
 

 

 

 

Evolution, Development, and Morphology of Cetacean Skull Novelties 

by 

Rachel A. Roston 

Department of Biology 
Duke University 

 

Date:_______________________ 
Approved: 

 
___________________________ 

V. Louise Roth, Supervisor 
 

___________________________ 
Douglas M. Boyer 

 
___________________________ 

Daniel W. McShea 
 

___________________________ 
H. Frederik Nijhout 

 
___________________________ 

Kathleen K. Smith 
 

___________________________ 
Christine E. Wall 

 

Dissertation submitted in partial fulfillment of 
the requirements for the degree of  

Doctor of Philosophy in the  
Department of Biology in the  

Graduate School of Duke University 
 

2019 



 

 

 

ABSTRACT 

Evolution, Development, and Morphology of Cetacean Skull Novelties 

by 

Rachel A. Roston 

Department of Biology 
Duke University 

 

Date:_______________________ 
Approved: 

 
___________________________ 

V. Louise Roth, Supervisor 
 

___________________________ 
Douglas M. Boyer 

 
___________________________ 

Daniel W. McShea 
 

___________________________ 
H. Frederik Nijhout 

 
___________________________ 

Kathleen K. Smith 
 

___________________________ 
Christine E. Wall 

 
An abstract of a dissertation submitted in partial 

fulfillment of the requirements for the degree 
of Doctor of Philosophy in the Department of 

Biology in the Graduate School of 
Duke University 

 
2019 



 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Copyright by 
Rachel Ann Roston 

2019 
 



 

iv 

Abstract 
Novelty presents a paradox in evolutionary biology. Novel features appear to be 

qualitatively unique to a specific type of organism, but historical continuity requires that 

some common form must have pre-existed them. This dissertation focuses on the 

morphology and development of three inter-related evolutionary novelties of cetacean 

skulls: telescoping, the blowhole, and extensive maxillo-frontal overlap. To investigate 

these novelties, museum specimens and skulls collected from stranded dolphins were 

studied using computed tomography, morphometrics, and histological methods. The 

first part of this dissertation sets an evolutionary-developmental framework for 

empirical study of skull telescoping, defined as extensive bone overlap and shortened 

maxillo-occipital distance (Chapter 2). The following two chapters (3 and 4) identify 

distinct ontogenetic changes that contribute to reorientation of the blowhole in a dolphin 

species and the fin whale. Lastly, the maxillo-frontal in the bottlenose dolphin was 

characterized using computed tomography (CT) and histological methods (Chapter 5). 
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1. Introduction 
Evolutionary novelties have captured the imaginations of scientists and lay 

people alike. From Kipling’s Just So Stories to its scientific counterparts such as Held’s 

How the Snake Lost its Legs: Curious Tales from the Frontier of Evo-Devo, the unique 

features of different animals inspire curiosity about how those features originated (Held, 

Jr., 2014). Most evolutionary biologists have an intuitive grasp of what constitutes a 

novelty—a feature that is unique to one type of organism and that is not observed in 

others. Despite this intuitive understanding, understanding evolutionary novelty in an 

empirical context becomes more complicated. 

The processes that underly evolutionary novelty are an important question in 

evolutionary-developmental biology (Müller and Newman, 2005). Numerous 

researchers have proposed definitions of novelty to promote its scientific study. Some  

have identified two features in “hard to explain” evolutionary transitions: a change 

between adaptive peaks and the breaking of a developmental constraint (Hallgrímsson 

et al., 2012). Others have proposed that a novelty is a structure that is lacks homology 

(Müller and Wagner, 1991). This idea was succinctly summarized by Moczek (2008): 

“…novelty begins where homology…ends.” The relationship of novelty to homology is 

a complicated one (Moczek, 2008). Novel morphologies seem to create an evolutionary 

paradox: they are substantially different than what came before, but they also must have 
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some continuity (homology, Roth 1991) to previous morphologies and biological 

processes. 

Cetaceans have long been a model for major evolutionary transitions and 

morphological novelty (e.g. Thewissen and Bajpai, 2001). In re-entering an aquatic 

habitat, the terrestrial ancestors of cetaceans had to evolve new morphologies and 

physiologies to cope with secondarily-aquatic life. 

This dissertation focuses on three novelties of the cetacean skull: telescoping, the 

blowhole, and extensive overlap of the maxilla and frontal. The goals of this dissertation 

are to provide a framework for further investigation of skull telescoping (Chapter 2); to 

investigate how the nasal passage becomes a blowhole during prenatal ontogeny in a 

dolphin and in the fin whale (Chapters 3 and 4); and to dive deeper into the structure of 

the seemingly novel maxillo-frontal overlap in dolphins (Chapter 5).
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2. Cetacean Skull Telescoping Brings the Evolution of 

Cranial Sutures into Focus (Roston & Roth, 2019) 

A version of this chapter was published in The Anatomical Record: 
https://doi.org/10.1002/ar.24079 

 “…the process which the skulls of all known cetaceans except the zeuglodonts 
[basilosaurids] have undergone is a highly developed system of ‘telescoping’ ; 
that is, the portion of the skull lying behind the rostrum has been shortened, 
not so much by a reduction of the anteroposterior diameter of individual bones 
(except the parietal), as by a slipping of one bone over another or by the 
interdigitating of some of the elements. Alteration of contact-relationship is 
here not the exception but the rule” (Miller, 1923, p. 2). 

2.1. Introduction 

Crown cetaceans (including living whales, dolphins, and porpoises) have skulls 

with morphologies that represent a significant break from the structural theme that 

underlies most mammalian skull diversity. In the skulls of most mammals, homologous 

bones articulate in a relatively conserved pattern, fitting together like pieces of a jigsaw 

puzzle: changes in the shape and proportions of one skull bone often involve reciprocal 

changes in the sizes and shapes of adjacent bones (de Beer, 1937; Pearson & Davin, 1924; 

Pearson & Woo, 1935; Roth, 1991). While maintaining this structural theme, mammals 

have evolved diverse skull sizes and shapes, feeding habits, and sensory adaptations (de 

Beer, 1937; Moore, 1981; Novacek, 1993). Yet, whereas in other mammals bones of the 

calvarium fit together to form a single bony sheet, in cetaceans they may overlap or be 

overlapped extensively. (See Table 1, Part I, for a description using more specific 
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anatomical terms.) In some species, bones overlap to a degree so extreme that they 

nearly or completely hide underlying bones from external view of the skull. 

 

Table 1. Description and definition of telescoping as the term is used in this chapter. 

I. A synoptic description, in anatomical terms, of the telescoped condition as it is manifest in 
modern cetaceans: 

(a) In modern odontocetes (the cetacean suborder comprising toothed whales such as 
dolphins and sperm whales) the premaxilla and maxilla extend posteriad and cover the 
frontal;  

(b) In mysticetes (the other modern suborder of cetaceans, comprising baleen whales) the 
occipital overlies the parietals, which may in turn overlie the frontals anteriad (and in 
some species the premaxilla and maxilla also overlie the frontals);    

(c) as Miller (1923) and Kellogg (1928a,b) described in detail, the positional relationships 
between adjacent and intervening bones differ considerably among taxa 

    — the net effect in all cases is that the premaxilla and maxilla contact or come close to 
contacting the interparietal and occipital. 

II. A definition, in most general terms, of telescoping: 
The combination of 

(i) extensive bone overlap and 
(ii) extreme proximity of anterior and posterior cranial elements that is observed in the 
skulls of modern cetaceans. 

A restatement of the definition, incorporating relevant anatomical terms: 
(ii) maxillo-occipital proximity 

(or, an equivalent statement, referring to a complementary set of bones: longitudinal 
shortening of those portions of the frontal and parietal bones that are visible from the 
dorsal surface of the skull) 

as a result of 
(i) extensive bone overlap. 

 

This structural divergence of cetacean skulls from those of typical mammals has 

been referred to as “telescoping” (Figure 1) (Miller, 1923). Changes in bone contact 

described as telescoping mark an important innovation in cetacean evolutionary history. 

While these changes have influenced the form of the skull and the relative positions of 
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particular bones, they have also entailed profound modification of the sutures between 

the bones (Miller, 1923) (Figure 2). 

The existence of telescoped skull morphologies in cetaceans raises fundamental 

questions about mammalian skull anatomy, function, and development. For instance, 

what evolutionary changes to developmental processes allowed cetacean cranial bones 

to overlap to so great a degree and to diverge so radically from those of typical 

mammals? What are the functional consequences of extensive overlap between bones—

i.e., how does it affect sensory, feeding, and breathing functions in which the skull 

participates—and how, in the regions of overlap specifically, does the functioning differ 

from the functions of a typical suture? Cetacean skulls provide an intriguing system for 

studying divergent extremes of mammalian morphology and the developmental 

mechanisms that underlie them (Thewissen & Bajpai, 2001). 

In the nearly one hundred years since Miller (1923) first described these derived 

anatomical conditions of cetacean skulls and applied the term “telescoping” to them, the 

challenge of developing a fully integrative account of the functional, developmental, and 

evolutionary bases of cetacean skull telescoping remains unmet. Today, the authoritative 

references on telescoping continue to be the detailed, foundational monographs of Miller 

(1923) and Kellogg (1928a,b). However, concurrent with scientific advances on several 

fronts and while continuing to cite Miller, descriptions and implicit definitions of the 

telescoped condition have diverged from what Miller’s original account encompassed  
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Figure 1. Telescoping as a metaphor for two aspects of cetacean skull morphology.  
A: An old-fashioned collapsible telescope (spyglass). Collapsing the telescope decreases 
its length as the overlap of intervening elements increases. B: A mammal skull that 
adheres to the conserved structure and pattern of articulation observed in most 
mammals (Canis familiaris, NCSM 17631). Arrows highlight the distances between the 
sutural boundaries delineating the maxilla, frontal, and interparietal+occipital. C: A 
dolphin skull (Tursiops truncatus, NCSM 8293). Arrows show the shortened distance 
between the maxilla and occipital on the dorsal surface of the dolphin skull relative to B. 
Only a small portion of the frontal is observed externally. D: A disarticulated dolphin 
skull (modified from Kellogg 1928a). With the maxilla and premaxilla removed, the full 
extent of the frontal is observed. Extensive overlap of the maxilla over the frontal nearly 
hides the frontal from external view, resulting in the shortened distance in C. Maxilla 
(blue), Premaxilla (blue), Frontal (green), Interparietal+Occipital (orange; fused), Nasal 
(yellow). 
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Figure 2. Examples of articular surfaces that underlie extensive bone overlap in a 
disarticulated fetal balaenopterid mysticete (LACM 84179).  
A: Left frontal, lateral view. B: Left parietal, lateral view. C: Left frontal, dorsal view. D: 
Left and right parietals, dorsal view. Articular surfaces that underlie extensive overlap 
are outlined, and the bone articulating with that surface is noted in parentheses. Skull 
diagrams in the upper right corners indicate the photographed bone with color. White 
arrows in C and D show the perspective from which the bones in dorsal view were 
photographed. (Note that most of the dorsal surface of the parietals underlies the 
occipitals and is not visible from a dorsal view of the skull, so the position of the 
parietals is shown with hashmarks in the dorsal-view diagram in D.) 
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(Table 2). Divergent applications of the term “telescoping” can hinder unified progress 

toward understanding its biology. 

