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Evolution of accessory bones

In cetacean skull coupled with
decreasing rate of ossification of
cranial sutures

Valeriia Telizhenko™ & Pavel Gol'din™?

The skulls of cetaceans (whales, dolphins and porpoises) are distinguished by incomplete ossification of
cranial sutures during their lifetime. We suggested suture ossification may correlate with the evolution
of rarely reported accessory bones and examine the evolutionary patterns of cranial suture ossification
and the presence of accessory elements in the skulls of 47 cetacean species and, for comparison,

15 terrestrial artiodactyls (even-hoofed mammals). A strong phylogenetic signal was found for

both suture ossification rate and accessory bone presence. Cetaceans were shown to have a lower
ossification rate than most terrestrial artiodactyls, except deer (Cervidae) and mouse deer (Tragulidae),
which showed somewhat similar patterns. There were also several types of accessory bony elements,
some of them first reported in the skulls of cetaceans and in one case, a muntjac deer. These elements
(bones and clefts) evolved in the crania with the least number of ossified sutures. They can be identified
as novel elements or, some of them, as plesiomorphies rarely seen in mammals but existing in reptiles
and other ancestral groups. This leads to breaking a general trend of mammalian evolution: a reversal
of Williston’s law (reduction in bone number) and the development of new accessory cranial bones.
Slowing cranial development rates explain these trends, and feeding mechanics may be a driver of
decreasing suture ossification in cetaceans.

Cetaceans (whales, dolphins and porpoises) are an important mammalian group. In their evolutionary origin
they are nested within terrestrial even-hoofed mammals (artiodactyls)!?, but underwent deep transformations
in anatomy aligned with their adaptations to life in water>?. Cetaceans have a highly transformed skull>S,
and are also known for heterochronies in their evolution’! that certainly affect cranial development and
ossification’~!*. Cranial ossification patterns have been reported for prenatal and early postnatal stages for both
major lineages of extant cetaceans, toothed whales'>! and baleen whales?*-2*. Less data is available on later
stages of cetacean skull ossification, such as suture closure during the lifetime, and most existing data originates
from several studies of small toothed whales®?*-?”. Meanwhile, unusual details of cranial ontogeny have been
reported for cetaceans, such as the open fontanelles in adult beluga whales Dephinapterus leucas*®. Homology
of cetacean cranial bones revealed through heterochrony has also been discussed in the evolutionary context
of the extinct toothed whale Olympicetus®. Overall, significant attention in cetacean studies has been given to
multiple manifestations of paedomorphosis, in its evolutionary sense, which may reflect delayed ossification®®.
However, disparity of cetacean heterochronies and their effects on cranial morphology is evident”!*!1. Also, the
same evolutionary and developmental event, such as a prolonged growth, can be interpreted in different ways
depending on the analytical framework®!. Therefore, quantitative phylogenetically-based descriptions of such
events are important for a full understanding of heterochronies.

The characteristics of suture ossification events is a good marker for evolutionary heterochronies*>*. The
skull of modern mammals, with their morphological disparity, often shows a conservative pattern of ossification
events, with a few general features®®. However, some patterns of pre- and post-natal ossification of bones and skull
sutures show differences across mammalian phylogenetic lineages®*-3%. Recent studies uncovered homologies
of: the mammalian cranial ossifications*; developmental sequences of mammalian ossifications® and sutures
development*’; variation in suture ossification rate among terrestrial artiodactyls*'; evolution of cranial suture
ossification and its link to cranial morphology across marsupial and placental mammals**; or developmental

aspects of cranial suture fusion3; as well as specific aspects of evolution of cetacean cranial sutures!*?%; and,
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interestingly, the problem of homology of variable elements in the cetacean cranium that highlights the presence
and evolutionary significance of such unusual ossifications in cetaceans®.

Here, we analyze patterns of ossification of cranial sutures and presence of accessory bony elements for a
broad sample of modern cetaceans and terrestrial artiodactyls. Specifically, we aim to track general evolutionary
trends in cranial ossification and to examine the possible correlation between the total rate of ossification and
the presence of accessory bones in the cranium. By comparing cetaceans and their closest evolutionarily related
group - terrestrial artiodactyls, we first attempt to identify potential shifts in the rate of suture closure associated
with cetacean evolution, and then assess whether significant evolutionary modifications has occured. Also, we
briefly summarize available knowledge on accessory bony elements in cetartiodactyl cranium and report several
of them for the first time.

Results

Postnatal suture ossification is low in cetaceans and shows strong phylogenetic signal

We assessed states and patterns of suture ossification of 25 suitably visible cranial sutures in skulls of physically
mature or ontogenetically old specimens of 47 species of extant cetaceans (members of families Balaenidae,
Neobalaenidae, Balaenopteridae, Physeteridae, Kogiidae, Platanistidae, Ziphiidae, Iniidae, Pontoporiidae,
Monodontidae, Phocoenidae and Delphinidae) and 15 outgroup species of terrestrial even-toed ungulates
(members of Hippopotamidae, Bovidae, Tragulidae, Cervidae, Giraffidae, Suidae and Camelidae) and calculated
an average number and total rate of fully ossified sutures. The statistics on each suture for all studied species are
shown (Supplementary Table S2).

In overall cetaceans showed fewer fully ossified sutures (2-17) than terrestrial artiodactyls (11-23).
Significance of this difference was confirmed by independent samples t-test (p < 0.01). Also, the number of sutures
ossifying in odontocetes (6-17) was, in overall, greater than in living mysticetes (2-4) (Mann-Whitney U test,
p<0.01). Among odontocetes, the most mature crania, in terms of ossification, were observed in beaked whales
(Ziphiidae) (14-17), while the least mature were found in sperm whales (Physeteroidea) (6-8) and porpoises
(Phocoenidae) (6-9). Among terrestrial artiodactyls, the most mature crania were found in hippopotamuses
(Hippopotamidae) (19-23) while the least mature were in deer (Cervidae) (11-16), consistent with the findings
of Barmann and Sdnchez-Villagra*!, but with different scores. Among the sutures which often ossify in cetaceans,
there are occipital and basicranial sutures and later ossifying sutures of the cranial vault and, sometimes, of the
maxilla and other bones (Supplementary Table S2). Both Bloomberg’s K and Pagel’s A indicated consistently
strong phylogenetic signal (K=2.1, A=1, p<0.01), thus showing more similarity in ossification patterns between
closely related species.

Further evidence for delay in ossification: accessory bones, Fontanelles and clefts
There were a few accessory ossification centers in the cetacean skull vault situated between the parietal,
interparietal (when it was separate), supraoccipital and exoccipital bones (Table 1). Overall, six types of accessory
bones were identified, of which at most two can be hypothetically classified as wormian bones. In this work, we
refer to wormian bones as typically small, often unilateral (or centrally situated) supernumerary bones formed
along sutures or within fontanelles**. We also identified a bilateral de novo ossification in the skull of Muntiacus
muntjak, which is, to our knowledge, the first recorded case of an accessory bone (other than a wormian bone)
in non-cetacean artiodactyls (Table 1).

A short description of the accessory elements (full description, Supplementary Material S2).

Postparietal or anterior median interparietal (AMI) bone?* is mostly found in foetuses or neonates of
modern cetaceans; in snubfin dolphins Orcaella spp. (Fig. 1b); and argued to be a novel element for crown

Cetacea®.

Species (previous studies,

Bone

Interpretation

Species (this study)

references in parentheses)

Postparietal or anterior median interparietal (AMI)
(interparietal)

Postparietal or anterior
median interparietal (AMI)

Orcaella spp.

Orcaella spp.[64],
Olimpicetus spp.[29]

Tabular or bilateral posterior interparietal (PI)
(lateral interparietal)

Tabular or posterior
interparietal (PI)

Lagenorphynchus albirostris, Tursiops truncatus, Phocoena
phocoena

Phocoena phocoena
(foetus)[64],
Olimpicetus spp.[29]

Unnamed bones posterior to the lambdoid suture

De novo ossification, tabular
or wormian

Neophocaena asiaeorientalis, Phocoena spinnipinnis, Phocoena
sinus, Phocoena phocoena (juv.), Lagenorhynchus albirostris
(juv.), Tursiops truncatus (juv.)

Occipital fontanellar bones

De novo ossification or
posttemporal

Phocoenidae and Monodontidae, Lagenorphynchus albirostris,
Lissodelphis borealis, Tursiops truncatus, Grampus griseus

Phocoenidae[25],
Monodontidae[28]

Composite element including the unnamed bone
and the fontanelle-replacing ossification center

De novo ossification

Phocoena phocoena, Phocoena sinus, Grampus griseus,
Neophocaena asiaeorientalis
Muntiacus muntjak

Anterior fontanellar wormian bone

Preinterparietal

Physeter catodon (foetus)

Orcaella spp.[64], Phocoena
phocoena (foetus)[65]

Cleft in the parietal bone

Posterior parietal (the same
as postparietal)

Phocoena spinnipinnis, Phocoena phocoena, Phocoena sinus

Squamosal cleft

Supratemporal

Inia geoffrensis, Delphinapterus leucas, Orcinus orca

Mysticeti[20,66]

Table 1. Accessory bones in a cetartiodactyl skull.
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Fig. 1. Accessory bones and clefts in cetacean cranium. (a) Sutures of interparietal and unnamed bones,

the bottlenose dolphin Tursiops truncatus TNU P-439a; (b) Postparietal (or anterior median interparietal)

and tabular (or posterior interparietal) bones, Orcaella brevirostris MCZ 21,929; (c) Tabular and unnamed
bones on the occiput, the Burmeister’s porpoise Phocoena spinnipinnis MVZ 139,501; (d) novel combination
of the skull vault bones and clefts (see Clefts in the skull vault bones), vaquita Phocoena sinus MVZ 120,934.
Abbreviations: exo, exoccipital; fo, fontanellar; fr, frontal; ip, interparietal; p.a., parietal; pa2, posterior parietal;
Pp; postparietal; soc, supraoccipital; t, tabular; u, unnamed bone.

Tabular or bilateral posterior interparietals (PIs)(lateral interparietal) bones**°: paired bones lateral to
the postparietal. In this study, found in adult Orcaella spp. (Fig. 1b), and their traces were also noted in other
species (Fig. 1a, c), as well as previously reported* and argued to be homologous to the interparietal bones of
terrestrial artiodactyls®.

Unnamed bones posterior to the lambdoid suture (Fig. 1c), bilateral elements found in adult specimens of
three species of porpoises (Phocoenidae) and in neonates of other taxa.

Occipital fontanelles and ossifications in them'>: the bilaterally symmetrical fontanelles between the
exoccipital and supraoccipital and de novo ossifying dermal bones in them were confirmed by our study in
numerous species. The open fontanelles were found in adult dolphins, porpoises, belugas and narwhals. Also, in
three species of porpoises, the Risso’s dolphin and notably, in muntjac deer, we found a bilateral composite novel
element that included unnamed bone and fontanelle-replacing ossification center (Fig. S2a-d).
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Preinterparietal'®"’:

only in a foetus of the sperm whale but reported for other taxa

Clefts in the skull vault bones were noted in adult porpoises. Moreover, there is a case of Phocoena sinus MVZ
120,934 (Fig. 1d) having a combination of all the traits described above: it had traces of tabular bone sutures, an
unnamed bone, ventral to it, and fused with the occipital fontanelle ossification center and a cleft in the parietal
bone crossing the whole bone and, thus, delimiting an ossification center anterior to the lambdoid suture.

Similarly to the results for total rates of suture ossification, we obtained high phylogenetic signal estimates
for the presence of accessory bones or clefts, with D=0.115 and probability of E(D) resulting from Brownian
phylogenetic structure =0.408.

a single anterior fontanellar wormian bone within the frontal-frontal suture; was found
4548

Ancestral state reconstructions

The ancestral state reconstructions (ASR) results for total suture closure rate and the presence of accessory
bones were mapped on the phylogenetic tree and visualized (Fig. 2). When comparing two Mk models for
accessory bones, we obtained higher weight for the all-rates-different (ARD) model in which the back-and-forth
transitions between character states can differ (ARD=0.737, ER=0.263).

In general, there was an uncertainty in character states observed closer to the root, which can be improved by
incorporation of fossil taxa. However, we can clearly observe several key features. Firstly, the pattern of similarity
between related species for both continuous and binary traits confirms the strong phylogenetic signal shown
above. There is a possibility that accessory bones or clefts evolved at the base of the crown cetacean clade (in
agreement with Roston et al.?°), and we can confidently assign them to the ancestral nodes of Mysticeti and
Delphinoidea. No accessory bones/clefts were found in Balaenidae, Kogiidae, Platanistidae, Ziphiidae and a part
of Delphinidae, although in Ziphiidae and Platanistidae the “secondary loss” may be plausible because of the
high uncertainties in their basal nodes.

The rate of evolution of ossification slows down
The best fitted model of evolution was the simple BM model (~58%) with EB and OU getting almost equal
weights (23% and 19%). The evorates model suggests the general slowing of evolution of rates of total sutures
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Fig. 2. Ancestral state reconstructions for the rates of ossification and presence of accessory bones or clefts.
Continuous trait (ossification rates) is represented as a colour gradient along the branches. The probabilities for
presence of accessory bones or clefts are mapped on the tree nodes as pie charts.
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Fig. 3. The results of evolutionary rates analysis and correlation of accessory bones with the total rate
of ossified sutures. (a) The results of evorates model for the rates of evolution of suture ossification. Branch
colors represent median posterior estimates of lineagewise rates. The inset colors ranging from light to dark
grey represent the PP that rate is anomalously fast according to its rate deviation; (b) boxplots, showing

the distribution of suture ossification values for species having and lacking accessory bones or clefts; (c)
phylogenetic logistic regression curves predicting the presence or absence of accessory bones or clefts as a
function of the total rate of suture ossification. Two methods (logistic_ MPLE and logistic_IG10) were used.

ossification (two-tailed p-value=0.01). The calculated rates are declining by approximately 6% every million
years. The average rate variance was approximately 0.04 per million years (CI: 0.002-0.27; SD=1.11).

There were also several lineages for which rate of evolution was higher than average with marginally significant
posterior probability of 0.9 (Fig. 3a). These lineages include ancestral branches of subfamilies Delphininae,
Lissodelphininae and Globicephalinae and species Orcaella brevirostris, Steno bredanensis, Sotalia fluviatilis,
Lissodelphis borealis, Lagenorhynchus obliquidens and Cephalorhynchus commersonii.

Although analyses using PhylogeneticEM and BAMM did not find any significant shifts in the rates of
suture ossification evolution, BAMM highlighted several species with relatively accelerated rates (Fig. S2). These
species, Orcaella brevirostris and members of subfamily Lissodelphininae (Lissodelphis borealis, Lagenorhynchus
obliquidens and Cephalorhynchus commersonii) were also identified by the evorates method, which provides
additional confidence in recognizing them as lineages with increased rates of suture ossification evolution.

Orcaella brevirostris was also shown to be among the species with the least developed suture fusion but most
accelerated evolutionary rate of total suture ossification. Lissodelphininae also exhibited relatively accelerated
rates of evolution, with its members showing contrasting states. The number of ossified sutures varied from 7
in Lagenorhynchus obliquidens and 8 in Cephalorhynchus commersonii to 14 in Lissodelphis borealis. What we
observe here is the disparity in ontogeny trajectories, as Lissodelphis borealis has a larger skull with a longer
rostrum, while the cranium of C. commersonii is smaller with a shorter and caudally displaced rostrum®.

Correlation between the total rate of ossification and presence of accessory
elements

The presence of accessory bones mostly coincides with lower values for the rate of suture ossification (Figs. 2
and 3b). Phylogenetic logistic regression was used to check possible correlations (Fig. 3c). The analysis showed
significant associations between total rates of ossification and presence of accessory bones or clefts (logistic_
MPLE: p=0.0007, logistic_IG10: p=0.0001). Thus, species with less ossified skulls are more likely to have
accessory bones or clefts than those with a greater proportion of fully ossified sutures.
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The results for clefts alone were also significant, with similar statistics (logistic_ MPLE: p=0.0007; logistic_
IG10: p=0.0004). However, the analysis that focused on the counts of accessory bones did not yield statistically
significant values, with only the logistic. MPLE method providing a marginally significant result (logistic_ MPLE:
p=0.084, logistic_IG10: p=0.13).

Discussion

Interpretation of homology of newly identified accessory bones and clefts

Unnamed bones posterior to the lambdoid suture could represent a de novo ossification center, similar to
intrasutural wormian bones, best studied in humans*. However, the unnamed bones are not exactly situated
within the suture and, thus, cannot be identified as wormian. Also, they are larger than a typical wormian
bone. Moreover, consistent presence of large bilateral bones in the same position across several taxa requires an
evolutionary explanation. Also, they could be possibly interpreted as two or more tabular bones, which can be
presented at each side?. Third, a posterolateral element bordering the parietal and squamosal can be the bone
homologous to the supratemporal of reptiles. However, in cetaceans there are other structures in the temporal
region better matching the position of the supratemporal (see The supratemporal bone and squamosal cleft).

The most consistent interpretation of the occipital fontanellar ossification is that it is a de novo ossification
center which ossifies latterly as a dermal bone and replaces the fontanelle. This fontanelle is not homologous to
mastoid fontanelle of mammals, although it is confluent with the latter one during the foetal development!>1°.
However, it corresponds to the posttemporal fenestra of early amniotes®, a structure which is reduced and
present as the posttemporal foramen in such mammals as Vintana and modern Xenarthra®'. In this case, a
separate ossification center replacing this fenestra hypothetically may be the posttemporal bone, which is
largely lost among the tetrapods.

The Parietal cleft shows that two ossification centers are found for each parietal bone, and the second center
is the posterior parietal (postparietal) bone. Dual ossification for the parietal is a rare state for amniotes,
and it refers to the discussion on interpretations of their skull development: at least, it can be found in several
lineages of extinct reptiles, in some of which it could be secondarily acquired®. Therefore, co-existence of two
ossification centers of the parietal bone in cetaceans can be suggested as a plesiomorphy.

The supratemporal bone and squamosal cleft. The squamosal cleft, a deep fissure dividing the anterior
portion of the squamous area, is a characteristic feature of a few mysticete lineages (Fig. S3b, d,e): rorquals
Balaenopteridae, gray whales Eschrichtiidae, pygmy right whales Neobalaenidae, and a few extinct Neogene
groups®®3, However, the squamosal cleft develops not only in mysticetes: the short bilaterally symmetrical clefts
are rarely found in odontocetes — juvenile and adult specimens of the Inia geoffrensis, Delphinapterus leucas and
the killer whale Orcinus orca (Fig. S2¢, S3c). Moreover, in mysticetes, the clefts vary in extension, and in foetal
skulls of the gray whale, Eschrictius robustus, the squamosal cleft clearly divides the temporal region into two
bones, bordering a separate ossification center in the dorsal part of the squama (Fig. S3d-e).

Dual origin of the squamosal bone in cetaceans can be suggested from published embryological studies:
two ossification centers are found in the squamosal of the humpback whale, Megaptera novaeangliae, after the
Carnegie stage 23?2 and the spotted dolphin, Stenella attenuata, at the Carnegie stage 21/22'°. This is unusual for
mammals; however, the dual nature of the developing squamosal is common in amphibians> suggesting that the
bone dorsal to the squamosal s.s. is the supratemporal bone, seen also in extinct reptiles®.

Therefore, among the accessory elements in the skull of whales, dolphins and terrestrial even-hoofed
mammals there may be bones which can normally be found in living or extinct reptiles, present in other
mammals as an anomaly.

It is also worth noting the absence of accessory elements in members of the Ziphiidae and Kogiidae families,
although a fontanellar wormian bone is present in fetal P. macrocephalus. This absence may indicate a secondary
loss, but tracing its occurrence in the past remains challenging. At least, no evidence of accessory bones has been
found in extinct ziphiids and physeteroids known to date®®>’.

Dual origins of skull ossification in cetaceans

The dual origin of the mammalian skull vault was found in embryological studies®®-*": occipital, parietal and
tabular bones derive from mesoderm, whereas the postparietal, frontal and squamosal derive from the neural
crest cells (NCC). The decrease in activity of the NCC has been suggested as a mechanism causing numerous
effects delaying the development of the facial skull and, thus, underlying the evolutionary heterochrony. It could
contribute to the evolution of various paedomorphic phenotypes retaining juvenile traits at adult age®":2, and,
with some reservations, to the overall diversity of mammalian facial skulls®*. In fact, slowing development rate
can explain many aberrant features of cetacean skulls. Therefore, both the presence of accessory bones and low
rate of cranial sutures’ ossification can be interpreted as manifestations of paedomorphosis.

In fact, most of the sutures between the bones, which derive from the NCC (except a few sutures of frontals
and maxillae), do not complete ossification in cetaceans (Fig. S1), as well as in the least cranially mature terrestrial
artiodactyls - deer. However, the cetacean-specific traits in the decreased skull ossification are not limited to
the NCC-derived skull region, in baleen whales they involve all the cranial regions and, therefore, cannot be
explained solely by the neural crest development. Moreover, many morphological innovations found here derive
from mesoderm rather than the neural crest®. Thus, the heterochronies in evolution of the cetacean skull are
likely caused by a more complex mechanism than sole changes in the neural crest development.

Delayed ossification of sutures as a key to cetacean skull flexibility and feeding mechanisms
A possible function of the delayed suture ossification in cetaceans is the prolonged growth which is accompanied
with skull telescoping and rostral elongation and is associated with feeding adaptations''"'*?*. Another important
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function of the delay or stop in cranial sutures’ ossification is the cranial kinesis (bone movement) for suction
or gulp feeding®, common for many vertebrates but rare for mammals®>%. Importantly, all the extant and
most of the extinct baleen whales, including the earliest ones, have some evidence for cranial kinesis®”~%. For
odontocetes, cranial kinesis has not been reported before but can be hypothetically suggested. For example,
porpoises (Phocoenidae) and pygmy sperm whales (Kogiidae) have unusually shaped or reduced teeth, the short
and wide rostrum and blunt mandibles associated with suction feeding7°. Their cranial and, especially, rostral
sutures are retarded in fusion, and the latter ones usually do not fuse during their lifetime (Yoshida et al.%5;
Galatius”: Supplemental data S3). Functionally, the delayed fusion is partly explained by prolonged widening
of the rostrum in porpoises’!. This is also the precondition for kinesis of rostral elements during the feeding
act: loose fusion of rostral elements with each other and with frontal bones, especially in early life, enables
cranial kinesis and allows the encircling gape needed for suction feeding®”. Moreover, the cranial adaptations
for suction feeding hypothetically evolved before divergence of cetaceans into mysticete and odontocete lineages
and, possibly, were exaptations resulting from other evolutionary processes’>”>. Also, paedomorphic phenotypes
evolving during the history of toothed whales are mostly associated with suction feeding’®. In this regard,
the suction feeding mammalian phenotype is obviously paedomorphic, since the milk suckling mammals by
definition are obligate suction feeders in their early postnatal ontogeny that indirectly implies some cranial or
rostral kinesis””.

Meanwhile, there are differences between living baleen and toothed whales in patterns of postnatal ossification
of cranial sutures. In mysticetes, the occipital region early and rapidly ossifies*">* without forming accessory
bones, and the rest of the sutures, including all the facial and rostral area, do not undergo postnatal ossification
at all. Also, innovations in the mysticete skull, like the squamosal cleft, appear mostly in the temporal region. In
odontocetes a greater number of sutures gradually ossify during their lifetime, and ossification is slower and lasts
longer®, with forming accessory bones in the skull vault.

Shared trend in suture ossification and accessory bones in cetaceans and terrestrial
artiodactyls

Along with phylogenetic signals in suture ossification, several parallelisms are found among cetacean and
terrestrial artiodactyl lineages. The general suture ossification pattern observed in cetaceans, and mostly
manifesting itself in the occipital and basicranial region, is similar to that in deer®4%4!. Also, consistently low
degree of ossification is equally found in cetaceans and deer. Interestingly, accessory cranial bones were found in
amember of the deer family with the least ossified sutures, the muntjac deer, supporting the correlation between
ossification patterns across the cetartiodactyl clade. It may be promising to additionally explore the presence
of accessory bones in the other deer spp with the least ossified cranial sutures (e.g. Capreolus spp.) and the
chevrotains (Tragulidae family), also distinguished by their relatively low cranial ossification. This shared trend
between cetaceans and terrestrial artiodactyls further suggests common developmental pathways.

Moreover, the correlation between suture ossification and presence of accessory bones uncovers an interesting
effect in mammalian evolution. The evolution of the mammalian skull generally follows Williston’s law’%77, which
entails the reduction in the number of bones, partly driven by heterochrony—an earlier onset of ossification
events and the fusion of ossification centers. So, in this study it is shown how this law can be reversed: decreasing
the rate of cranial suture ossification may be coupled with the presence of accessory bones and clefts, the process
that can be driven by another heterochrony. For example, Orcaella and Neophocaena, which exhibit some of the
accessory bones described here, have been recognized as particularly paedomorphic morphotypes’.

Importantly, the bone elements discussed here have different developmental histories. For example, the
interparietal bone(s) in mammals form from multiple, at least four, ossification centers, which fuse over time.
Thus, the median interparietals and lateral interparietals may be homologous to the postparietal and the tabular
bones of ancestral forms®. In cetaceans these may be added by a single median novel element?. Independent
from interpretations of homology of this bone complex, it can be concluded that its multiple elements reveal
themselves in cetaceans. On the other hand, sutural bones such as wormian and bones forming in fontanelles are
often treated as individual variations’®. In humans they are often associated with increased cranial suture width
due to conditions such as hydrocephaly or craniosynostosis*4. Therefore, it is the opposite trend to what we
observed in cetaceans and deer, and it also suggests that cetartiodactyl accessory bones are mostly not wormian
and therefore may be considered as evolutionary innovations in a broader sense rather than developmental
abnormalities.

Environmental influences may still also play a role in forming the wormian bones’, and epigenetic factors, as
well as complex congenital anomalies, cannot be fully ruled out in some of our cases (e.g., an inbred population
of the vaquita Phocoena sinus). However, they cannot explain the whole diversity of correlated consistent
morphological effects and phylogenetic signals across a broad range of evolutionary lineages.

In conclusion, these findings suggest a decrease in cranial suture ossification at the latest stages, an unusual
effect found during the postnatal ontogeny in several cetartiodactyl lineages and peaking in some of cetaceans.
This leads to breaking a general trend of mammalian evolution: the reversal of Williston’s law and the development
of multiple types of accessory cranial bones. Further studies may explore these innovations and their evolution,
development and function, as well as functional aspects of decreasing cranial suture ossification in mammals.
Investigating the patterns of suture ossification throughout ontogeny could provide important insights into the
evolution of skull ossification and help clarify some questions about the origin and development of accessory
elements posed in this study. This represents an intriguing direction for future research.
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Materials and methods

Morphological dataset and phylogenetic tree Preparation

For this study, 395 skulls of 47 taxa of living cetaceans and 33 skulls of 15 species of terrestrial artiodactyls were
visually examined for the state of postnatal cranial ossification in 25 sutures, best characterizing the cetacean skull
(data on the sample and the list of sutures are provided in: Supplementary tables S1, S2, Supplementary material
Fig. 1). Anatomical terminology for cranial osteology followed Mead and Fordyce®. The ontogenetically oldest
specimens were chosen for measuring the maximum rates of cranial suture ossification, based on epiphyseal
fusion of vertebral column, tooth wear, development of crests for muscle attachment and collection records on
age and body size. Suture ossification was estimated, and the presence of full closure or obliteration at some part
of a suture was used here as the indicator of full ossification. Such a criterion was chosen as the best reflection of
the cetacean specific morphology, as far as even a partial obliteration means that the suture would be fully fixed,
and the contacting bones would be immobile. This scoring differs from the protocol by Wilson and Sanchez-
Villagra® (as well as the selected sutures) and results in consistently higher scores, as compared to Barmann and
Sanchez-Villagra?!. The maximum values found per species were used for the quantitative analysis. To assess
the total rate of ossification, the number of the fully ossified sutures were converted to decimals from 0 to
1, where the maximum possible number of closed sutures=1 and opened sutures=0. Presence of accessory
bony elements and clefts, which potentially could indicate a trace from a partially fused element or show an
innovation, was visually assessed and recorded for each specimen. For more information on such elements
and their earlier developmental stages, in addition to the most adult specimens, we also analysed juvenile,
neonate and foetal skulls of several species (Supplementary Table S1). Homology of bones, which have not been
found in the other mammals, was assessed from their position in relation to adjoining bones, following general
regularities found in vertebrates®>>>*8!, considering reviews by Wegner*® and Koyabu et al.>*. We used a time-
calibrated phylogeny downloaded from the TimeTree database v.5% for all our analyses.

Comparison of the number of fully ossified sutures between different taxa
The comparison was done for two cases - between cetaceans and terrestrial artiodactyls and between odontocetes
and mysticetes.

To compare the number of closed sutures, we first made a normality assessment using the Shapiro-Wilk test
on both groups’ suture closure data. If the data in both groups were normally distributed we used an independent
samples t-test to compare the mean number of closed sutures, otherwise we performed a Mann-Whitney U test.

Phylogenetic signal
Two measures, Blomberg’s K® and Pagel’s A3, were calculated using the phylosig function implemented in
phytools library®® in R.

To estimate phylogenetic signal for binary traits, the D statistic®® was used. It was calculated in phylo.d
function in R package caper’. A D-measure usually can take values between 0 (phylogenetically conserved
under the Brownian model pattern) and 1 (phylogenetically random distribution).

Ancestral state reconstructions (ASRs)

To reconstruct the ancestral states for the total rate of sutures ossification (a continuous trait) we used fastAnc
function in phytools®. For the presence of accessory bones (binary trait) we compared the equal rates model
(ER) and the all-rates-different (ARD) model. Mk and extended Mk character transition models were fitted
using the fitMk function. The best model was selected using the Akaike information criterion (AIC). ASRs were
then constructed for the best models using 100 maps generated by stochastic character mapping (SIMMAP) in
phytools. Posterior probabilities from stochastic mapping for binary traits were plotted on phylogenetic trees
using the ggtree package®®.

Estimating the rates of evolution and rates shifts of total ossification

First, we used fitContinuous() function in R package geiger® to fit several macroevolutionary models to our data
on the rate of suture ossification. We compared four models of character evolution - Brownian motion (BM),
Early burst (EB) and Ornstein-Uhlenbeck (OU) and white noise (WN) using Akaike information criterion
(AIC) values.

We then used the evorates package® in R to model the evolution of rates of suture ossification and assess
possible heterogeneity in rates. Four Hamiltonian Monte Carlo (HMC) chains consisting of 4000 iterations were
run and the first 2000 iterations were discarded as burn-in. After check for convergence using evorates functions
“check.ess” and “check.mix’, chains were combined for a total of 8000 HMC samples.

We also implemented two additional methods to check if there are any shifts of evolutionary rates of
ossification.

First, we used BAMM (Bayesian analysis of macroevolutionary mixtures)®! that detects distinct shift
configurations and their frequencies. We estimated betalnitPrior and betaShiftPrior parameters using the
setBAMMpriors function of BAMMtools v2.1.6, and ran our model for 5 000 000 generations of MCMC
(Markov chain Monte Carlo) sampling. The outputs of BAMM were then post-processed by BAMMtools, with
the convergence, evolutionary rates of ossification and the best shift configuration extracted and visualised.

Another method used was PhylogeneticEM??, that utilises an Expectation—-Maximization (EM) algorithm for
amaximum likelihood estimation of the shift positions. This method is available as an R package PhylogeneticEM
and mostly used for multiple correlated traits, although it also can be applied to the single continuous trait as in
our case.
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Correlation between the total rate of ossification and presence of accessory bones or clefts

To test whether the presence of accessory elements correlates with the rates of suture ossification we performed
phylogenetic logistic regression implemented as a phyloglm function in the R package phylolm®>°. The presence
or absence of accessory elements was coded as 1 or 0 and used as a binary response variable. We used both
logistic MPLE and logistic_IG10 methods to estimate the model and performed 1000 independent bootstrap
replicates. We also examined three scenarios: one that combined the numbers of accessory bones and clefts,
another that analysed only the presence of accessory bones but not clefts, and, finally, the presence of clefts only.

Data availability
The dataset used in the study is available in the Supplementary Material.
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