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ABSTRACT
Background: Along with the transition to the aquatic environment, cetaceans experienced
profound changes in their skeletal anatomy, especially in the skull, including the

posterodorsal migration, of the external bony nares, the reorganization of skull bones (=

Ca supprimé

HN

telescoping) and the development of an extreme cranial asymmetry (in odontocetes).
Telescoping represents an important anatomical shift in the topological organization of cranial

bones and their sutural contacts; however, the impact of these changes in the connectivity

Ca supprimé: of cranial bones

pattern and integration of the skull has never been addressed.
Methods: Here, we apply the novel framework provided by the Anatomical Network
Analysis to quantify the organization and integration of cetacean skulls, and the impact of the

telescoping process in the connectivity pattern of the skull. We built anatomical networks for

21 cetacean skulls (3 archaeocetes, 3 extinct and 10 extant mysticetes, and 3 extinct and 2

extant odontocetes) and estimated network parameters related to their anatomical integration,
complexity, heterogeneity, and modularity. This dataset was analyzed in the context of a

broader tetrapod skull sample as well (43 species of 13 taxonomic groups).

Results: The skulls of crown cetaceans (Neoceti) occupy a new tetrapod skull morphospace,
with better integrated, more heterogeneous and simpler skulls in comparison to other
tetrapods. Telescoping adds connections and improves the integration of those bones involved
in the telescoping process (e.g., maxilla, supraoccipital) as well as other ones (e.g., vomer) not
directly affected by telescoping. Other underlying evolutionary processes (such as basicranial,

specializations linked with hearing/breathing adaptations) could also be responsible for the

changes in the connectivity and integration of palatal bones. We also find prograde telescoped

skulls of mysticetes distinct from odontocetes by an increased heterogeneity,and modularity,

whereas retrograde telescoped skulls of odontocetes are characterized by higher complexity.

In mysticetes, as expected, the supraoccipital gains importance and centrality in comparison
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to odontocetes, increasing the heterogeneity of the skull network. In odontocetes, an increase

in the number, of connections and complexity is probably linked with the dominant movement . (a supprimé: s

of paired bones, such as the maxilla, in retrograde telescoping, Crown mysticetes } (a supprimé:

'(a supprimé: such as the maxilla

NN

(Eubalaena, Caperea, Piscobalaena, and Balaenoptera) are distinguished by having more

integrated skulls in comparison to stem mysticetes (4etiocetus and Yamatocetus), whereas

crown odontocetes (Waipatia, Notocetus, Physeter, and Tursiops) have more complex skulls

than stem forms (A4/bertocetus). Telescoping along with feeding, hearing and echolocation

specializations [could have been driven hhe evolution of the different connectivity patterns of . CC té [OL1]: could have driven?

modern lineages.
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INTRODUCTION

The skull of crown or modern cetaceans (= Neoceti) experienced dramatic changes

throughout its evolutionary history, related to the rearrangement of cranial bones and the

acquisition of a novel feature in mammalian skull configuration, j.e. an extreme telescoping.

Telescoping is defined as a combination of extensive bone overlap and extreme proximity of

occipital-rostral elements (Miller, 1923: Roston & Roth, 2019) which distinguishes modern

Ca supprimé: ;
(a supprimé: the

NN
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cetaceans from the stem cetaceans or archaeocetes (a paraphyletic group of archaic cetaceans

defined by the retention of plesiomorphic features). Cetacean telescoping also promotes

changes in the connections between bones and new types of cranial sutures (= horizontal

sutures; Gatesy et al.. 2013: Roston & Roth, 2019). This represents an emerging level of

bone-suture configurations, breaking the typical mammalian skull design and providing new
morphospaces which might facilitate the exploration of new ecological and behavioural
strategies. Within neocetes, two types of telescoping are recognized. one in each group of
living cetaceans (Fig. 1): one dominated by the posterior expansion of anterior bones (=
retrograde cranial telescoping sensu Churchill et al., 2018) typical of odontocetes or toothed
whales, and the other dominated by forwarding movement of posterior bones (= prograde
cranial telescoping sensu Churchill et al., 2018) found in mysticetes or baleen whales (Miller,
1923; Kellog, 1928a,b).

A recent morphometric analysis of the skull of odontocetes suggested three phases

in the evolution of facial morphology and cranial telescoping (Churchill et al., 2018): the first

phase, in which the lateral expansion of the maxilla is limited and the intertemporal region is

broadly dorsally exposed, and premaxilla, nasal and external bony nares are anterior to the

a supprimé: is not only evident by the radical changes in the
position of bones, but

(a supprimé: with large areas of bone overlap

Ca supprimé:
Ca supprimé: ) (

A

orbits (typical of Xenorophidae and Simocetus, among other stem forms); the second phase, in Ca supprimé: i )
which a further posterior displacement of the nares and surrounding bones (nasal, premaxilla
and maxilla) is observed and the intertemporal region is not visible jn dorsal view any more Ca supprimé: ,

NEANI/
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(this condition is described for waipatiids and squalodontids); and the final phase
characterized by an increased overlap of the frontal and maxilla (\observed in crown

odontocetesbv Among mysticetes or baleen whales, different types of telescoping are

described by Miller (1923; P:20-22), characterizing the main families of baleen whales;
however, quantitative analyses as those performed by Churchill et al. (2018) in odontocetes

(which include a small sample of mysticetes) are still required.

While telescoping being investigated in the last few years using different

methodologies and approaches (e.g., Churchill et al., 2018, Roston & Roth, 2019), the impact
of the novel suture configurations in the topographical organization and integration of the
cetacean skull has never been addressed. Anatomical Network Analysis (AnNA) has recently
emerged as a new tool to quantify the complexity of anatomical structures as a function of

their pattern of organization, in which bones. suture joints, and contacts between the bones are

Commenté [OL2]: just a comment, in the phylogeny of
figure 5, waipatiids are among crown odontocetes,
whereas here it may sound like you consider them as
stem odontocetes. maybe needed to slightly reformulate
this sentence.

Ca supprimé: (Churchill et al., 2018) )
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modeled as the nodes and links of a network (Raskin-Gutman & Esteve-Altava, 2014). This
methodology allows the study of a level of morphological information that has been seldom
analyzed, the level of connections, complementing an integral morphological approach
(Esteve-Altava, 2013). The solid theoretical foundations of the AnNA (Esteve-Altava, 2013;,
Raskin-Gutman & Esteve-Altava, 2014) has allowed its successful application in various
anatomical structures, like the mammalian skeleton (Powell et al., 2018), tetrapod skull (e.g.
Esteve-Altava et al., 2013a, b; Esteve-Altava & Rasskin-Gutman, 2014; Lee, Esteve-Altava &
Abzhanov, 2020) and tetrapod limbs (Molnar et al., 2017; Esteve-Altava et al., 2018, 2019;

Fernandez et al., 2020), among many other studies. In particular. a recent AnNA analysis of

44 tetrapod skulls by Esteve-Altava et al. (2013a) revealed that the reduction in the number of

(a supprimé: 2014; )

Ca supprimé: of )

skull bones during tetrapod evolution jncreased the complexity of the connectivity pattern

Ca supprimé: has )

under a regime of important structural constraints.
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In this study. we expand the Esteve-Altava et al. (2013a) fframework with the addition

'(Commenté [OL4]: sample?

of archaeocete, odontocete and mysticete skulls, and apply AnNA analysis to this sample to

first examine if the connectivity pattern of the cetacean skull is the same as that observed in

other mammals or if the changes in the topological organization of the bones produced by

telescoping also affected the connectivity pattern of the modern cetacean skulls, In addition,

‘Ca supprimé:

we want to test if the connectivity pattern between prograde and retrograde felescoping of the

cetacean skull is different overall and at an individual bone level. We think that the results of

paleontological discussions of cetacean evolution.

MATERIALS & METHODS
Sample

Considering that the main goal of this study is to identify the connectivity pattern of

the cetacean skull and its relation with the evolution of telescoping. [we choose the sample |

lconsidering the main patterns of telescoping identified in major clades (see more details in

he

o=

‘Ca supprimé: have

'Ca supprimé: skulls of

‘Ca supprimé: s

~‘ ’Ca supprimé: cetacean

. (a supprimé: at

((Commenté [OLS]: anticipate?
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- '[Commenté [OL7]: we constituted a sample? or we

gathered a sample?

'CCommenté [OLS8]: that encompasses? that includes?

AN

Churchill et al., 2018). We constructed networks for 21 cetacean skulls covering the main

'Ca supprimé: of

lineages of cetaceans: three archaeocetes (Pakicetus, “Protocetidae”, and Dorudon), three

extinct (Aetiocetus, Yamatocetus, and Piscobalaena) and ten extant mysticetes from three

genera (Eubalaena, Caperea, and Balaenoptera spp.). three extinct (Albertocetus, Waipatia

and Notocetus) and two extant odontocetes (Physeter and Tursiops). In the case of

Balaenoptera we included all the extant species known to test if the interspecific variation

observed in the skull vertex of these species impacts the pattern of connectivity (see Table S1

for more details of the sample). For Pakicetus and “Protocetidae” (a recently recognized

paraphyletic group: see for example Gohar et al., 2021), due to the lack of complete fossil

skulls, we constructed an average skull network for each taxon. In protocetids, this model was

that phylogenetic analyses yielded a paraphyletic
Protocetidae

‘[Commenté [OL9]: to be deleted? it's been a long time




75

76

77

78

n79

180

81

182

183

184

185

186

87

188

189

190

91

192

193

194

195

196

197

98

based on Aegyprocetus. Georgiacetus. al“Protocetidae” indet. and Artiocetus. lcovering more

or less the morphological diversity of this groupl. For Pakicerus. we constructed an average

skull network mainly based on the most complete specimens of P. attocki and P. inachus

(Table S1). In the case of Tursiops — the only cetacean included in the Esteve-Altava et al.

(2013a) dataset — the anatomical network is new and based on our own observations of 7.

truncatus.

Construction of the networks

The networks were constructed manually based on photographs, drawings

descriptions, and/or first-hand examinations of the specimens (Table S1 and supplemental

Data S1-S2), considering the bones as the nodes and suture joints/bone contacts as links of the

network. Bone contacts/sutures were determined based on observations of adult specimens.

However, to check internal sutures and/or contacts of completely fused bones we include

juvenile specimens in the sample. In those cases in which bone contacts could not be

‘[ Commenté [OL10]: + locality and age? otherwise this
sounds too vague

)

| Commenté [OL11]: this comment may sound a bit
misleading, as you suggest here that the group is quite
morphologically disparate at the level of the skull,
meaning that your model won't represent a 'typical'
protocetid. is the goal here to provide a kind of average
between all known protocetids? if this is the case |
would suggest adding a few words, telling that you
wanted to build a model for a grade of cetacean cranial
evolution (which is perfectly fine for me). this is a bit
different from what you did with Pakicetus, as the two
used species are much more closely related.

‘Ca supprimé: are not possible to

determined, we either assumed the same condition as observed in [close taxa (if available) or

[Commenté [OL12]: closely related?

did not model them. The interparietal, a bone that is difficult to trace in most cetac

was no modeled in archaeocetes because its presence has not been reported in any of the taxa

analyzed. In neocetes. it was modeled as fused to the supraoccipital (see Mead & Fordyce,

2009) unless evidence of its dorsal exposition was found in the vertex of adult specimens (in

which case we modeled all the observed contacts). For odontocetes, any evidence of

- (a supprimé: not
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‘ Ca supprimé: difficult

‘Ca supprimé: s
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'Ca supprimé: observed

lasymmetry in the skull expressed in the connectivity pattern has been taken into account. ,

Even though the telescoped sutures of cetaceans present a different pattern in
comparison to other mammals (Roston & Roth, 2019), they were modeled in the anatomical

networks as links with the same weight.

[ Commenté [OL13]: maybe a reference on cranial
asymmetry in odontocetes could be added here, to
show to non-specialists why this is relevant? just a
suggestion
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All the anatomical networks were digitized in Gephi (Bastian. Heymann & Jacomy,
2009).

Anatomical Network analysis
The cetacean networks were included in the dataset of Esteve-Altava and

collaborators (2013a), expanding the tetrapod sample. Five main descriptors were used to

characterize the networks: Density (D, the complexity of the anatomical structure, calculated

as the ratio between the lconnections and the maximum possible connections), Heterogeneity

(H: the differentiation of the connections of the various nodes, calculated as the ratio between

the standard deviation of the connections along the network and the average number of

connections), Average Clustering Coefficient (C; the anatomical integration of the various

nodes with their surroundings. calculated as the average of the clustering coefficient of each

node that measures the connections between the neighbors of each node). Parcellation (P, the

degree of anatomical modularity of the network. based on the distribution of nodes in the

different recovered modules); Average Path Length (L; the anatomical integration of the

various nodes related to their effective proximity. calculated as the average number of steps

between any pair of nodes), based on Esteve-Altava et al. (2013a; b; 2014; 2018, 2019), and

Esteve-Altava & Rasskin-Gutman (2014): Parcellation was calculated as in Ferndndez et al.

(2020). Our data are summarized in Table 1; see supplemental information as well. For the
analysis at the individual bone level, we used the Clustering Coefficient of each bone (CluC),
and the three main centrality measures: the Degree Centrality (DeC. how many connections a

node has), Closeness Centrality (CloC. the average of the shortest path of a node with any

other node of the network), and Betweenness Centrality (BetC. how many times a node is

included in the shortest path of any other pair of nodes) (Esteve-Altava 2013). These metrics

have been used to calculate the various graphs; Principal Component Analysis (PCA) under

- 'CCommenté [OL14]: number of connections?
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correlation (normalized var-covar) and PERMANOVA were performed in PAST v. 4.0

(a supprimé: ,

(Hammer et al., 2001).

Phylogeny
For the analysis of network descriptors within a phylogenetic context, we constructed

a composite, phylogeny following Martinez Céceres et al., (2017) for archaeocetes, Marx et

(a supprimé: d

al., (2019) for mysticetes and Viglino et al., (2021) and Boessenecker et al., (2017) for
odontocetes. The network descriptors were optimized and mapped under maximum

parsimony in the TNT 1.5 software (Goloboff & Catalano, 2016).

RESULTS
Cetaceans skull networks within tetrapod morphospace

The first two PCAs explained 89% of the variation of the tetrapod skull (PC1: 68.2%;

(a supprimé: the

PC2: 21.1 %; Fig. 2). PC1 represents a variable of overall integration (based on higher
clustering, lower path length) and complexity (higher density) (Fig. 2, inset), and all cetacean
skulls score positive along the PC1, being clearly more integrated in comparison with other

tetrapod groups (dinosaurs, sauropsids, turtles, synapsids, and squamates), but less integrated

than some mammals and some amphibians. PC2 mostly sorts the skulls according to their
heterogeneity vs. their complexity (Fig. 2, inset), and most derived cetaceans are placed in the
morphospace with higher heterogeneity values. Thus, the skulls of most neocetes occupy a

previously unoccupied region of the tetrapod skull morphospace, with better integrated and

more heterogeneous skulls in comparison with other tetrapods (except some birds as Anser).
Besides, cetaceans explore a quite different morphospace in comparison with other mammals,

mostly because they have more heterogeneous skulls. Pakicetus and tprotocetids }are placed

close to the region of the morphospace occupied by other amphibious/semiaquatic tetrapod

(a supprimé: place in

Commenté [OL16]: maybe 'our reconstructed
protocetid', or something similar?
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P62  forms, with skulls that are less integrated (by C. especially Pakicetus) and more complex (D)

P63  in comparison with most crown cetaceans. These results reflect not only a decrease in the

P64  numbers of connections of skull bones jn crown cetaceans. but also the acquisition of more ) (a supprimé: (increased integration)

P65  irregularly distributed connections of some of these bones (jncreased H) within the network, Ca supprimé: .

P66  suggesting a new level of organization of the cetacean skulls in their transition to the modern

267 lineages. PERMANOVA analysis supports this conclusion, showing a statistically significant

P68  difference between the skulls of aquatic and terrestrial tetrapods (p=0.0018). between aquatic

P69  and amphibious (p=0.0132) and between cetaceans and non-cetacean mammals (p=0.0001).

P70  Practically. and with the exception of |Amphibia kkulls. the skull of cetaceans represents a CCommenté [OL17]: amphibian? or Lissamphibia?

[a supprimé: suggesting a unique network specialization of

P71 unique connectivity pattern (Table S2). cetaceans skull even within mammals;

(S AN

272

273  Skull networks specializations of cetaceans

P74 A more detailed PCA analysis focused only on cetaceans (jncluding an additional Ca supprimé: and
P75  variable of modularity, Parcellation): it showed that the first two PCs explain nearly 70% of Ca supprimé: the
P76  the recorded variation (PC1: 47.37%; PC2: 21.19%; Fig. 3). Pakicetus presents a mostly : (a supprimé: ; Table 1

P77  typical mammal skull network. with less integrated (especially by C) and a more

P78  homogeneous (H) skull.[Protocetids plot in an unoccupied area of cetaceans morphospace, C é [OL18]: sounds like you have several
protocetid models (see suggestion above)

P79  being more complex, better integrated (by C) and slightly more heterogeneous (H) in

P80  comparison to Pakicetus (Fig. 3b-c). This might reflect the particular skull anatomy of these

P81 archaeocetes, unparalleled jn any group of modern cetaceans. In contrast, Dorudon is Ca supprimé: with

P82  recovered jn the morphospace of odontocetes, with a more simple (D) skull in comparison to (a supprimé: placed

i (a supprimé: overlapping

P83  other archaeocetes. "Ca supprimé: r

P84 The skull of crown cetaceans explores two different and nearly completely separated ; [a supprimé: In this case, the

AN

P85  morphospaces, based on H. C. L. D and P values (Table 1). Most of the extant neocetes are

P86  distinguished from extinct forms by having increased modularity (P) of the skull (except
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Physeter), while the other network metrics show variations within the different neocete

(a supprimé: s

lineages (Fig. 3b-d). Mysticetes form a group of points that are mostly distinct from

odontocetes (with a small overlap) and archaeocetes by having better integrated (C). more

Ca supprimé: are segregated

simple (D), more heterogeneous (H) and [modular skulls (P) (Fig. 3b-c). Extant baleen whales

Eubalaena, Caperea and Balaenoptera spp. plot separately from the extinct toothless

mysticete Yamatocetus by having comparatively more integrated (C) skulls. Yamatocetus has

the most heterogeneous (H) and Jeast integrated (C) skull, whereas the extinct toothed

mysticete (Aetiocetus) has the Jeast integrated (L) and Jeast complex (D) skull. Within

Balaenoptera different connectivity patterns are observed: B. musculus/B. ricei and B.

physalus have more modular (P) skulls in comparison to other Balaenoptera species: B.

musculus represents the extreme case of increased heterogeneity (H) and jntegration (L)

within this genus, whereas the skull of B. physalus reaches the highest integration with the

surrounding (C).

On the other hand, odontocetes occupy a broader morphospace, forming a group of
points from negative to positive values along PC1 (between -3.5 and 1,5) reflecting a great
variation of skull network organization. As a general pattern, the skull of odontocetes is more
complex in comparison with mysticetes (Fig. 3b); however, both groups show a similar (and
remarkable) increase in the integration of several bones with their immediate surroundings

(C), The enlargement of the odontocete, morphospace \is expected as this group exhibits great

anatomical variability in the facial skull configurations, with Physeter plotting far apart from

the remaining odontocetes (on quadrant II; Fig. 3a) and the opposite position for the stem

odontocete Albertocetus on quadrant IV. Practically, odontocetes demonstrate at least four

different types of connectivity pattern: i) Physeter and Notocetus have more complex (D) and

homogeneous (H) skulls; ii) Waipatia has a more heterogeneous (H) but less integrated (by C)

[Commenté [OL19]: more modular?
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and [modular (P) skull; iii) Tursiops has intermediate values of heterogeneity (H). integration
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(C). modularity (P) and complexity (D) and finally iv) Albertocetus has a more modularized

(P). less integrated (by L) and complex [(D) skull,

The PERMANOVA test only shows a statistically significant difference between the

skulls of mysticetes and archaeocetes (Fig. 3, inset).

Integration of bones within the networks
Overall, all the bones of cetacean skulls show a similar number of connections
(Degree; Fig 4a; Fig. S1); however, mysticetes and odontocetes have two or three more

connections (i.e., some bones in mysticetes and odontocetes reach 14/15 connections) in

comparison with archaeocetes, Whereas the median of connections is roughly similar between

the groups, the distribution of the connections is different between the two Neoceti clades.
Mysticetes show more bones with low (3—4) and intermediate (5-7) number of connections,

compared to odontocetes with more bones with intermediate (5-7) and, high number of

connections (7—14) (Fig. 4a: S1). The frontals are, in both groups, those bones with a high

number of connections (12—13), followed by the vomer with more connections in odontocetes

compared to mysticetes (14 over 12) (Fig. S1). The supraoccipital has the highest number of

connections in mysticetes (15 in B. musculus), followed by odontocetes (11 in Physeter):

however. both cases represent outlier conditions. The integration of the bones with their

surroundings (CluC) shows (Fig. 4b; Fig. S2) that both mysticetes and odontocetes have

bones in their skulls that are better integrated (e.g.. jugal and lacrimal) or less integrated (e.g..

(a supprimé: and finally

a supprimé: ,

(a supprimé: with

CCommenté [OL23]: less complex?
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a supprimé: Pakicetus presents most typical mammal skull
network, with less integrated and more homogeneous skulls.
Conspicuously, Pakicetus plots close to Dorudon based on
having skulls with a similar integration (close values of
clustering and parcellation; Fig. 3c-d), but separately
protocetids when the same descriptors are considered.

)
)
)
)
)

(a supprimé: could

)

a supprimé: , suggesting an increase in the complexity of
integration of the bones within the skull networks

)

Ca supprimé: a

Ca supprimé: a

NN

Ca supprimé: ,

orbitosphenoid) compared to those in archaeocetes skulls. CloC does not show major

differences between mysticetes and odontocetes, although the latter have, comparatively,

more bones that are closer to each other compared to mysticetes (Fig. 4c: S3). Bones with

high CloC in neocetes are the frontal, the vomer. the maxilla, and the supraoccipital (Fig. S3).

Ca supprimé: s

The higher BetC values of the skull of both odontocetes and mysticetes (Fig. 4d; Fig. S4

12




B84

B85

386

B87

B88

389

390

391

392

B93

B94

BO5

396

BO7

B98

B99

00

401

02

03

104

05

06

07

08

indicate that neocetes have bones with more central positions compared to those in
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archaeocetes. ,

When we compare the individual metrics of the bones that are mainly involved (both
directly and indirectly) in the telescoping process (supraoccipital, frontal, parietal. vomer,
maxilla, premaxilla, and nasal), some interesting observations emerge (Fig. 4e—j). These allow
tracing the different types of telescoping in odontocetes and mysticetes to the connectivity
pattern of the individual bones. The clearest, and statistically significant, separation between
the two groups is found in the vomer (Fig. 4g). The vomer of odontocetes has more
connections (12-14) compared with the vomer of mysticetes (10-12), and it is also much
more integrated with its surroundings (CluC) (Fig. S1-S2). On the other hand, the vomer is
the most central bone in the odontocete Albertocetus (BetC = 172.87), although the vomer of
the mysticete Piscobalaena is quite close as well (BetC=152.97). The greater integration of
the vomer in odontocetes reflects the retrograde type of telescoping: as pairs of bones that are

directly connected to the vomer (e.g., premaxillae and maxillae) frecede and gain connections,

a supprimé: Among these groups, some odontocete bones
achieve the highest betweenness centrality value (172.87, the
vomer in Albertocetus). Again, the vomer and the frontals are
by far the most important bones in terms of Betweenness
Centrality (Supplemental S2; Fig. S4).

CCommenté [OL24]: or shift/move posteriorly?

the integration of the vomer increases. By contrast. maxillae and premaxillae do not show

clear differences in the connectivity of the skull between mysticetes and odontocetes, possibly

reflecting the anatomical versatility that those bones present in the different lineages analyzed.

The supraoccipital, which is the main bone involved in the prograde telescoping of

jmysticetes, gains importance as reflected in the higher values of CloC and BetC in extant

a supprimé: Similarly, and as expected, the retrograde
telescoping causes increased integration in the maxillae and
premaxillae

Ca supprimé: might

Ca supprimé: the

mysticetes (Fig. 4e: S3-4).

The frontals are bones that gain additional connections under both types of telescoping
(Fig. S1). However, the acquisition of additional connections of pairs of anterior bones in
retrograde telescoping slightly increases the integration (CluC) of the frontals in odontocetes,
while they occupy a similar central position in both odontocetes and mysticetes (Fig. 4f. S4).

Another interesting observation is the placement of the left and right frontals of Physeter in
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a supprimé: With the exception of the outlier odontocete
Physeter, the supraoccipital of the mysticetes has a more
central position compared to the supraoccipital of the
odontocetes with the same number of connections (Fig. 4e—
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two different quadrants (compared to the symmetric skulls, where both bones are at the same

Ca supprimé: other

point), meaning that the strong asymmetry of the skull observed in Physeter creates different

Ca mis en forme : Police :Italique

connectivity patterns for the same bone on each side. A similar result is seen in the premaxilla

(Fig. 4i), but not in the maxilla (Fig. 4h), where right and left bones are placed in the same

Ca supprimé: both

quadrant.

Organizational modularity of skull cetacean networks

The detection of modules in anatomical networks is a matter of ongoing debate (see
Esteve-Altava, 2020 and references therein). In general, the skulls of modern cetaceans are
more modular (P) compared with archaeocetes (Table 1). Extant mysticete skulls are more

modularized in comparison with extant odontocetes, with increased modularity in

Ca supprimé: ;

Balaenoptera spp. (P=0.738-0,797) and a remarkable decrease in Physeter (P=0,666). The

best modularity solutions consistently recover four main modules: two dorsolateral, one,

palatal and another one in the posterodorsal region in archaeocetes (e.g., Dorudon),

mysticetes (e.g., Yamatocetus), and odontocetes (e.g., Notocetus). in both symmetric and
asymmetric reconstructions (Fig. 5). In some cases, the posterodorsal module could be

divided into Jeft and right portions (e.g., Eubalaena and Caperea; Fig. 5). Given the various

Ca supprimé: and Eubalaena

Ca supprimé: ; P= 0,795 respectively

Ca supprimé: 2

Ca supprimé:

(a supprimé: both

AN

Ca supprimé: a

issues in the reconstruction of the modules_(see Esteve-Altava, 2020), we refrain from

discussing their boundaries in detail.

DISCUSSION

Telescoping promotes a new path in the connectivity of modern cetacean skulls

(a supprimé: s

During their transition to the aquatic environment, cetaceans experienced profound
changes in their skeletal anatomy, especially in the skull. Among the most remarkable

changes are the posterodorsal migration of the external bony nares, the reorganization of the
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skull bones (= telescoping). and the extreme cranial asymmetry (characteristic of odontocetes)
(Miller, 1923; Fordyce & Muizon, 2001; Berta et al., 2014; Marx et al., 2016). Cranial
telescoping represents an important key innovation in the evolution of Neoceti and might be
linked to facilitating breathing while they are submerged, structural reinforcement of the

vertex to avoiding fractures during the air-breathing movements, and the [development of

( Commenté [OL25): acquisition?

filter-feeding in mysticetes and echolocation in odontocetes (Miller, 1923; Fleischer, 1976,

Ca supprimé: /or

Heyning & Mead,1990; Oelschlager, 1990; Churchill et al., 2018; Roston & Roth, 2019). It
represents an important anatomical shift in the topological organization and sutural contact of
cranial bones (Miller, 1923; Roston & Roth, 2019), and thus in the connectivity of the skull
elements, breaking the mold of the mammalian skull. Our study is the first attempt to analyze
the patterns of skull connectivity in cetaceans captured through the lens of anatomical
networks.

Our results show that, along with the transition to a fully aquatic lifestyle, the cetacean

Ca supprimé: the

skull underwent a remarkable reorganization of the connectivity pattern that allowed the
exploration of a new tetrapod morphospace. While archaeocetes (especially Pakicetus and
protocetids) still remain in the known morphospace for other non-cetaceans mammals, with

comparatively less integrated and more complex skulls, most modern cetaceans studied here

(a supprimé: (Neoceti)

follow the path towards more heterogeneous_(H), better integrated (C). and simpler skulls

(Fig.5; Fig. S5-11). Despite telescoping promotes contacts between bones that otherwise

would not be possible (e.g. occipital and rostral bones), the number of connections and thus

the complexity (D) of the skull networks decreases at the base of Neoceti. The bones that

reach the widest range of variations in the number of connections are the supraoccipital (5—

15), frontals (6—13), maxillae (5-11), but also the pterygoids (4-9), presphenoid (3-9),

basisphenoid (3-9), alisphenoid (2—-6). and ethmoid (2—9)\ (supplemental Data S2:; Fig. S1).

These results suggest that the rearrangement of facial and occipital bones impacts not only the
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a supprimé: Telescoping, as well as the other modifications
of the skull linked to feeding (e.g. filter-feeding in
mysticetes) and hearing (e.g. echolocation in odontocetes),
are important key innovations that drive the evolution of
modern cetaceans (Cranford, Amundin, & Norris,1996;
Fordyce & Muizon, 2001; Marx et al 2016; Bouetel, 2005).

a supprimé: Telescoping caused a profound reorganization
of skull bones and changes in the configurations of the
sutures (Miller, 1923; Kellog, 1928a,b;Churchill et al., 2018;
Roston & Roth, 2019;).

Commenté [OL26]: sounds more like a result. to be
added in the previous section?
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number, of connections of those bones directly involved in telescoping (e.g., maxilla and (a supprimé: s

NN

supraoccipital), but also of other bones (e.g., palatal bones) not directly affected by Ca L
telescoping (see further discussion below).

One of the network descriptors that better define the evolution of the cetacean skull is Ca supprimé: s
heterogeneity, which shows an important increase at the base of the Pelagiceti (a clade Ca supprimé: the
including archaeocete_basilosaurids and kekenodontids plus modern cetaceans), and even (a supprimé: s
further in the Mysticeti clade (Fig. 5 and Fig. S6). In terms of anatomical networks,
heterogeneity reflects a disparity in the number of connections among the skull bones,
indicating different hierarchy levels of the parts of a network (j.e., anisomerism; Esteve- (a supprimé: i.e.
Altava et al., 2013a; Rasskin-Gutman & Esteve-Altava, 2014). In tetrapods, the increase of
the specialization of individual bones has been linked to the appearance of new unpaired
bones by fusion of paired ones (Esteve-Altava et al., 2013a). Cetaceans do not present
variations in the number, of bones |by loss or fusion fin the different groups analyzed (except Commenté [OL27]: may sound slightly contradictory

with the addition you made about the interparietal

above. to be slightly rephrased?

Physeter which lost one nasal; Fig S7); however, our results show that the unpaired bones

Ca supprimé: s

ratio (a measure of anisomerism; Esteve-Altava et al., 2013a) is higher in cetaceans in ‘ Ca supprimé: Dorudon and
comparison with other tetrapods that have the same number of bones (Fig. S12), suggesting (a supprimé: number
an increase in the specialization of individual bones. We hypothesize that telescoping, (a supprimé: , otherwise, bone loss or fusion,

provides an additional mechanism,_(as bone loss or fusion) to increase the connectivity pattern Ca supprimé:

N N 7 A N

of unpaired bones and thus increase the heterogeneity of the skull networks.
Another hallmark path that marks the evolution of the connectivity pattern of modern
cetaceans is the increase of the integration of the skull (C) (Fig.5 and Fig. S10). Our results

show that clusterin ears to be a good descriptor of telescoped skulls, reflecting an

increasing integration of the bone elements of the skull in this new level of organization. The

bone overlap and the proximity of occipital-rostral elements affect directly the connectivity of

’ (a supprimé:

those bones involved in the telescoping process, but indirectly also affect the relationship of

Ca supprimé: sutura

Ca supprimé: |

NN AN

16



p37

539

541

542

43

44

545

546

b47

548

549

551

552

553

559

560

other bones. For example, at the bone level there is an evident increase in the integration (by

(a supprimé: ,

CluC) only in the premaxilla and parietal; however, palatal bones, such as the palatine

Ca supprimé: ,

pterygoid and vomer, but also the presphenoid and alisphenoid increase their integration in

comparison to archaeocetes (Fig. S2). The topological reorganization of palatal bones during

telescoping, mainly the covering of the palatine and alisphenoid by the pterygoid, has been
suggested in the pioneering work of Miller (1923) but not extensively studied in modern

analyses (e.g.. Churchill et al., 2018; Roston & Roth, 2019). Besides, changes in the

distribution and contacts of these bones along with the evolution of different cetacean clades

Ca supprimé: sutural

but not directly linked with the telescoping process, have also been reported (Muller, 1954;

Fraser & Purves, 1960; Boutel LEL Muizon, 2006). In addition to the telescoping process, the

CCommenté [OL28]: Bouetel

skull of neocetes has experienced profound changes associated with the development of air

Ca supprimé: s

and [vascular sinus systems and the modifications in the ear region, modifications that are

even more evident in odontocetes due to the echolocation process (Fraser & Purves, 1960;

Reidenberg & Laitman, 2008; Mead & Fordyce, 2009). In particular, the air sinus system
develops in the basicranium and orbital region, extending mainly over the surface of
pterygoids, palatines, basisphenoid, and alisphenoids, with variations in their development

and the configuration of their bone-correlates among the different groups of neocetes (see

C té [OL29]: vascular sinus sounds weird to me.
do you mean air sinus and vascular systems?

Commenté [OL30]: due to the evolution of the
echolocation system/apparatus?

| N N

(a supprimé: s

Fraser & Purves, 1960 for a detailed analysis). Besides. changes in the orientation of some

basicranial elements (i.e. presphenoid) associated with repositioning of the nasal passages (i.e.

basicranial retroflexion) occurring during the prenatal ontogeny also contribute to the

rearrangement of skull elements (Roston & Roth, 2021). We speculate that the increase in the

integration of the neocete, skull was achieved not only in relation to the changes associated

with the telescoping process but also with all the morphological modifications that occur in

the basicranium and palate linked with the specialization to underwater hearing. echolocation

17
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breathing, and deep diving (Fraser & Purves, 1960: Cranford. Amundin. & Norris. 1996:

Cranford et al., 2008).

In addition to the increase in the integration (C) and heterogeneity in neocetes, there is <«

a marked shift toward an increment of modularity (P) from non-telescoped to telescoped
skulls (Fig. 5; Fig.S11). Connectivity modules differ from variational modules — sensu
Esteve-Altava, 2017 —in that they reflect the topological arrangement of anatomical units, not
their shapes; thus. information of connectivity modules should be presented as a complement
of the information generated with the variational modules (Raskin- Gutman & Esteve-Altava,
2014; Esteve-Altava, 2017). Unfortunately, studies on the variational modules in cetacean
skulls are very scarce and only focus on odontocetes (del Castillo et al., 2017; Churchill et al.,

2018). The pumber of modules identified depends if the models of modularity identified are

a supprimé: Telescoped skulls of crown mysticetes and
odontocetes (Fig. S9), reach the shortest average path length,
suggesting that bones of the skull are more integrated by
proximity. One of the main obvious anatomical changes
coupled with telescoping is the extreme reduction or loss of
the intertemporal region— by the reduction of the dorsal
exposureexposition of the frontal and parietal in the roof of
the skull— contributing to the “shortening” of the occipital-
maxillarostrum distance (Miller, 1923; Kellogg, 1928a;
Roston & Roth, 2019). The better integration of the skull by
proximity results in a better speed of the information within
the skull network, especially between two key regions
traditionally associated with important functional correlates
—feeding and brain support respectively —.

(a mis en forme : Espace Avant : 0 pt, Apres : 0 pt

(a supprimé:

NN

Ca supprimé: amount

based on a development correlation (in which case 3 modules were identified; del Castillo et

Ca supprimé: they identified

al., 2017) or on a functional correlation (between 5—10 modules; Churchill et al., 2018). Our
analysis shows a mean of four connectivity modules for neocetes, with a variable number in

odontocetes (between 3-5) and a more constant number in mysticetes (between 4-5 modules),

Ca supprimé:

associated with the rostral and orbital (recovered in symmetric modules), basicranial
(including in a variable array of the bones of the floor of the cranium as well as palatal
bones). and cranial regions (including the bones that form the cranial vault and the
squamosals). These organizational modules are more closely related to the basicranium,
neurocranium, and rostrum modules reported by del Castillo et al., (2017), and suggest a basic

connectivity modularity pattern of the neocete skull. Due to telescoping that promotes new

sutures (e.g. premaxilla and frontal, frontal and supraoccipital) and new types of sutures (=

horizontal sutures; Gatesy et al., 2013; Roston et al., 2019). it is likely that telescoped sutures

more than bones themselves. mark an important constraint in the topological arrangement of

the anatomical units and. thus. in their connectivity. Underlying developmental processes_(of
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both bony and soft structures), structural constraints on shape. bone growth. and/or

biomechanical functions are probably the hnain responsible for the origin of connectivity

CCommenté [OL31]: main parameters?

modules (Esteve-Altava B. 2017).

The impact of telescoping on mysticete and odontocete skull networks

(a supprimé: in

Two main patterns of telescoping can be traced in mysticetes and odontocetes, with
important differences in the topographical organization of the skull bones. In mysticetes,
telescoping is dominated by the forward movement of the supraoccipital and parietal until the
orbit level, while only a narrow medial part of maxilla extends posteriorly, interlocking with

the frontal (but not covering it). In odontocetes, rostral bones (maxilla and premaxilla) extend

backwards, approaching the supraoccipital; in this case, the maxilla spreads over almost the

Ca supprimé:

Ca supprimé:

Ca supprimé: all

whole surface of the frontal, including the supraorbital process (Miller, 1923; Fig. 1). Ca supprimé: the
Different developmental sequences of bone ossification and suture, closure have been (a supprimé: s
identified as the underlying processes that influence, the skull anatomy of both groups (e.g.. (a supprimé: s

AN

Perrin, 1975; Lanzetti, 2019). What is the impact of these disparate skull anatomical
organizations of odontocetes and mysticetes in the network organization?

Prograde telescoped skulls of mysticetes differ in their increased heterogeneity,

modularity and integration (C). while retrograde telescoped skulls of odontocetes follow the

path of increasing complexity, reaching the highest number of total connections (Fig 5; Figs

S5-S11). The integration by proximity (L) shows an increase at the point of diversification of

crown mysticetes, whereas in crown odontocetes this integration remains without changes.

This suggests that one of the main characteristics of the telescoping process — shortening of

(a supprimé: Within an evolutive framework, p

-

(a supprimé:

Ca supprimé: ,

the occipital-maxilla distance — impacts the integration by proximity of the skull network in a

different way, depending on the telescoping specialization followed by each group. However,

this hypothesis should be further tested with an expanded sample of odontocetes.
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In mysticetes, the increased anisomerism (H) is the main connectivity pattern of the

prograde telescoped skull. An irregularity in the numbers of connections of the bones is

evident in mysticetes (see the variations in the numbers of connections of e.g. alisphenoid,

presphenoid, supraoccipital. and frontal: Fig. S1). As expected, the supraoccipital gains

relevance and centrality (BetC) in the networks of extant mysticetes and also achieves a high

number of connections (e.g. 15 connections in Balaenoptera musculus) if we compare it with

an archetypal odontocete skull as the one of Tursiops (Physeter reaches 11 connections:

however, the morphology of jts skull is quite disparate from other odontocetes due to the

Ca supprimé: ,

Ca supprimé: in comparison to odontocetes

Ca supprimé: reaches 15 connections

NN/

Ca supprimé: this

extreme posterior extension of the maxillae. the evident asymmetry of the premaxillae, and

the lack of one nasal; see further discussion below) (Supplemental Data S2). On the other
hand, the increased connections (93-97) and, thus, complexity (D) in the skull network of

crown odontocetes, are probably linked to the dominant movement of paired bones in

Ca supprimé: ,

retrograde telescoping, such as the maxilla, which gains connections (Dec) and integration not
only in its own node but also in its surroundings (CluC). No remarkable differences are

observed between odontocetes and mysticetes (especially in extant forms) in the

connections/integration/centrality of other bones also affected by telescoping, such as the
premaxillae, frontals, nasals (except CluC), and parietals. On the contrary, the vomer,
alisphenoid, presphenoid. and pterygoids show conspicuous differences between both groups
in the numbers of connections, centrality (BetC), and integration. This result provides
evidence that, again, even though telescoping defines the quite distinct anatomical
configuration of the skull of mysticetes and odontocetes, there is not a broad effect in the
connectivity pattern of all the bones directly involved in these processes. Our results invite us
to re-evaluate the role of palatal and sphenoid bones in the evolution of the skull of modern
cetaceans and we may consider them as the “hidden hands" that play a key role in the

improvement of connection and integration of the different elements of the skull. Future

20




works should focus on analyzing with more detail the anatomical reorganization of these

regions, and their correlation (or lack of it) either with the telescoping, with the basicranium

retroflexion (Roston & Roth, 2021), with the evolution of air sinus systems, or with all of

these processes.

Skull connectivity patterns within mysticetes

Within_mysticetes, some particularities can be identified in the skull networks of the «

different lineages (Fig. S5-S11). The toothed mysticete Aetiocetus presents the smallest

number of connections of the whole mysticete sample and the simpler (D) and Jeast integrated

CCommenté [OL32]: or with a combination? )
(a mis en forme : Espace Avant : 0 pt, Aprés : 0 pt )
(a supprimé: less )

(by L) skull. This pattern of skull connectivity is consistent with the poorly telescoped skull of
this taxon, reflected in a non-telescoped supraoccipital, and a broadly exposed parietal and
frontal in the skull roof (e.g., Deméré & Berta, 2008). Furthermore, the skull of the toothless

mysticete Yamatocetus differs from Aetiocetus inja more pronounced telescoped

supraoccipital, but still retains a long intertemporal region. These small anatomical changes

might explain the slight increase in the complexity (D), integration (by L), and heterogeneity |
(H) observed in Yamatocetus in comparison with Aetiocetus.

Within the crown mysticetes prograde telescoping reaches its ffull development and

noteworthy anatomical variations can be observed among the different linecages. Balaenids

and neobalaenines have a telescoping process dominated by the pronounced anterior

expansion of the supraoccipital, which extends beyond the level of the orbit and excludes the .

parietal from the vertex of the skull. Besides, the nasal and ascending process of the

premaxilla and maxilla do not protrude into the occipital region. defining a sub-rectilinear

suture between frontal and maxilla (Miller, 1923 pl: 8; Bouetel, 2005). Instead, in

balaenopterids both rostral and occipital elements move in similar proportions: maxilla,

premaxilla, and nasals project backwards, until the half-length level of the orbit, while the

21
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[Commenté [OL33]: the more pronounced telescoping ofj

the supraoccipital?

[Commenté [OL34]: ok?

mean that no more telescoping could occur in future
mysticetes?
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supraoccipital extends forward, meeting the rostral bones at almost the same level (Miller,

1923: pl 8.5). This configuration is responsible for determining a strong interdigitation of

frontals and maxillae, which has an important biomechanical function supporting the forces

induced during Junge feeding (Lambertsen, Ulrich & Straley. 1995:; Bouetel, 2005). Extinct

'[a supprimé: the

cetotheriids show a pattern of telescoping similar to balaenopterids, with a more extreme

posterior extension of the maxilla (beyond the level of the orbit) that limits the supraoccipital

to the posteriormost portion of the skull. Crown mysticetes achieve the highest skull

integration (by C and L) of all mysticetes (Fig. 5), suggesting that, regardless of the

anatomical variations observed in the prograde telescoping. the improvement of the

anatomical integration is a distinct hallmark of this group of neocetes.

Among extant lineages, the telescoping process of balaenids and neobalaenines

(Caperea) appears to be related to an increased structural disparity (H) and modularity (P) of

the skull networks. In Caperea the supraoccipital has a more extreme forward [direction]

== (a supprimé:
i [a supprimé: which

‘[a supprimé: similar

o ‘[a supprimé: that

AN

‘CC té [OL36]: expansion?

athering a more central role in the skull network; however, the number of connections does .-

not change in comparison to balaenids. The increased heterogeneity observed in the skull

networks of these mysticetes are reflecting a disparity of roles for the different parts of the

network, which might relate to different morpho-functional correlations. In balaenids and

neobalaenines the unusual skull architecture is also strongly influenced by the highly

specialized skim feeding method of these whales (Werth, 2004: Bouetel. 2005). It js be

'CCommenté [OL37]: taking? assuming?

- (a supprimé: of

‘Ca supprimé: might

possible that the evolution of heterogeneously connected skulls in these lineages has been

driven not only by the distinct telescoping process but also by structural constraints imposed

by their feeding behaviour.

Within an evolutionary context, the skulls of Balaenoptera spp. are the most

homogeneous (H), less complex. and pest-integrated with the, surroundings (C) in comparison

with other extant mysticetes analyzed (Fig. S6-S11). Balaenopterid telescoping promotes
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skull networks with similar structural connections, since there is no specialization of some

elements over others, but reaching a better integration by interdependence (C) among the

nodes of the network. Within Balaenoptera, conspicuous variations in the shape and contacts

of some bones are observed in the vertex, which has been used as a source of diagnostic

characters to define species (see for example Wada, Oishi & Yamada 2003; Yamada et al.,

2006). Our results show that this interspecific variation impacts the connectivity pattern of the

skull. [but it is still less compared to the variation seen in Mysticeti. For example. the skull of

e '(Commenté [OL38]: or 'but in a lesser extent...'?

B. musculus has an extreme posterior elongation of the rostral bones and frontals are not

5 ‘Ca supprimé

L

exposed behind the nasals, resulting in an advanced condition of telescoping in comparison to

other Balaenoptera species (and even to other mysticetes). This condition is probably related

to the “shorter skull” (i.e., the best-integrated by L) observed in this species. Besides, the

supraoccipital gains connections from paired rostral bones (Fig. 4), thus increasing the

complexity (D) of the skull network (Table 1). In the remaining species. where different

vertex configurations are observed (especially related to the exposition of the frontals), there

are small variations (except in P) in the network descriptors. which might reinforce the idea

that not all the anatomical variations impact the skull connectivity pattern.

Skull connectivity patterns within odontocetes

Within odontocetes, the skull connectivity pattern differs between stem and crown

lineages (Fig. 5; Fig. S5-S11). The skull network of Albertocetus, a stem odontocete (e.g.,

Uhen, 2008; Churchill et al., 2016), shows the smallest number, of connections (K) for the

whole odontocete sample (Table 1), together with the least complex and least integrated by

proximity (L) skull. This is probably related to, the relatively less advanced stage of

'Ca supprimé:

N

'Ca supprimé:

all

NN

(a supprimé

:, comparatively,

telescoping observed in Albertocetus. as evidenced by the short posterior projection of the

ascending process of the premaxillae, poor lateral expansion of maxillae. and proad exposure

‘Ca supprimé:

the
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of the parietals and frontals in the roof of the skull (phase one sensu Churchill et al., 2018).

Crown odontocetes are distinct by having an increasing number of connections (K) within the

skull networks and. thus, more complex skulls (D) (Fig. 5: S5, S8). Plastanistoids (sensu

Ca supprimé: Within crown odontocetes,

Viglino et al., 2021) represented by the extinct forms Waipatia and Notocetus, have less

modular skulls in comparison to Tursiops. In addition. these taxa exhibit a mosaic in their

network skull descriptors, with density (D) and integration by proximity (L) being close to the

»

(a supprimé:

values of extant odontocetes, while integration by clustering (C) and heterogeneity (H)

(a supprimé:

represent extreme and unique values —i.e., Waipatia [is the least integrated with their

Ca supprimé: and modularity

S S

surroundings| (C) skull of all the odontocetes sample while Notocetus, on the opposite,side,

represents the most homogeneous lodontocete (H), A more advanced stage of telescoping is

present jn platanistoids, with an almost absent intertemporal region and a more pronounced

posterior expansion of maxilla, premaxilla, and nasal (phase II of Churchill et al., 2018). This

progress in telescoping is reflected in the increase of the number of connections (K),
complexity (D), and integration (L) of the skull in comparison to the stem odontocete,

Albertocetus. Nevertheless, our results suggest that there is not a clear skull connectivity

pattern for platanistoids, [similar to the varietyl of skull morphologies and feeding strategies

Commenté [OL39]: not sure that the sentence is ok.
maybe 'is characterized by the least integration of
bones with their surroundings among all odontocetes
analyzed here'
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observed in this group (Viglino et al., 2021). Future AnNA, including an expanded sample of

platanistoids|, could further test this hypothesis.

Finally, the two analyzed extant odontocetes (in the families Delphinidae and
Physeteridae) show disparate patterns of skull connectivity, especially Physeter with its

bizarre cranial morphology (Fig. S5-S11). While Tursiops represents a more archetypical

stage of retrograde telescoping (i.e with a broad overlap of the maxilla and frontal bones; Fig.
1), Physeter has an extremely telescoped skull, with a highly asymmetrical facial region, and

the loss of one _skull bone (Flower, 1868, figs.1-2). While the skull network of Tursiops is

. ‘Ca supprimé: ; rather

Ca supprimé: it

a supprimé: reflect an experimentation phase that matches
those proposed for the evolution of skull eco-morphological
strategies of the group (Viglino et al., 2021).
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(D). the best integrated (by L and C), and the least modular skull of all the crown odontocetes

sampled. The better integration by proximity (L) of the skull of Physeter is not unexpected

due to the pronounced shortening of the occipital-maxilla distance and, thus, the gain of bone,

contacts —in for example the maxillae and supraoccipital (Fig.4)—, as well as for the

increase of complexity related to the loss of one nasal bone (as suggested by Esteve-Altava et

(a supprimé: s

Ca supprimé: by

al., 2013a for the evolution of tetrapod skulls). Considering that the skull morphology of

Physeter is constrained not only by its particular telescoping process but also by the distinct

soft tissue structures related to its highly specialized echolocation system (Huggenberger et

al.. 2016), the connectivity pattern of this skull may be the result of combined underlying

Processes.

A better integration of the bones with their surroundings (C), probably enhanced by

the backward movement of paired bones. as well as a more modular skull (P) are preliminary

suggested as a distinct connectivity pattern of the retrograde skull of extant odontocetes.

Future works, including a broader sample of extant odontocetes, could further test this

hypothesis.

Conclusions
Telescoping is one of the most remarkable changes in the anatomy of the cetacean

skull and it has been associated with a plethora of morpho-functional explanations. Along

(a supprimé: ;

‘ ; Ca supprimé: thus

Ca supprimé: is might
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) Ca supprimé: finally

NN
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with the topographical re-organization of the skull bones. our study,shows that telescoping

Ca supprimé: ies

also promotes profound changes in the connectivity patterns and integration. Modern

cetaceans (Neoceti) explore a new morphospace in comparison to other tetrapods (and even to
other mammals), with better integrated, slightly simpler, and mainly more heterogeneous
skulls. This represents a break in the mammalian skull mold, triggering the exploration of new

morphospaces. Our study provides further evidence that not only the bones directly involved
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in the telescoping process (e.g., supraoccipital and maxilla) gain relevance and integration in

(a supprimé:

AN N
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the skull networks of modern cetaceans. but also other bones (i.e.. vomer and _presphenoid) 8 ::zz::: s
that are not obviously affected by telescoping. It is possible that telescoping together with all
the basicranium specializations linked with hearing/breathing/deep diving adaptations are
mainly responsible for the changes in the connectivity pattern of neocete, skulls. Ca supprimé: s
Distinct skull connectivity patterns were identified in mysticetes and odontocetes, with
prograde telescoped skulls of mysticetes being characterized by an increased heterogeneity
and modularity, while the retrograde telescoped skulls of odontocetes are characterized by Ca supprimé: ,
greater complexity. Besides, retrograde telescoping causes increased integration in the
maxillae of most odontocetes. while prograde telescoping of mysticetes promotes greater ‘Ca supprimé: and premaxillae
‘Ca supprimé: a
importance and centrality of unpaired bones (i.e., the supraoccipital). In odontocetes. the
asymmetry of the skull triggers different connectivity patterns for the same bone on each side.
Particular connectivity patterns of the skull were preliminarily identified within the
different lineages of odontocetes and mysticetes analyzed here. We found that major
anatomical changes impact the connectivity pattern of the skulls (i.e. those associated with
different styles of telescoping). whereas others (i.e.. interspecific variation in the skull vertex
of Balaenoptera) remain almost invisible through the lens of the AnNA. AJong with feeding, (a supprimé: s
‘ ; Ca supprimé: Telescoping
hearing, and echolocation specializations. telescoping could have driven the evolution of the o Ca supprimé: a
different connectivity patterns of modern cetacean lineages. | Ca supprimé: been
Finally, our results show that not all shape variations observed along the evolution of
the cetacean, skull have a direct impact on the topological organization and connectivity of the ‘Ca supprimé: s
elements of this complex structure; this reinforces the idea that Anatomical Network analyses
are a complementary tool to the other areas of morphological research, which need to be
further explored (e.g.. with an expanded sample and/or adding information on soft tissue (a supprimé: of
Ca supprimé: s

anatomy).
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