The time is opportune to revisit the meaning—both terminological and 

biological—of cetacean telescoping.  During the last century our understanding of 

general aspects of mammalian skull evolution, development, and biomechanics has 

advanced considerably (e.g. Cardini & Polly, 2013; Goswami, 2006; Jaslow, 1990; Koyabu 

et al., 2012; Marroig et al., 2009; Porto et al., 2009; Smith, 1996). Yet even today, 

telescoping of cetacean skulls remains poorly explained. Several advances in cetacean 

biology provide new context for understanding the evolution of telescoped  

morphologies that was unavailable to Miller (1923) and Kellogg (1928a,b), including 

recognition that cetaceans are nested within terrestrial artiodactyls (Gingerich, 2001; 

Thewissen et al., 2001). A robust and growing fossil record of forms that preceded the 

telescoped skulls of modern cetaceans (and that may be intermediate between them and 

their un-telescoped ancestors) permits evolutionary processes to be inferred and 

hypotheses to be tested (e.g. Churchill et al., 2016, 2018; Deméré et al., 2008; Geisler et al., 

2017; Hampe and Baszio, 2010; Marx and Fordyce, 2016; Peredo et al., 2017; Pyenson, 

2017; Velez-Juarbe et al., 2015). New technology, especially non-invasive 3D imaging, is 

making rare and fragile specimens more accessible for research and allows telescoped 

morphologies—especially those of fetal specimens—to be studied for the first time in all 
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dimensions. These new data, obtained from new sources and placed in new interpretive 

contexts, promise to clarify the  

Table 2. Select examples of the usage of “telescoping” (1997-present). 

“…a pattern of skull bone position referred to as ‘telescoping’…” (Armfield et al., 2011) 

“…cetacean skulls became more telescoped as the nasal openings migrated 
dorsally (Miller 1923).” 

(Bejder and Hall, 
2002) 

“…crown cetaceans differ from stem taxa (archaeocetes) in having a ‘telescoped’ 
skull in which the facial bones, particularly the premaxilla and maxilla extend 
posteriorly to form most of the skull roof producing an elongate rostrum (beak) 
and dorsal nasal openings (Miller, 1923).” 

(Berta et al., 2014) 

“… the fossil record documents movement of the external bony nares from the 
rostral to the caudo-dorsal region of the skull, and the bones of the dorsal aspect 
of the skull exhibit overlapping layers (a condition known as ‘telescoping’)...” 

(Buono et al., 2015) 

“The skull of dolphins (and cetaceans in general) underwent a process of 
elongation, called telescopy (Miller 1923).” 

(Cozzi et al., 2016) 

“Miller (1923) coined the term ‘telescoping’ to describe the restructuring process 
that pushed the nasal passages posteriorly in the cetacean skull. In dolphins, the 
bones of the face slide over more posterior bony elements and accommodate the 
enlarged soft tissue mass of the forehead atop the elongate rostrum.” 

(Cranford et al., 2014) 

“Cranial telescoping plays a prominent role in cetacean evolution and involves 
the relocation of the external nares from an anterior position at the front of the 
rostrum to a progressively more posterior position above or behind the orbits. 
One measure of the degree of telescoping is the location of the nasal frontal 
suture relative to the supraorbital process of the frontal.” 

(Deméré and Berta, 
2008) 

“The anterior part of the skull was laterally expanded, while the area around the 
brain was compressed. As would be expected from the telescoping of the 
odontocete skull (Miller 1923), the landmarks in the facial region were displaced 
caudally. The skull vertex (occipital crest) showed rostral movement, also 
complying with the supraoccipital ‘telescoping’ over the parietal and frontal 
bones during cetacean ontogeny.” 

(Galatius and Gol’din, 
2011) 

“…telescoping is the evolutionary transformation where bones that previously 
contacted along vertical or near vertical sutures now contact along nearly 
horizontal sutures. To obtain this sutural reorientation, one bone ‘slid’ over the 
other, similar to the way the nested cylinders of a mariner’s telescope slide over 
each other when the scope is collapsed.” 

(Gatesy et al., 2013) 

 

“Eight of these characters (e.g., characters 74, 77, 80) relate to telescoping of the 
cetacean skull, which involves the posterior movement of the nasal passages 
and cranial bones in cetacean evolution (Miller, 1923).” 

(Geisler and Sanders, 
2003) 

“The majority of these characters are associated with ‘telescoping;’ a term 
coined by Miller (1923) to describe the evolutionary revamping of the cranial 

(Ketten, 1992) 
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vault (Fig. 35.2) in which the maxillary bones of the upper jaw expanded back to 
the vertex of the skull and covered the reduced frontal bones.” 

“…underwent a pronounced reorganization of their facial bones--a process 
commonly known as telescoping--to facilitate breathing.” 

“Most of the rostral bones of neocetes are affected by telescoping (Miller, 1923), 
which is the stacking of several bones caused mainly by the backward 
displacement of the external narial opening toward the top of the skull” 

(Marx et al., 2016) 

“Telescoping in odontocetes is defined by the positioning of the maxilla and 
premaxilla in the skull (Miller, 1923; Kellogg, 1928a, 1928b). The premaxilla and 
the ascending process of the maxilla override the frontal and the parietal bones 
pushing dorsally and caudally (Miller, 1923; Oelschlager, 1990; Comtesse-
Weidner, 2007). This dorsal movement of anterior skeletal elements alters the 
location of the sutures between specific bones (Miller, 1923). The premaxilla 
touches the supraoccipital bone and the nasal, premaxilla, maxilla, parietal, and 
frontal bones are all in close contact (Miller, 1923). The result of telescoping in 
odontocetes is the reduction in the intertemporal region of the skull and it has 
been suggested that this facilitates anatomical adaptations for echolocation 
(Kellogg, 1928a; Oelschlager, 1990). Telescoping results in altering the shape of 
the anterior cranium and flattening of the cranial bones (Reidenberg and 
Laitman, 2008), 

(Moran et al., 2011) 

“Telescoping of their skulls was a complex phenomenon involving contrasting 
changes in the facial and cranial regions. The rostrum elongates and the nasal 
bones and bony nares are repositioned to the top of the skull as the 
nasopharyngeal chamber is profoundly reorganized to accommodate breathing 
(Miller, 1923)” 

(Racicot and Rowe, 
2014) 

“The cetacean skull is described as having ‘telescoped’ through evolution, with 
facial and vault bones flattening and overlapping each other (Miller, 1923; 
Kellogg, 1928; Rommel, 1990; Rommel et al., 2002). Repositioning of the cetacean 
anterior nasal apertures is associated with the rostral (e.g., maxilla and 
premaxilla) and caudal (e.g., occipital) cranial bones approximating each other 
near the dorsum of the skull. Evolutionarily, in the process of telescoping, the 
cetacean maxillary and frontal bones have become so flattened that they no 
longer contain the hollow chambers of the maxillary and frontal paranasal 
sinuses of archaeocetes.” 

(Reidenberg and 
Laitman, 2008) 

 

evolutionary processes responsible for cetacean skull morphology and to situate it 

meaningfully within a broader understanding of mammalian skull diversity. 

Our goals in this review are twofold. In the next section we will examine 

“telescoping” as a term, both its limitations and the rationale for maintaining it. We then 
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provide an explicit definition of telescoping that clarifies and elaborates upon Miller’s 

(1923) account. Lack of such a definition has promoted confusion in biological 

interpretation of, and communication about, telescoping and its associated phenomena 

(cf. Cartmill, 1982). 

Our second goal, addressed subsequently in two major sections of the article, is 

to clarify the relevance of cetacean telescoping for understanding skull biology more 

generally. To this end, while recommending an interdisciplinary approach to 

understanding the collection of phenomena that constitute telescoping and its 

underlying biology, we review the current state of knowledge of the evolutionary and 

developmental origins of telescoping, discuss implications, and outline some of the 

biological questions raised by cetacean telescoping—and particularly, the cranial sutures 

it involves—for current research in multiple fields of biology. Our overarching goal is to 

provide a point of departure for continuing discussion and further research. 

2.2. Terminology: What is Telescoping? 

2.2.1.  History of the Term 

Although the morphologies to which telescoping refers had been described even 

earlier (e.g. Abel, 1902; Carte & Macalister, 1868), the metaphor of telescoping can be 

traced back a century. Winge (1918; 1921) included the character “sammenskudt” 

(telescoped) in his taxonomic descriptions of cetaceans, but did not define what he 

meant by it. Miller (1923) adopted the term in the title of his monograph, described in 
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detail what he considered components of the telescoped condition in extant cetacean 

families, and compared them to similar features in other mammals. As stated in the 

epigraph to this article (above), Miller noted three important attributes of telescoping: (1) 

the degree of overlap between skull bones extends far beyond that in other mammal 

skulls (Figure 2), (2) this great overlap causes non-adjacent bones to come into proximity 

with or directly contact each other, and (3) the net effect of approximation of non-

adjacent anterior and posterior elements is the perceived “shortening of the skull” 

posterior to the orbits (Figure 4A-E). In associating skull “shortening” with bone 

overlap, Miller’s interpretation differs slightly from Winge’s, who considered “braincase 

shortened” and “braincase telescoped” as separate taxonomic characters (Winge, 1918; 

1921).  

On the basis of whether bones at the back or at the front override the intervening 

ones, Miller (1923) described two distinct bauplans of telescoping in the two extant 

cetacean suborders: maxillary dominance in odontocetes (toothed whales; e.g. porpoises, 

dolphins) and supraoccipital dominance in mysticetes (baleen whales) (Table 1, Part I; 

Figures 4F-H, 5). (These were described, respectively, as retrograde and prograde 

telescoping in Churchill et al., 2018). Contrary to this dichotomy, however, Miller also 

detailed examples from both suborders in which both anterior and posterior elements 

contribute to telescoping (e.g. ziphiids and physeteroids in the Odontoceti and 

balaenopterids in Mysticeti). The ascending process of the maxilla may overlie portions 
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of the frontal as it extends posteriorly past the nasal bones (Geisler and Sanders, 2003) 

and may therefore contribute to telescoping in both odontocetes and mysticetes. While 

we emphasize the changes to bones in the dorsal skull roof, other regions of the skull 

may also be involved (e.g. pterygoid, alisphenoid, and palatine; Miller, 1923, pp. 2, 31). 

Although extensive overlap, by its nature, increases the proximity of non-

adjacent elements, these two features can vary somewhat independently if other changes 

also occur. Increased proximity of non-adjacent anterior and posterior elements can be 

accomplished without bone overlap simply through reduction of the sizes of intervening 

bones (frontals and parietals). Conversely, overlap can be achieved without increasing 

proximity of non-adjacent elements if the underlying bones are concurrently expanded. 

In some cetaceans, bone overlap is accompanied by a change in orientation (forward tilt) 

of the supraoccipital and with anteriad displacement of the nuchal crest toward the skull 

vertex (Figures 3, 4A-E). Given the geometry of spatial connectivity within the skull, a 

change in the position, orientation, or contacts of a given set of bones almost inevitably 

has consequences for contiguous regions.  

In the years following introduction of the term, “telescoping” has been variously 

used to refer not just to features mentioned by Miller (1923), but also to changes that 

accompanied the evolution of these features. For example, it has been used not simply to 

refer to extensive bone overlap and shortening of the distance between typically anterior 

and posterior cranial elements, but also to the evolutionary “migration” of the nares to 
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become a blowhole (alternatively described as repositioning and reorientation of the 

nasal passages) or the anteriad elongation of the rostrum. In its varied usages, the term 

“telescoping” purportedly involves facial and/or cranial regions, motion, displacement, 

stacking, and flattening of bones as well as sutural reorientation (Table 2). The term has 

also been used to imply cause and effect: certain changes required or produced others 

(perhaps implying that selection acting on one part drove passive change in another). 

“Telescoping” occurs frequently with words like “associated” to acknowledge that 

complex geometry and geometric and functional interdependency require changes to be 

coordinated. To complicate issues further, in some instances telescoping appears to be 

equated with bone overlap alone, in one or another region of the cetacean skull. Most 

authors who have used the term have ultimately left the definition of the term itself 

unstated. 

“Telescoping” is an evocative metaphor, and it is evident from its continuing and 

widespread use in scientific literature that a word is needed that succinctly captures 

what is unusual about the anatomy of all modern cetacean crania. Miller’s (1923) 

dissemination of the term has helped to maintain his richly detailed monograph in 

citations and bibliographies into the 21st century. Yet, as noted above, the metaphor has 

spread without the term having been clearly defined and, as a result, it is unclear to 

what extent different authors are referring to the same phenomena. The term 

“telescoping” has from its inception referred to several distinct anatomical conditions 
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(Table 1, Part I), and has therefore also been described as an “ambiguous” term 

requiring qualification (Fordyce and de Muizon, 2001). 

As a solution to these difficulties, and because of the historical significance 

carried by the term, we will propose here a definition of telescoping that meets several 

criteria: it refers to peculiar features of skull morphology shared by all modern 

cetaceans; it conforms to Miller’s original interpretation of this term, the metaphor of a 

collapsible spyglass: however, it describes the condition in a somewhat more concrete 

way. The term “telescoping” names a particular category of phenomena and if used 

more consistently, it has potential for unifying a field of study around it. 

Examining and refining the definition of telescoping serves as a starting point for 

exploring some of the questions this unusual combination of features presents for 

modern biologists and for enhancing our understanding more generally of mammalian 

skull biology.  
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Figure 3. CT scans show extensive bone overlap  
of an immature minke whale (Balaenoptera acutorostrata, a mysticete; USNM 571236) (left) 
and of a juvenile dolphin (T. truncatus, an odontocete; WAM 704) (right). A, B: 3D 
surface reconstructions in dorsal view; red line indicates the plane of the parasagittal 
slice in C and D. C, D: Parasagittal CT slices showing broad maxilla-frontal overlap. E, F: 
Color-coded diagrams drawn from CT slices. Regions of extensive overlap are indicated 
with correspondingly colored horizontal lines. 
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Figure 4. A-E: Illustrations of skull vertices in dorsal view for select taxa. 
Note the proximity of the maxillae and premaxillae to the supraoccipital (+interparietal) 
in the four cetacean species (B-E) compared to the outgroup (A) (Hippopotamus). F-H: 
Schematics comparing dorsal views of the skulls of (F) a ‘typical mammal’ with the 
telescoped skulls of (G) an archetypal odontocete and (H) archetypal mysticete. The 
topological relationships illustrated are characteristic of the odontocete and mysticete 
bauplans, but anatomical details such as the relative sizes and shapes of bones may vary 
by species. Regions of overlap described as telescoped are indicated with parallel 
diagonal lines in the color of the underlying bone. A: Hippopotamus amphibius (AMNH 
90230). B: Tursiops truncatus (Odontoceti: Delphinidae) (based on/modified from Kellogg 
1928a). C: Balaenoptera physalus (USNM 16039) (Mysticeti: Balaenopteridae) 
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(modified from Miller, 1923). D: Ziphius cavirostris (NCSM 12806) (Odontoceti: 
Ziphiidae). E: Eubalaena glacialis (USNM 23077) (Mysticeti: Balaenidae) (modified 
from Miller, 1923). F: A generalized ‘typical’ mammalian skull. G: A generalized 
odontocete bauplan, modeled after a delphinid. (No attempt has been made to 
represent the bilateral asymmetry characteristic of odontocete skulls).  H: A 
generalized mysticete bauplan, modeled after a balaenopterid. 

Figure 5. Phylogeny of taxa discussed in this article (based on Gatesy et al., 2013).  
The origins of crown cetaceans (Neoceti) (star), odontocete-style telescoping (blue circle; 
O), and mysticete-style telescoping (orange circle; M) are indicated. Illustrations (also in 
Fig. 4) on the right show a representative skull vertex for extant families. 
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2.2.2. A Clarified Definition 

Throughout this article, and unless otherwise noted, we will use telescoped 

(adjective) and telescoping (noun) to refer to skulls that have the combination of (i) 

extensive bone overlap and (ii) extreme proximity of anterior and posterior cranial 

elements that is observed in modern cetaceans (Table 1, Part II). 

In contrast to the many complex modern usages (Table 2) this definition is both 

specific enough to allow the advancement of evolutionary, developmental, and 

functional hypotheses and sufficiently general to refer to skull morphologies of all 

crown cetaceans (neocetes) despite anatomical differences. However, telescoping is an 

imperfect metaphor because, unlike the collapsing (or shortening) of a spyglass, the 

internal dimensions of the cetacean cranial vault (or, “portion of the skull lying behind 

the rostrum”) may not be reduced by telescoping; in contrast to the image that Miller’s 

use (see epigraph above) of the word “shortening” may conjure, many cetaceans have 

enlarged brains (Jerison, 1973; Marino, 2009; Marino et al., 2004; Oelschläger & 

Oelschläger, 2009). 

Henceforth we will refer to the approximation of these elements as “maxillo-

occipital proximity” or “reduction in maxillo-occipital distance.” Romer (1966) 

succinctly captured the geometry of this anteroposterior approximation, stating that, 

“Osteologically there is no top to the skull; it is all front and back” (Romer, 1966). In 

other words, externally, the dorsum of the skull in cetaceans is formed by the bones that 
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traditionally form the front (maxilla and premaxilla) and back (interparietal and 

occipital) of the skull in other mammals (Figure 4). The extreme situation, in which the 

intervening frontal and parietal bones are overridden and completely obscured on the 

exterior dorsal surface (vertex), is found only in some members of some species (e.g. 

Balaenoptera musculus) whereas incomplete frontal and parietal obscurity is found in 

others (e.g. Balaenoptera physalus) (Miller, 1923). An alternative phrasing for telescoping 

would be (ii) longitudinal shortening of those portions of the frontal and parietal bones 

that are visible from the dorsal surface of the skull as a result of (i) extensive bone 

overlap (Table 1, Part II). 

 The presence of a blowhole (dorsally situated nares) in all modern cetaceans has 

led many authors to include the external nares among the anterior features that have 

moved posteriad in the process of telescoping (Berta et al., 2015; Geisler et al., 2011; 

Romer, 1966). However, shifting of the nares is not morphogenetically required for 

extensive overlap of the frontal by maxillary and/or occipital bones to occur (nor does it 

feature in the analogy with a collapsible telescope). Including it in the definition of 

cetacean telescoping therefore incorporates assumptions about a coupling between 

narial position and bone overlap that could hamper hypothesis-testing about any 

developmental, functional, and evolutionary linkages between blowhole evolution and 

other osteological features. 
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Phrasing like “extensive” overlap, and “shortening” or “extreme proximity” is 

explicitly qualitative, and implicitly calls for quantification. Yet, we refrain here from 

defining criteria or indices for measuring degrees of telescoping, and this is deliberate. 

There is little if any controversy about all modern cetaceans qualifying as “telescoped”: 

the magnitude of overlap and of the reduction in maxillo-occipital distance they exhibit 

exceeds that of other mammals to a degree that their skulls appear qualitatively different 

(Figures 3, 4). Whereas measures of degree of overlap or separation of particular bones 

may be useful for comparisons among modern cetaceans and between fossil and 

modern forms, we believe that such metrics should be maintained separate from the 

definition of telescoping so that morphological diversity in particular anatomical regions 

can be specifically characterized. Thus, we prefer to leave construction and adaptation of 

such indices to individual (or groups of) scientists for particular comparative projects 

(Churchill et al., 2018). We also reserve usage of the term “telescoping” for the attribute 

in modern cetaceans, and not for the evolutionary or developmental processes giving 

rise to it.  These processes and intermediate states are best described in specific 

anatomical terms. 

Under the definition proposed here, all neocete skulls qualify as telescoped, but 

as noted above (and as is widely recognized), telescoping in odontocetes and mysticetes 

encompasses modifications to different regions of the skull (see Table 1, Part I; Figure 

4F-H; section on homology below) (Berta et al., 2015; Marx et al., 2016; Miller, 1923; 
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Winge, 1918, 1921). In odontocetes, the anterior elements (maxilla, premaxilla) broadly 

overlap the frontal posteriad. In mysticetes, accompanying some overlap of or 

interdigitation with the frontal by maxilla, a posterior element (occipital) overlaps the 

parietal anteriad (Figures 3, 4). Moreover, the bones involved in the two groups have 

different developmental origins: the maxilla and premaxilla are neural crest-derived and 

form through intramembranous ossification, whereas the occipital is mesoderm-derived 

and forms through endochondral (cartilage precursor) ossification (Morriss-Kay, 2001; 

Piekarski et al., 2014). The sutures in the facial and cranial regions of the skull also 

employ somewhat different developmental mechanisms (Pritchard, 1956), yet both 

suture types have evolved broad overlap in cetaceans. Telescoped morphologies in each 

cetacean family also have their own nuances and additional morphological details, 

varying, for example, in the relative contributions and extent of maxillary and/or 

supraoccipital overlap. These nuances are described in Miller (1923), as well as Kellogg 

(1928a,b). 

To resolve some of the terminological problems these differences raise, Mead & 

Fordyce (2009) separated telescoping into four “styles” by distinguishing the occurrence 

of both “facial” and “supraoccipital” telescoping in both odontocetes and mysticetes. But 

even with this subdivision, the considerable anatomical diversity represented within 

each of these categories suggests that clarity is best served by specifying for individual 
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cases where in the skull overlap occurs and how closely anterior and posterior elements 

are brought together.    

Because any metaphor is imprecise, and especially in the absence of an explicit 

definition and consistent usage, the term “telescoping” has led to disagreements about 

what parts of the skull it involves and therefore how to interpret intermediate states, 

generating discrepancies in interpretations of where anatomically and when telescoped 

morphologies originated in evolution or development. To curtail miscommunication, 

specific aspects of telescoping are best described with more precise anatomical or 

morphological vocabulary. It becomes especially important to use precise anatomical 

language, and to avoid the metaphor, when one delineates characters and defines 

character states for phylogenetic analyses. The morphological states telescoping 

encompasses are both disparate and, in the two modern subclades of Cetacea, distinct 

(with the possible exception of one component, the ascending process of the maxilla; see 

below). Telescoping is therefore best viewed not as a character, but as a global, structural 

attribute of a skull. 

In recognition of both the utility and the enduring popularity of the term, we 

have offered here an explicit definition and advocate its usage in the broad sense 

introduced by Miller (1923) to describe, in their many manifestations in modern 

cetaceans, a combination of traits: extensive cranial bone overlap and a relative 

reduction, longitudinally, in the maxillo-occipital distance. While one term is no 
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substitute for a precise description of the anatomy of particular manifestations of the 

condition, or of particular aspects under investigation, reserving the use of “telescoping” 

for this combination of features (Table 1, Part II) can direct attention to questions 

provoked by the co-occurrence of these traits. 

2.3. Biology of Telescoping: An Overview 

What processes led to the evolution and development of these two traits—

extensive bone overlap and relative shortening of the longitudinal distance between 

particular anterior and posterior elements—that are observed in extant cetacean skulls? 

And to what degree was telescoping a feature of the ancestor of crown cetaceans? 

2.3.1. The Fossil Record 

Although it describes several disparate morphologies, telescoping has been 

considered one of the defining features that separates neocetes (crown cetaceans) from 

archaeocetes (stem cetaceans) (e.g. Barnes 1990, Berta et al. 2014). The evolutionary 

origins of telescoping have been obscure because, until fairly recently, few early neocete 

fossils had been described that could shed light on evolutionary processes that led to the 

telescoped skull morphologies of modern cetaceans. In his monograph, Miller (1923) 

included only the mysticete fossil Cetotherium and three stem odontocete fossils: 

Archaeodelphis, Agorophius, and Xenorophus. A rise in formal descriptions of early neocete 

fossils (Uhen, 2010) and re-evaluation of previously described ones (e.g. Fitzgerald, 2010) 

has made the origin of Neoceti from archaeocetes a major focus in recent years and has 
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re-opened investigation into possible evolutionary processes that led to modern 

telescoped skull morphologies. 

The fossil record of the earliest neocetes is still relatively sparse, but divergence 

estimates based on fossil-calibrated molecular clocks and corroborated by other fossil 

evidence suggest that Neoceti arose in the late Eocene approximately ~36 Mya (Gatesy et 

al., 2013; Geisler et al., 2011; McGowen et al., 2009). Phylogenetic analyses that have 

combined molecular, morphological, and paleontological data (Gatesy et al., 2013; 

Geisler et al., 2011) have placed all known early neocete fossils as stem members of 

either the mysticete or odontocete clades (Lambert et al., 2017; Uhen, 2010). Crown 

mysticetes and crown odontocetes likely arose in the middle to late Oligocene (Geisler et 

al., 2011; Marx & Fordyce, 2015; McGowen et al., 2009). 

Basilosaurids and archaeocetes more generally, which lived in the Eocene and 

persisted into the Oligocene, have been described as possessing “no trace” of the 

telescoped state (Kellogg, 1928a; Miller, 1923; Romer, 1966). That said, it is conceivable, 

and even likely, that some specific anatomical features that contribute to telescoping, 

such as overlap by and posteriad extension of the ascending process of the maxilla, may 

have arisen prior to the origin of Neoceti. For instance, the ascending process of the 

maxilla overlies a portion of the frontal in Zygorhiza kochii (Kellogg, 1936). Likewise, in 

broken Dorudon atrox skulls, parallel grooves on the anterior frontal suggest a 

convoluted overlapping suture between it and the now missing maxilla (see Fahlke, 
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2012). However, bone overlap between the maxilla and frontal, where present, is not 

expansive and the maxillo-occipital distance is not strikingly reduced. Other mammal 

skulls also possess bone overlap at the maxillo-frontal suture while lacking a reduced 

maxillo-occipital distance (e.g. fox; Miller, 1923, Pl.1 Fig. 1). 

To date, only two neocete fossils have been described from the late Eocene, 

Llanocetus denticrenatus and Mystacodon selenensis, and both have been classified as stem 

mysticetes (Fordyce and Marx, 2018; Lambert et al., 2017; Mitchell, 1989). Both 

Mystacodon, which is described as the oldest known neocete (Lambert et al., 2017), and 

Llanocetus, whose skull was described recently (Fordyce & Marx, 2018), have an 

ascending process of the maxilla that overlies the frontal and a supraoccipital bone that 

is fairly vertical, but tilted slightly anterodorsally. The nuchal crest, at the anterior edge 

of the occipital, is in the posterior portion of the skull. As a result, the frontals and 

parietals in these fossils are broadly exposed dorsally and maxillo-occipital distance is 

not considerably decreased from the ancestral condition (Lambert et al., 2017). 

 Like these two Eocene mysticetes, Coronodon havensteini, a mysticete from the 

early Oligocene, had maxillo-frontal overlap and interlocking that resembled many 

other mysticetes, but its supraoccipital shield was only slightly tilted anteriad. In the late 

Oligocene, many mysticete fossils possessed a maxilla interlocked with the frontal such 

that the ascending process of the maxilla extends over the frontal dorsally and, as 

viewed from the lateral aspect, the infraorbital process of the maxilla extends ventral to 
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it (the frontal) (e.g. Aetiocetidae: Deméré & Berta, 2008; Emlong, 1966; Marx et al., 2015; 

Mammalodontidae: Fitzgerald, 2006, 2010; Eomysticetidae: Boessenecker & Fordyce, 

2015; Sanders & Barnes, 2002b). In these stem mysticetes (e.g. Marx et al., 2015; Sanders 

& Barnes, 2002a), the supraoccipital tilted anteriad dorsally and the longitudinal 

position of the nuchal crest varied. Despite this tilt of the supraoccipital, the frontals and 

parietals were both broadly visible on the dorsal skull. 

The earliest currently known odontocete fossils (e.g. Simocetus, ~32 Mya, Fordyce, 

2002; Marx et al., 2016) date to the early Oligocene. Their appearance relatively soon 

after molecular-clock estimates of odontocete-mysticete divergence (McGowen et al., 

2009) suggests that some anatomical characteristics that are distinctive of telescoping in 

odontocetes, the broadened maxillo-frontal overlap in particular, arose relatively 

rapidly. Collectively, Oligocene odontocete fossils display bone overlap and maxillo-

occipital proximity to varying degrees and in various combinations. In the skulls of 

Archaeodelphis patrius and Simocetus rayi, for example, large areas of the frontal bone 

remain uncovered by the maxilla laterally, but in other species, such as Waipatia 

maerewhenua, the maxilla completely, or nearly completely, covers the supraorbital 

process of the frontal (Allen, 1921; Fordyce, 1994, 2002). During the Oligocene the 

identities of the bones that contributed to overlap also varied: in xenorophid skulls the 

lacrimal, laterally, and premaxilla, medially, overlap the frontal alongside the maxilla 

(Kellogg, 1928a; Sanders and Geisler, 2015; Uhen, 2008). Despite varying but high 
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degrees of bone overlap over the frontal, most Oligocene odontocetes had substantial 

portions of the frontal and parietal bones exposed dorsally and largely lacked the 

longitudinal reduction of maxillo-occipital distance observed in modern odontocetes. 

The growing record of fossil morphologies suggests a complex, mosaic evolution 

of the traits (such as maxillo-frontal overlap, occipito-parietal overlap, obliquely 

oriented supraoccipital, etc.) that contribute to the modern telescoped condition. As 

described above, some components, such as posteriad extension of the ascending 

process of the maxilla, may have arisen in neocete ancestors (archaeocetes) (Geisler and 

Sanders, 2003). Variability in the expansiveness of bone overlap and degree of maxillo-

occipital proximity in late Oligocene odontocetes shows that diverse bauplans were 

present from relatively early on and that telescoped skull morphologies were attained in 

various ways. All Oligocene fossils described to date fall phylogenetically outside the 

modern crown groups Odontoceti and Mysticeti, suggesting that there was an early 

phase of morphological experimentation that preceded radiation within each of these 

crown groups (Marx and Fordyce, 2015). 

Because “telescoping” was coined to refer to the overall appearance of extant 

cetacean skulls, the term becomes difficult to apply to mosaic or intermediate states that 

may be evident as fossils continue to be discovered. Setting thresholds for degrees of 

overlap and maxillo-occipital proximity for a skull to qualify as telescoped is a subjective 

decision, but we follow Miller (1923) in requiring both features to be present. Ultimately, 
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we would argue, it matters little whether a particular fossil crosses a threshold to qualify 

as “telescoped” if an investigator can make clear specifically what traits it possesses and 

shares or does not share with other specimens. Where bony overlap can be observed 

directly in fossils, explicit descriptions of this and other features, referring to specific 

bones and their spatial relationships (Geisler and Sanders, 2003; Uhen, 2008) provide the 

most clarity for recognizing what, if any, correlations have existed between extensive 

overlap and other features of the skull. 

Fossils have much to tell us about how the modern states of telescoping arose 

and what combinations of traits, even if they do not exist today, have been possible. 

What implications do the occupied regions of morphospace, past and present, have for 

hypotheses about the functional roles of telescoping? Have cetaceans broken a 

mammalian evolutionary-developmental constraint that has led to a radiation of novel 

skull morphologies into previously unoccupied regions of morphospace? And what, for 

example, can be learned about functional and developmental constraints (or their 

absence) from the evolutionary reversal or “loss” of telescoping that is inferred to have 

taken place in Odobenocetops (de Muizon and Domning, 2002)? Which combinations of 

the array of morphological features that contribute to the telescoped condition today 

have changed together, and which could be considered independently evolving 

characters? While defining telescoping explicitly in terms of its two components 

provides greater clarity in communication for addressing these questions, explicit, 
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anatomically specific characterization of fossils is essential. Such detailed description 

will continue to contribute significantly to the generation and testing of hypotheses 

about the basic biology of the combination of phenomena that are encompassed by this 

term that describes skulls of all modern cetaceans. 

2.3.2. Hypotheses of Functional Origins 

Given that the extraordinarily derived condition known as telescoping exists in 

both sister groups that constitute crown Cetacea, but with significant differences 

between them in morphological detail, the question arises: do telescoped morphologies 

share a common, convergent function? To our knowledge, the functional-adaptive role 

played by extensive bone overlap and reduction in maxillo-occipital distance in the 

cetacean skull has been the focus of little empirical work. However, several hypotheses 

for the function(s) of telescoping have been described in the literature and some of them 

are outlined below.  

Miller (1923) hypothesized that “compressing forces” during swimming (forces 

imposed by the body against the back of the skull and resistance of the water against the 

front) push the back of the skull forward and anterior portions of the cranium back. 

Miller attributed odontocete- and mysticete-style telescoping, respectively, to fast 

swimming speeds and bulk feeding (Miller, 1923, p. 35-40). In his view, telescoped skull 

morphologies did not evolve in other aquatic tetrapods because of their smaller skulls 

and slower swimming. From the context in which he made this proposal it seems he 
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may have envisioned these mechanical forces as acting directly during development to 

produce the morphology. Yet, as we will expand upon below, such a hypothesis does 

not accord with our observations that telescoping originates in fetuses long before the 

skull experiences forces from swimming or feeding. 

Multiple authors have suggested that telescoped morphologies evolved in 

response to forces experienced while swimming or diving. Telescoping may strengthen 

skull against forces from the water (Howell, 1930) or may allow alignment of the skull 

and body axis to aid in swimming (Courant and Marchand, 2000; Howell, 1930). It has 

also been suggested that maxillary and premaxillary overlap evolved to buttress 

elongate rostra of odontocetes (Oelschläger, 1990; attributed to Abel by Raven & 

Gregory, 1933). 

According to some bioacoustic hypotheses, maxillo-frontal overlap in 

odontocetes—also described as “sandwiching” of the bones and suture connective 

tissue—may assist in echolocation, and may do so in two ways: by focusing the sound 

produced during echolocation and/or by separating sound production in the facial 

region from sound reception in the ear through serial impedance mismatch (which is the 

reflection or transmission of the sound as it passes through a series of interfaces between 

different tissue types) (Fleischer, 1976; see also, Aroyan et al., 2000; Cranford et al., 1996). 

Some support for these hypotheses may be provided by current evidence suggesting 

presence in the earliest known Oligocene odontocete fossils of both echolocation and 
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extensive maxillo-frontal overlap (Churchill et al., 2016; Geisler et al., 2014; Park et al., 

2016). 

Perhaps the most pervasive hypothesis offered since Miller’s (1923) account is 

that telescoping arose in association with selection for a repositioning of the nostrils to 

the dorsal surface of the skull to produce a “blowhole”, which involved a posteriad shift 

of the external nares and rotation of the nasal passage into a vertical or sub-vertical 

orientation. While this hypothesis has often been attributed to Miller (1923), and Miller 

did comment on a relationship between shortening of the cranium (here termed 

reduction in maxillo-occipital distance) and the position of the nasal passages (Miller, 

1923, p. 26), he did not directly link his observations about cetacean nasal passages to the 

bone overlap he considered intrinsic to telescoping. Raven and Gregory (1933) were 

among the earliest authors to associate telescoping with repositioning of the nasal 

passage. In his 1966 textbook, Romer reinforced this interpretation by stating that “the 

premaxillary and maxillary bones have been dragged back over the more posterior 

elements” in the course of the nares’ moving backward to the top of the head, which 

“result[ed] in a peculiar, telescoped effect” (Romer, 1966). 

A putative evolutionary relationship between the blowhole, extensive bone 

overlap, and reduction in maxillo-occipital distance could take several forms: 

telescoping (as defined here) could have been a passive, correlated response to selection 

acting most directly on the position and orientation of the external bony nares, or on the 
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bones as anchors for repositioned facial muscles, which are shifted to the top of the head 

to control the opening and closing of the blowhole (Fordyce, 2002; Heyning and Mead, 

1990; Lawrence and Schevill, 1956; Mead, 1975). A telescoped skull might also be a 

mechanically more robust setting for the use of a blowhole. According to one hypothesis 

(suggested to us by our colleague Christine Wall) that functionally links the position of 

the blowhole to bone overlap and maxillo-occipital shortening, reconfiguration of the 

bones in this region may provide structural reinforcement that prevents the skull from 

fracturing around the blowhole during the forceful expulsion and inhalation of air in 

breathing. Alternatively, cranial features associated with the blowhole and those that 

contribute to telescoping could have evolved independently. Doing as we propose and 

restricting application of the term “telescoping” to the features to which Miller originally 

alluded (extensive bone overlap and longitudinal reduction in maxillo-occipital 

distance) makes it easier to examine the relationship between characteristics directly 

implied by the metaphor and other features, such as the blowhole, that are distinctive in 

modern cetaceans. 

The explanations provided above are not mutually exclusive: selection for more 

than one function may have contributed at different times and in different lineages to 

producing telescoped phenotypes. For instance, overlap could have initially arisen as a 

correlate of the posterodorsal position of nares in the evolution of the blowhole, but then 

been co-opted in odontocetes for bioacoustic functions. Discovering the origins and 
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modern functions of telescoping will require an interdisciplinary approach that makes 

use of thorough descriptions of the variation among species in bones, the sutures, and 

the anatomical and histological details. The list of possible functions and adaptive values 

provided here is not exhaustive, but it may provide a starting place for discussion and 

empirical study of telescoping and its biological role(s) in cetaceans.  

2.3.3. Developmental Origins 

Evolutionary changes in morphology occur through changes to developmental 

processes. Embryos and fetuses allow us to observe how cetacean cranial development 

diverges from that of a typical mammal. As development provides insights into how 

modern cetaceans build their unusual telescoped skulls (Miller, 1923, p. 40), prenatal 

stages also clarify what types of modifications to ancestral developmental processes may 

have contributed to the evolution of telescoped morphologies. 

Cetacean embryonic and fetal material in collections is rare; as a result, the 

literature on cetacean skull development consists primarily of detailed anatomical 

descriptions of individual fetuses rather than developmental series (e.g. de Burlet, 1914; 

Eales, 1950; Kükenthal, 1893; Schulte, 1916; for a comprehensive list, see Thewissen & 

Heyning, 2007). A relatively small proportion of studies have described observations of 

skull development in ontogenetic series of fetuses of different sizes and gestational ages 

within a single species or have attempted to synthesize available descriptions into an 

understanding of developmental trajectories (Hampe et al., 2015; Kuzmin, 1976; Moran 

et al., 2011; Ridewood, 1923; Tsai & Fordyce, 2014). Recently, computed tomography 
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has allowed the internal morphology of rare and irreplaceable prenatal cetacean 

specimens to be examined non-invasively (Hampe et al., 2015; Roston et al., 2013). This 

has allowed researchers to assemble larger data sets of fetal series to compare 

development across species (Yamato and Pyenson, 2015). Apart from Moran et al. 

(2011), most descriptions of embryonic and fetal skulls provided in the literature do not 

explicitly discuss the origin of telescoped skull morphologies, but some make mention of 

the presence or absence of bone overlap (e.g. Ridewood, 1923). These descriptions 

provide ample raw data with which to begin making conclusions about how telescoped 

cranial morphology arises in development. 

Early in development, the heads of cetacean embryos closely resemble those of 

other mammals at similar developmental stages, but they begin to acquire more typical 

cetacean shapes in the late embryonic and early fetal stages (Gill, 1927; Roston et al., 

2013; Štěrba et al., 2000; Thewissen & Heyning, 2007). This observation is consistent with 

the finding that early stages of facial development are conserved throughout tetrapods 

(Young et al., 2014). In the cetacean species that have been described, ossification begins 

with the maxillae, premaxillae, and supraorbital processes of the frontals--all dermal 

bones--sometime in the late embryonic time period (e.g. Hampe et al., 2015; Kuzmin, 

1976; Moran et al., 2011; Ridewood, 1923; Schulte, 1916; Štěrba et al., 2000). 

Endochondral bones of the basicranium (presphenoid, basisphenoid, and occipital 

bones) begin to ossify slightly later (e.g. Hampe et al., 2015; Kuzmin, 1976; Moran et al., 

2011; Ridewood, 1923; Schulte, 1916). Earlier fetuses have a large fontanelle in the dorsal 
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cranial vault region between the frontals and parietals (and interparietal, depending on 

the species) (e.g. Hampe et al., 2015; Moran et al., 2011; Schulte, 1916). The two hallmarks 

of telescoping, bone overlap and maxillo-occipital proximity, appear to develop 

progressively in mysticete and odontocete fetuses as the dermal bones expand dorsad 

from ossification centers. However, in balaenopterids, extension of the supraoccipital 

anteriad and its overlap over the parietals appears to develop later in gestation than the 

anterior maxillo-frontal overlap in this group (Hampe et al., 2015; Ridewood, 1923; 

Roston et al., 2013; Schulte, 1916). 

Much of our discussion of longitudinal reduction of maxillo-occipital distance 

has focused on the overlapping elements, but bringing anterior and posterior elements 

into proximity also necessarily involves changes to the dorsal skull roof formed by the 

parietals and interparietal. In odontocetes, the interparietal makes direct contact with the 

frontals and separates the parietal bones, preventing contact of left and right parietals on 

the midline (Mead & Fordyce, 2009; Rommel, 1990). In adult odontocetes, as in many 

other mammals, the interparietal fuses with the supraoccipital and the suture between 

them becomes completely obliterated (Koyabu et al., 2012; Mead and Fordyce, 2009). In 

contrast, for several mysticete species, there is still no consensus whether the 

interparietal is present in adults or at various stages of development (Nakamura et al., 

2016; Tsai et al., 2014). However, in other mammals in which the interparietal had been 

described as “lost,” it was later found that interparietal ossification centers fuse to the 
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supraoccipital early in development (Koyabu et al., 2012). Determining whether the 

interparietal is fused to the anterior edge of the supraoccipital, lying over the parietals, 

or to the ventral surface of the supraoccipital, lying between the parietals, will be key to 

understanding the biology of mysticete telescoping. 

2.3.4. Non-Homology in Mysticetes & Odontocetes 

Cetacean telescoping (both as it is defined here and in the various different ways 

it has been used by others) is observed in both mysticetes and odontocetes. When a pair 

of sister-taxa exclusively share a derived feature it invites the question: is the trait in the 

two clades homologous? 

As we have described them in preceding sections of this article, and as is widely 

recognized, the manifestations of bone overlap and maxillo-occipital proximity—the 

criteria for telescoping as we define it—differ in mysticetes and odontocetes in both 

anatomical and embryological particulars. As Miller (1923, p.7) observed, “The skull of a 

finback whale is thus seen to be telescoped in a manner so unlike that of a dolphin that it 

is at first difficult to understand how two such opposite types could have originated,” 

and he (pp. 6-7) proposed different evolutionary scenarios and distinct starting points 

for the evolutionary transformation of “normal mammals” into odontocete and 

mysticete types. Later, Fordyce and Barnes (Fordyce and Barnes, 1994), for example, 

noted that “In all Odontoceti and Mysticeti, rostral bones and the supraoccipital are 
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‘telescoped’ (Miller, 1923) toward each other, although such telescoping is not 

demonstrably homologous in these two groups.” 

Thus, the state of telescoping manifested in these two major subclades of Neoceti 

would appear to fail Patterson’s (1982) first criterion for homology, that of similarity. 

Invoking Remane’s three more detailed “principal criteria” by which homology can be 

recognized among similarities, there seems little reason to propose that mysticete and 

odontocete telescoping are homologous: (1) the positional criterion: “similar position in 

comparable systems of features”; (2) the structural criterion: “similar structures can be 

homologized, without similar position, when they agree in numerous special features”, 

and “certainty increases with the degree of complication and of agreement in the 

structures compared”; and (3) the transitional criterion: “even dissimilar structures of 

different position can be regarded as homologous if transitional forms between them 

[pairs of neighboring forms, in ontogeny or phylogeny, that fulfill criteria (1) and (2)] 

can be proved” (Remane, 1971; criteria as translated by Riedl, 1978, p. 34). 

It could be argued that the presence of a distinct ascending process of the maxilla 

that overlies the frontal is a similarity that is shared by modern mysticetes and 

odontocetes and (as described above in “Evolutionary Origins and the Fossil Record”) is 

even observed in their archaeocete predecessors. However, as we have also noted there, 

we do not equate this one feature with telescoping (nor did Miller, 1923). The condition 

of this one element in odontocetes and mysticetes might qualify as homologous (see 
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Miller, 1923, pp. 7-8). But homologizing this single feature is a different matter from 

assessing homology for the global structural attribute of telescoping. 

As has been noted above, among ziphiid and physeteroid species of odontocetes 

and balaenopterid mysticetes, there exist cases in which both anterior and posterior 

elements (in single individuals) contribute to telescoping. These combinations of 

characteristics of both mysticete and odontocete telescoping indicate that the two 

conditions also fail Patterson’s (1982) second test of homology, that of conjunction. 

Conjunction—or co-occurrence of two characters in the same individual organism—

disqualifies the two from being “anatomical singulars”, as Patterson (1982, echoing 

Riedl’s, 1978, p.52, account) referred to morphological homologues. That is, they cannot 

be one and the same: not one state of the same character or two alternative states of the 

same character. Rather, they must be states of two distinct characters, and therefore not 

homologous. 

It is plausible that some anatomical details of the features of telescoping, such as 

the ascending process of the maxilla, are synapomorphies for Odontoceti+Mysticeti 

(Barnes, 1990; Geisler and Sanders, 2003). The possibility also exists that an innovation in 

developmental physiology present in the common ancestor of these two lineages, but 

ultimately expressed in different regions of the skull, has allowed cranial bones that 

ordinarily either fuse or abut one another at sutures to override one another instead. A 

synapomorphy (or symplesiomorphy) of this sort would be a challenge to demonstrate 
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regardless of whether it arose in one lineage or two. However, the developmental 

mechanisms that have given rise to the extremely divergent morphologies of the two 

clades of cetaceans—as well as the evolutionary and developmental mechanisms that 

have prevented other mammals from expressing similar traits—are of compelling 

interest. 

2.4. Telescoping and Cranial Sutures: A Frontier for Research 

Cetacean telescoping, though most commonly described in terms of the 

positioning of bones (e.g. Moore, 1981), also, fundamentally, reflects radical changes in 

cranial sutures: “Alteration of contact-relationship is here not the exception but the rule” 

(Miller, 1923, p. 2). What Miller meant by “contact-relationship” can be interpreted in 

two ways: the topological connectivity and adjacency of bones (which in other taxa has 

become a focus of “anatomical network analysis” (Rasskin-Gutman and Esteve-Altava, 

2014) or the histology and morphology of the suture interface itself (e.g. Bailleul & 

Horner, 2016). Both of these aspects of contact relationships have been altered in 

cetacean telescoping and both point to sutures as a source of unresolved biological 

questions that are avenues for continuing research. 

2.4.1. What is a Suture? 

 Sutures are fibrous joints (synarthroses) between bones (Di Ieva et al., 2013). 

Conversely, cranial bones are masses of vascularized, mineralized skeletal tissue 

separated by sutures. Situated on either side of a cranial suture are two osteogenic bone 
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fronts (cambial layers), whose growth toward and eventual arrival close to one another 

in development produces the suture. The suture’s fibrous connective tissue joins the 

opposing cambial layers (Pritchard et al., 1956), and contains populations of sutural stem 

cells. These stem cells give rise to skeletogenic cells (osteoblasts and ultimately 

osteocytes) that are indispensable for growth, homeostasis, and repair of injuries in the 

skull (Maruyama et al., 2016; Zhao et al., 2015). Many sutures remain patent (the bones 

flanking them remain distinct) throughout life (Opperman, 2000); other sutures, 

depending on the species, eventually fuse (that is, become obliterated when the bones 

adjoining them fuse together) and, in the region of suture fusion skull, growth slows 

(Herring, 1974). Premature suture fusion often leads to gross deformities in the skull that 

can impair important sensory, cognitive, and physiological functioning (Morriss-Kay 

and Wilkie, 2005). Patent sutures, as flexible regions between the bones, are also 

important biomechanically for the transmission of forces or absorption of energy from 

compressive or tensile stresses within the skull (Adamski et al., 2015; Jaslow, 1990).  

The margins of the bones articulating at a suture may take any of several forms, 

such as abutting, interdigitating, overlapping (Hildebrand, 1995; Rommel et al., 2009; 

Sperber et al., 2010). Each of these suture types has different mechanical consequences 

for strength and flexibility, both locally and throughout the skull (reviewed in Herring, 

2008). Many sutures are also developmentally plastic: their morphology can change as 

the bone fronts adjacent to them are modeled and remodeled in response to mechanical 
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stresses, and different types of articulations may form according to the local mechanical 

environment (Moss, 1957). Through mechanotransduction, the conversion of mechanical 

stimulus into electrochemical activity, stresses on tissues and cells affect expression of 

various genetic transcription factors; these in turn affect cell proliferation, 

differentiation, and matrix synthesis (Mao and Nah, 2004). Thus (to paraphrase Mao and 

Nah, 2004:676), in modulating suture form, mechanical forces share mechanisms with 

hereditary influences through their effects on genetic pathways. 

2.4.2. Suture Development in Telescoped Skulls 

Sutures that lie between bones that overlap to some degree at their margins are 

found in all mammalian skulls. But sutures in telescoped regions of cetacean skulls 

(termed “horizontal sutures” by Gatesy et al., 2013) must span large areas of bone 

overlap and cover expansive adjoining surfaces. Over the braincase, the presence of a 

double layer of bone separated by a sutural surface presents problems for skull 

development, and—for reasons that we detail below—would not be predicted on the 

basis of current knowledge of skull development and growth in other mammals. For 

telescoped bone-and-suture configurations to have evolved, developmental mechanisms 

must have been acquired that both produce and accommodate growth in the region of 

extensive bone overlap. In the following paragraphs, we will raise questions that call for 

continuing research. 
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A telescoped morphology initially develops in utero and is present at birth 

(Perrin, 1975; Rauschmann et al., 2006). Thus, it arises well before the skull experiences 

the forces of swimming invoked by Miller (1923, p.39; discussed above). In other 

mammals, ossification of intramembranous bones such as the maxillae and frontals 

(which participate in odontocete telescoping, the type we will address first) spreads 

from ossification centers until two ossification fronts meet and either fuse immediately 

or form a suture between them (Moss, 1954; Rice, 2008). How does extensive overlap 

arise between these bones in cetaceans when in other mammals—even in the region of 

an overlapping suture—the overlap between bones is minimal? One possibility is that in 

cetaceans these developing bones slide over one another—i.e., their membranous 

primordia are displaced—before a suture is formed. However, it is unclear where or 

from what the forces producing such morphogenetic movements would originate, or 

what this would imply about the properties of tissues surrounding and lying between 

the bones. Alternatively (or subsequently, even if the bones’ overlapping position is 

initially caused by movement), overlap could occur with continued growth of adjacent 

bones at their margins. What differences in the osteogenic bone fronts of telescoping 

bones allow them to extend growth past one another, rather than stop, coordinate, and 

develop sutural material between their opposing margins? Is the suture layer that 

eventually develops between the surfaces of the two bony layers morphologically 

structured in a way analogous to a more typical suture? Is the entire surface of each 
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bone in the regions of contact between the maxilla and frontal a cambial layer, like those 

in the opposing bone margins that flank the fibrous connective tissue of a typical suture? 

Because telescoped morphologies occur surrounding the cranial vault, the 

double layer of bones presents a problem for brain growth in that region. Numerous 

studies have shown that growth of the cranial vault in mammals occurs by two 

mechanisms (Sperber et al., 2010): bone apposition at the sutural margins between 

bones, at least partially induced by tensile strain on the suture from brain expansion; 

and extracranial surface apposition with intracranial surface resorption. However, in a 

region of extensive overlap, apposition in the suture margins would not lead to growth 

of the cranial vault, brain expansion would produce compressive, not tensile forces on a 

“horizontal suture”, and surface apposition and resorption would erode away the 

deeper of the two layers of bone. Growth of mammalian skulls involves a highly 

coordinated interplay of brain expansion and bone growth stimulated by signaling from 

the dura mater (Sperber et al., 2010). In the highly overlapped region, a large portion of 

the external surface of the cranial vault is covered by a bone that appears not to have 

direct contact with the dura mater, an important source of growth signals for sutures 

(Ogle et al., 2004). 

Much of our discussion here has focused on the development of overlap between 

the intramembranous bones maxilla and frontal, and similar questions arise for 

understanding the overlap of the parietal from behind by the occipital (and possibly 
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interparietal) in mysticetes. Is the bone that overlaps the parietals in mysticetes another 

intramembranous bone, the interparietal? As Tsai et al. (2014) have discussed, the 

presence versus absence of this bone in mysticetes has been disputed for some mysticete 

species, whereas for others, the presence of an interparietal has been reported 

(Nakamura et al., 2016). Endochondral bones, such as the occipital, form through 

ossification of a cartilaginous scaffold. If the occipital, and not the interparietal, is indeed 

the bone that overlies the parietals in mysticetes, does telescoping that involves 

endochondral bones involve the same processes and follow the same “rules” as 

telescoped intramembranous bones? 

 Cetaceans are (obviously) not commonly considered model systems for 

developmental biology. Yet the unusual arrangements of cranial bones and sutures that 

define telescoping (in its varied manifestations) are not easily explained by what is 

known about cranial development in more conventional mammals. Thus cetaceans may 

ultimately serve as natural experiments that will both challenge and enhance our 

understanding of mammalian sutures and cranial development. 

2.4.2. The Evolutionary Modification of Sutures in Telescoped Skulls 

It was noted above that suture morphology is to some extent plastic and 

influenced by forces produced by muscles inserting on the bones and by growth of 

neighboring tissues. Nevertheless, sutures’ responsiveness to mechanical stresses has 

genetic underpinnings, and variability in the developmental mechanisms affecting 
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suture plasticity are likely also heritable. Plasticity itself has been shown to evolve 

(Beldade et al., 2011; Nijhout, 2003; Suzuki & Nijhout, 2006; West-Eberhard, 2003) and 

selection may favor individuals that have a genetic predisposition to develop a specific 

suture shape or a certain responsiveness to environmental stimuli. An example of 

heritable variation in a configuration of cranial sutures has been documented in the free-

ranging colony of rhesus macaques (Macaca mulatta) introduced onto Cayo Santiago, 

family pedigrees suggesting it is heritable as an autosomal recessive trait (Wang et al., 

2006). This same trait also shows variation at macroevolutionary scales, as frequencies of 

this variant are biased in different ways in different species (Ashley-Montagu, 1933; 

Fulwood et al., 2016; Wang et al., 2006). 

The questions that arise about sutures between overlapping bones in telescoped 

skulls— the developmental “problems” that telescoped morphologies present at the 

sutural interface—suggest that variation in the sutures themselves, not simply the bones 

they separate, may be targeted by natural selection for adaptive change. In most 

descriptions of suture evolution in other mammals, sutures are treated as if they are the 

passive boundaries between bones (where discussion has focused) rather than complex 

three-dimensional organs with biological and historical dynamics of their own (Depew 

et al., 2008). Numerous studies have described suture fusion and obliteration sequences 

and either used evolutionarily informative or conserved patterns as taxonomic 

characters in phylogenetic reconstruction, or mapped the patterns on phylogenetic trees 
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to reconstruct ancestral traits (e.g. Bärmann & Sánchez-Villagra, 2012; Goswami et al., 

2013; Rager et al., 2014; Wilson, 2014). Suture fusion patterns have been compared to 

known ontogenetic sequences to estimate ontogenetic ages in fossils and extant species 

(e.g. Bailleul et al., 2016; Cole et al., 2003; Key et al., 1994; Meindl & Lovejoy, 1985; 

Nawrocki, 1998) and intersecting sutures are commonly used as landmarks for 

morphometric analyses of skull shape (e.g. Goswami, 2006; Porto et al., 2009; Rohlf & 

Bookstein, 1990; Zelditch et al., 1992). But beyond studies that document the presence, 

absence, and positions of patent sutures, little attention has focused on the evolution of 

the developmental processes in which sutures participate. 

The heritable sutural variants in Cayo Santiago macaques mentioned above are 

in the pterion region of the skull, where five bones (frontal, parietal, zygomatic, 

sphenoid, temporal) articulate in various combinations, with at least two of these bones 

excluded from direct articulation (Ashley-Montagu, 1933). The polymorphism pertains 

to which pairs of bones articulate, preventing contact between the others. Although 

frequencies of the polymorphisms differ among primate species, it has been suggested 

that the direction of the bias in frequency, rather than being structured strictly 

phylogenetically, may instead be influenced by cranial length-height ratios (Wang et al., 

2006). This suggestion implies that whether or not bones are excluded from contact 

could depend upon growth processes: the initial proximity of ossification centers and/or 

relative rates of bone accretion. This example of the primate pterion polymorphism is a 
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situation that, for other areas of the skull, cetaceans have circumvented. To these kinds 

of alternatives, cetaceans have added in their telescoped regions yet another possibility, 

and another dimension of growth. Here, a growing bone does not just form a suture and 

coordinate growth when it meets another bone. Instead, the bone that does the 

overlapping in a telescoped skull can override a bone it meets and continue growth 

toward others situated beyond it. 

What about cetacean biology has allowed them to achieve morphologies like this, 

which are unobserved in other organisms? Is the ability of a skull to telescope a result of 

selection for the breaking of a developmental constraint that in other mammals prevents 

extensive bone overlap? In more concrete, empirical terms, for example, when non-

adjacent bones grow toward one another and come into very close contact, do they form 

a suture between them whose structure is like those between normally adjacent bones? 

More specifically, in taxa in which the maxillae and/or nasals appear to contact the 

supraoccipital (e.g. B. musculus, according to Miller, 1923; Balaenoptera siberi, Pilleri, 1989; 

Wimahl chinookensis, Peredo et al., 2018), does a suture form between these formerly non-

adjacent bones? Ultimately, what aspects of cetacean biology have allowed cetaceans, 

uniquely, to evolve telescoped morphologies, and to do so more than once?  

Telescoping raises many macroevolutionary questions relevant to cetacean 

evolution, the evolution of typical mammal skulls, and the macroevolutionary 

consequences of an evolutionary innovation. Cetaceans are well-suited for comparative 
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study as they are themselves a diverse taxonomic group nested within terrestrial 

artiodactyls, another diverse group (Gatesy et al., 2013). Comparative approaches in 

studying extant taxa foster the generation of hypotheses of evolutionary scenarios that 

can be tested using the robust cetacean (and artiodactyl) fossil record (e.g. Churchill et 

al., 2016; Gatesy et al., 2013; Geisler et al., 2017, 2014). Within this phylogenetic and 

comparative context, telescoping can provide models for how evolutionary innovations 

in development affect patterns of macroevolutionary change. 

Sutures, often characterized as linear (if meandering) paths through 3-

dimensional space, may in telescoped skulls most accurately be viewed as rugged or 

undulating surfaces (Figure 2). What does telescoping suggest about how patterns and 

magnitudes of covariance (reflecting integration) or the relative independence of parts 

(modularity) can evolve (del Castillo et al., 2017; Goswami, 2006; Marroig et al., 2009; 

Porto et al., 2009)? Does extensive overlap between bones affect the covariance and 

relative independence of skull bones as individualized units? If individual bones can 

vary more independently of one another because telescoping accords them additional 

dimensions of variability, cetacean skulls could be more modular than the skulls of other 

mammals; alternatively, cetacean skulls could display more integration, if broad areas of 

contact between bones make bone shapes more dependent on the shapes of their direct 

neighbors. As Marx & Fordyce (2016) observed in the vertices of mysticetes, telescoping 

can impose reciprocal variation between previously non-adjacent bones brought newly 



 

50 

into proximity. Telescoping increases theoretical morphospace (sensu McGhee, Jr., 1999; 

Raup, 1966) for mammalian skulls by introducing additional parameters of variation 

(e.g. the extent of overlap), thereby increasing possible dimensions of variability and 

adaptive versatility (sensu Vermeij, 1974). Changes to theoretical morphospace and 

changes in the accessibility of specific regions within it qualify telescoping as an 

evolutionary innovation and may have allowed cetaceans to acquire novel functions and 

allowed their lineages access to new adaptive peaks (Hallgrímsson et al., 2012; Maynard 

Smith et al., 1985). Qualitative observations discussed in detail above (“Evolutionary 

Origins and the Fossil Record”) suggest that diversification within the two extant 

suborders occurred after the origin of the two main bauplans of telescoping and that this 

was followed by divergent manifestations of these telescoped skull morphologies 

among extant cetacean families. Depending on its functional role within the skull, the 

details of telescoping may have biased (and been biased by) the evolutionary trajectories 

of feeding habits, swimming styles, communication, or hunting strategies. 

By permitting bones to override one another, rather than abut and fit together to 

form a single surface, telescoping enhances decoupling of overall skull shape from the 

shapes of its bony subunits. Studies of mammalian skull integration and modularity 

have often made use of landmarks defined in relation to overall skull shape (e.g. points 

at anatomical extremes, such as tip of the rostrum, or points reflecting changes in 

curvature: notches and bulges) or relationships between bones (e.g. points defined by 
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intersecting sutures), but few studies have directly examined the relationships between 

hierarchical levels of skull organization, such as the covariance of overall skull shape 

with the sizes and shapes of constituent bones (though see Pearson & Woo, 1935).  

Although sutures define the boundaries between bony elements in the vertebrate 

skull and are sites of bone growth, the positions of sutures can vary greatly without 

affecting the overall form of the skull. “Bones” (bony elements) can be distinguished 

from the bony “features” (e.g. the rostrum, zygomatic arches, eye sockets, etc.) to which 

they contribute (Rommel et al., 2009; see also “Functional Matrix Hypothesis,” Moss, 

1968). For example, the medial wall of the eye socket is a bony feature in which the 

mosaic of bony elements and tracery of sutures between them varies within and among 

mammalian taxa: in primates the ethmoid may, or may not, be exposed in the orbital 

wall; in a few primate genera, the vomer is visible (Cartmill, 1978). Crania with large 

numbers of Wormian bones do not necessarily differ noticeably in overall form from 

those that lack them, for example, and studies of the relationship between mechanical 

deformation of the skull and the occurrence of these supernumerary ossifications within 

skull sutures have yielded contrasting conclusions (Van Arsdale and Clark, 2012). Such 

decoupling of variation in skull features from variation in its subunits raises questions 

about compensatory growth and modeling, and how craniofacial shape is achieved and 

maintained in development and evolution (Hallgrímsson et al., 2009). Cetacean 

telescoping provides a dramatic example in which the external contours of the skull 
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depend not only on the shapes of individual bones and the bones they abut on a surface, 

but also the extent to which they overlap, in a third dimension. 

2.5. Conclusion 

With this review we have sought to place the word “telescoping” in its original 

historical context and to offer an explicit definition for this widely-used term that reflects 

its origin in metaphor; that pertains to the traits of cetacean skulls that make the 

metaphor apt; and most importantly, that facilitates both descriptive and hypothesis-

based research. However, while telescoping is apparent in all modern cetaceans, use of 

the term should not be construed to imply that the conditions to which it applies in 

mysticetes and odontocetes are homologous. Because the term does not specify which of 

the wide variety of anatomical features that contribute to it are to be investigated, 

making specific reference to these anatomical features is essential for clarity and 

precision in scientific communication. The acts of delineating characters and 

homologizing them call for more anatomical specificity than the term “telescoping” 

provides. 

The very existence of telescoped skull morphologies in modern cetaceans points 

to important roles for sutures in skull function, development, and evolution. Studies of 

mammalian skull evolution, as well as discussions of telescoping among cetacean 

anatomists, have long focused on the shapes, identities, and evolutionary trajectories of 

the skull bones. However, the shapes and evolutionary trajectories of sutures ultimately 
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modulate evolution of the skull overall. Sutures, not bones alone, are important sites of 

skull growth, strength and flexibility. Telescoping in cetaceans has taken sutures to their 

extremes, through evolutionary and developmental processes in a novel adaptive 

context. This extreme case, cetacean telescoping, challenges our current understanding 

and knowledge of the roles sutures play under more common mammalian conditions. 
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3. Basicranial Retroflexion Reorients the Blowhole in 
Stenella attenuata 

3.1. Introduction 

Over the course of their evolution, nearly every part of the cetacean (e.g. whales, 

dolphins, porpoises) body plan has been modified from the terrestrial ancestral 

condition to accommodate their obligate aquatic lifestyles (Kellogg, 1928a, 1928b). A 

central feature in the cetacean head is the blowhole—the posterodorsally displaced nasal 

passage. In association with soft tissue and neural changes, the bony nasal passage in 

odontocetes has changed position and orientation within the skull: the external bony 

nares are situated in the posterior portion of the rostrum and the anterior portion of the 

nasal passage is oriented dorsoventrally relative to the horizontal hard palate and 

condylobasal axis. In contrast, in other mammals, the external bony nares are located at 

the tip of the rostrum and the nasal passage is oriented anteroposteriorly, parallel to the 

hard palate. In modern odontocetes (toothed whales), the soft tissues of the blowhole 

have been highly modified and elaborated for producing sound for echolocation 

(Cranford et al., 1996; Harper et al., 2008; Lawrence and Schevill, 1956; Mead, 1975). In 

odontocetes the blowhole also shows anatomical features consistent with a loss or 

reduction of olfactory sensation. These include: loss or substantial reduction of the 

cribriform plate, indicating a loss of olfactory nerves; loss of the turbinals, which in other 

mammals increase the surface area of the olfactory epithelium; and loss of the olfactory 

bulb itself (Edinger, 1955; Ichishima, 2016; Mead and Fordyce, 2009). These skeletal 
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changes associated with blowhole evolution have been hypothesized to be one of the 

major drivers for overall restructuring of the skull in cetaceans (e.g. Churchill et al., 2018; 

Cranford et al., 2014; Raven and Gregory, 1933; Romer, 1966). 

3.1.1. Evolutionary Origins 

The evolution of the blowhole can be tracked through the fossil record. In the 

earliest cetaceans such as pakicetids, from the early Eocene, the nares were positioned at 

the tip of the rostrum as in other mammals (Thewissen and Hussain, 1998). By the late 

Eocene, basilosaurids possessed nares located on the posterior portion of an elongate 

rostrum (Kellogg, 1936). Despite the posterior position of the nares in basilosaurids such 

as Zygorhiza or Dorudon, the nares opened anteriad and the nasal passage was oriented 

anteroposteriorly (Kellogg, 1936). Posteriorly positioned, anteriorly oriented external 

bony nares can also be observed in numerous artiodactyls such as camelids and moose. 

Although the nasal bones became shorter in length, in the earliest fossil odontocetes 

such as Simocetus, from the early Oligocene, they continue to “roof” the nasal passage 

(Fordyce, 2002; Mead and Fordyce, 2009). In modern odontocetes, however, the nasal 

bones have become so reduced that they sit atop the frontal bones and do not overly the 

nasal passage, making the ethmoid visible when the skull is observed in dorsal view 

(Ichishima, 2016; Mead and Fordyce, 2009; Rommel, 1990). In odontocete evolution, one 

consequence of this reduction of the nasal bones is that the length of the nasal passage 

becomes reduced and the enclosed nasal passage is confined to only the posterior 
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portion of the rostrum. While modern mysticetes also have blowholes, they differ in 

many anatomical details (see Chapter 4 of this dissertation). 

Despite dramatic changes in narial position and orientation, the adjacency of 

many hard and soft tissue structures surrounding the nasal passage has been 

evolutionarily conserved. The bones that surround the nasal passage externally—

premaxillae, maxillae, nasals, frontals and ethmoid—have for the most part maintained 

their ancestral adjacencies, though expansion and shrinking of specific bones may result 

in novel contact or loss of contact (Klima, 1999). Cartilaginous parts of the nasal skull 

have also largely maintained their adjacencies, if not direct contact, and thus can readily 

be homologized to the corresponding parts of the nasal skulls of terrestrial mammals 

(Klima, 1987, 1995, 1999). This conservation of anatomical adjacencies implies that 

repositioning and reorientation of the nasal passage in evolution results from changes in 

relative rates, directions, and durations of growth in the skull. 

3.1.2. Developmental Origins 

Early in development, the orientation of the dolphin nose resembles that of other 

mammals, and only in older embryos and fetuses appears as a blowhole (Klima, 1999). 

Focusing on internal morphology using histological techniques, Klima and colleagues 

(1987, 1995, 1999) described in diverse cetacean species a dorsal rotation of the nasal 

passage within the cartilaginous nasal skull. In the earliest embryos, the nasal passage 

was parallel to the palate (“horizontal”) and in older embryos or fetuses it was 
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approximately perpendicular to the palate (“vertical”). Observing external morphology 

by measuring fetal angular changes between the nares, mouth, and body in a mysticete 

(Balaenoptera physalus) and odontocetes (Delphinus delphis and Phocoena comunis), