using Landmark software (v.3.0.0.6), creating an NTSsys
(*.nts) file of the resulting coordinates. For meshes that were too
large to beloaded into Landmark, we reduced the number of faces to
1,000,000 using the ‘quadratic edge clustering decimation’command
in Meshlab, which simplified the meshes while retaining the overall
shape and fine detail. Where necessary, we mirrored pelves so that
they were uniformly oriented as anterior to the right. We conducted all
geometric morphometric analyses and reconstructed ancestral geo-
metric states using the R”” package geomorph’® (v.3.2.1). We estimated
missing landmarks using the thin plate spline (TPS) method standard

togeomorphand performed ageneralized Procrustes analysis of the
landmarks before performinga principal-coordinates analysis (PCA)
of the resulting data. We used tpsDig’® to assign the same 13 land-
marks as 2D landmarks to lateral-view images of pelves captured in
Meshlab (v.2020.02; for non-embryonic pelves) or VGStudio MAX 3.3
(for embryonic pelves), creating a TPS (*.tps) file. Subsets of these
landmarks based on skeletal elements that were relevant to the evo-
lutionary scenario (for example, anilium subset and ilium + pubis
subset) were partitioned in R for subsequent PCAs (Extended Data
Figs. 6¢cand 7). We performed cluster analyses (Extended Data Fig. 7)
using the R package NbClust®®, which determines the best-supported
clusters under 34 different metrics. We used the k-means clustering
method and performed these analyses on all PCs that explained >1%
of the variance in the data.

Two taxa along the avian stem (Shuvuuia and Balaur) were present
inour 2D geometric morphometric dataset but were not available for
3D analysis. The results of the 2D analysis appeared congruent with
those of the 3D analysis (meaning that the absence of these taxa does
notinfluence the interpretation of the 3D results), but to statistically
test this congruence we followed the method described in ref. & We
constructed square matrices of pairwise Procrustes distances for each
dataset in R, using the custom command ‘proc.dist.matrix’ created
in ref. %, We then tested the similarity of these matrices with a Mantel
test, using the command ‘mantel’ in the R package vegan®, with the
Pearson correlation method.

To quantify and visualize the allometric trajectories of Coturnix and
Alligatorin ageometric morphometrics context®*#*, we first used the
‘procD.Im’ command in geomorph to construct a multivariate linear
model predicting Procrustes shape variables as a function of centroid
size and species (shape = size x species), testing the significance with
10,000 iterations. We used the ‘anova.Im.rrpp’ command to test model
fit against a null model that did not account for differences between
species (that is, amodel that assumed that both taxa had the same
ontogenetic trajectory), and this null model performed significantly
worse (P < 0.001). Centroid size was used as a proxy for overall size;
however, because not all 3D meshes were of the same scale and the exact
scale for several meshes was not available, we instead used relative, unit-
less centroid sizes scaled to the smallest Coturnixembryo (stage HH28).
This centroid size was assigned a value of 1, and all other Coturnix
and Alligator specimens were assigned values to scale with this; for
example, the mature Coturnixpelvisis13.2 timeslarger than the pelvis
at HH28, soits centroid size was given as13.2. This is justified because
the centroid sizeis the square root of the sum of the squared distances
of all landmarks from their centroid®, so centroid size scales linearly
as size increases. We used the command ‘plotAllometry’ to visualize
the allometric trajectories, plotting log-transformed centroid size
against individual regression scores obtained from the linear model,
which is a proxy for shape®*#¢,

Modularity and variance-covariance calculations

We first explored evolutionary modularity in the pelvic landmarks by
partitioning these landmarks a priori on the basis of anatomical regions
and PC loadings and running the same PCA on this subset as with the
overall dataset (Extended Data Fig. 8). We then tested for statistically
significant evolutionary modules across the landmarks of our dataset
using the ‘modularity.test’ functionin the R package geomorph (v.3.2.1),
testing various partitions of landmarks across the pelvis for statisti-
cally significant modules. To explore evidence for the same modulein
alarger sample of extant birds, we used 3D geometric morphometric
landmark datafromthe synsacra of 149 extant birds, representing most
major avian groups, compiled independently in ref. “’. This consisted
of 13 landmarks (semilandmarks were not used to be more directly
comparable to our analyses), and the ‘modularity.test’ function was
used as described above to test for a phenotypic module between the
pubis and iliac extremities (landmarks1-3, 5and 6).
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Finally, we used Fijiin ImageJ (v.2.0.0) to take proportional measure-
ments of the pelves in our dataset (Extended Data Fig. 10) using images
ofthe pelvesinlateral view in Meshlab (v.2020.02). Measurements were
normalized to the proximodistal width of the acetabulumbetween the
pubicandiliac peduncles, which made normalizationin taxawith and
without perforated acetabula consistent. We partitioned the datainto
paravian, non-paravian (+ non-ornithischian) dinosaur and ornithis-
chian datasets, constructed variance-covariance matrices for each of
these partitions using the command ‘cov’ in bas+e R and plotted the
95% confidence ellipses of the data using the ‘covEllipse’ command in
the R package heplots®. All data files used for analyses and all code are
hosted on Dryad (https://doi.org/10.5061/dryad.xd2547dj2).

Further sources for phylogenetic relationships, pelvic
reconstructions and silhouettes

Phylogenetic relationships follow the consensus of recent studies®®%%,
Wereconstructed Sphenodon musculature following refs. %, Alliga-
tor musculature following refs. %1%, Tyrannosaurus musculature
followingref.'®, Archaeopteryx musculature following refs. >***and
avian musculature following refs. 2°+1°71% n Figs. 1and 3a, we drew
the Sphenodon pelvis using ref. * as a primary reference, the Alligator
pelvisusing ref.'°*, the Tyrannosaurus pelvis using ref.'®, the Archaeop-
teryxpelvis using refs.®™, the avian pelvis using ref.'**, the Euparke-
ria pelvis (Archosauriformes’, Fig. 3a) using ref. "2 and the Ceratosaurus
pelvis (‘Neotheropoda’, Fig. 3a) using ref. ™. The maniraptoran pelvis
(Fig.3a) isbased on thatin ref.™ and the less autapomorphic pubisin
ref. . We identified embryonic avian muscles following refs, 2230116,
Silhouettesin Figs.1-4 are licensed under Creative Commons Attribu-
tion 3.0 Unported (Tyrannosaurus, Citipati, Balaur and Velociraptor,
E. Willoughby; Heterodontosaurus and Coelophysis, S. Hartman; Cryp-
turellus,D.Naish)andPublicDomainDedication1.0(Sphenodon,S.Traver;
Euparkeria, S. Hartman; Rahonavis, T.M. Keesey; Archaeopteryx, D.
Pigdon; Shuvuuia, FunkMonk and Ichthyornis, E. Parker; Allosaurus, T.
Dixon). All silhouettes are from Phylopic.org except for the Alligator,
Ornitholestes, Coturnix, Nothoprocta and Melopsittacus silhouettes
and all embryo silhouettes, which were created by C.T.G.

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

Data availability

All data files used for analyses are hosted on Dryad (https://doi.
org/10.5061/dryad.xd2547dj2). All fossils are reposited in recognized
natural history institutions.

Code availability
Allcodeishosted on Dryad (https://doi.org/10.5061/dryad.xd2547d;2).
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Extended DataFig.1|Growthseries of Alligator mississippiensis embryonic
pelvis, hindlimb and tail stained for cartilage and connective tissue.
A.Cartilage precursor and early cartilage (SOX-9, green) and cartilage (collagen
11, blue). Approximate embryonic stages, top to bottom: F13 (15 days),

anterior

F14 (16-17 days), F15 (18-20 days), F17 (22-23 days), F18 (25-26 days), F19 (27-28
days). B. Cartilage (collagen 1, blue) and connective tissue (collagen |, purple).
Approximate embryonic stages, top to bottom: F13 (15 days), F14 (16-17 days),
F15(18-20 days), F16 (21days), F17 (22-23 days), F19 (27-28 days). [2 columns].




anterior
—_—

Extended DataFig.2|Growthseries of Alligator mississippiensis F16 (21days), F17 (22-23 days), F19 (27-28 days). B. Skeletal muscle (MF-20, red)
embryonic pelvis, hindlimb and tail stained for skeletal muscles, cartilage and nervous tissue (NF-M, blue). Approximate embryonic stages, top to bottom:
and nervous tissues. A. Cartilage (collagen I, blue) and skeletal muscle F13 (15 days), F15 (18-20 days), F16 (21 days), F17 (22-23 days). [2 columns].
(MF-20, red). Approximate embryonic stages, top to bottom: F13 (15 days),




Extended DataFig. 3 | Growth series of Coturnix coturnixjaponica
embryonic pelvis, hindlimb and tail stained for cartilage and connective
tissue. A. Cartilage precursor and early cartilage (SOX-9, green). Approximate
embryonicstages, top tobottom: HH24 (4 days of development), HH28 (5.5 days),
HH29-30 (5.5-6.5days), HH30 (6-6.5 days), HH34 (7.5 days). B. Cartilage
precursor and early cartilage (SOX-9) and cartilage (collagen 11, blue;

anterior
—_—

collagenlX, purple). Approximate embryonic stages, top to bottom: HH27 (5
days), HH29 (5.5-6 days), HH30 (6-6.5 days), HH31 (6.5 days), HH34 (7.5 days).
C. Connectivetissue (tenascin, blue; collagen|, purple). Approximate
embryonic stages, top to bottom: HH24 (4 days), HH27 (5 days), HH29

(5.5-6 days), HH30 (6-6.5 days), HH32 (7 days). [2 columns].




Extended DataFig.4|Growthseries of Coturnixcoturnixjaponica
embryonic pelvis, hindlimb and tail stained for skeletal muscle, cartilage,
connective tissue, and nervous tissue. A. Skeletal muscle (MF-20; red) and
cartilage precursor and early cartilage (SOX-9, green). Approximate embryonic
stages, top to bottom: HH24 (4 days), HH28-29 (5.5-6 days), HH29 (5.5-6 days),
HH30 (6-6.5 days) HH34 (7.5 days). B. Skeletal muscle (MF-20, red) and

anterior

connective tissue (tenascin, blue; collagen |, purple). Approximate embryonic
stages, top to bottom: HH24 (4 days), HH27 (5 days), HH29 (5.5-6 days), HH30
(6-6.5days), HH32 (7 days). C. Nervous tissue (NF-M, blue) and cartilage
precursor and early cartilage (SOX-9, green). Approximate embryonic stages,
top tobottom: HH24 (4 days), HH28-29 (5.5-6 days), HH29 (5.5-6 days), HH30
(6-6.5days) HH34 (7.5 days). [2 columns].
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Extended DataFig. 5| The distal ends of the pubisin Alligator

mississippiensisremainunfused during early organogenesis of the pelvis.
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Extended DataFig. 6 | Embryological series of other avian taxastained for agalloanseriform. Approximate embryonic stage, top to bottom: HH29,
cartilage precursor and early cartilage (SOX-9), skeletal muscle (MF-20), HH29,HH34.B. Growthseries of the Chilean Tinamou (Nothoproctaperdicaria),
and nervoustissue (NF-M). Note that the ancestral states described in apaleognath. Approximate embryonic stage, top tobottom: HH30, HH34.
Coturnix development (e.g., anteriorly shortilium, non-retroverted pubis, B.Growthseries of the Budgerigar (Melopsittacus undulatus), aneoavian.
pubic‘boot’) appearinearly organogenetic stages of these taxaas well. Approximate embryonic stage, top tobottom: HH31 (early), HH31 (late), HH35.

A.Growthseries of the Domestic Chicken (Gallus gallus domesticus), [2 columns].
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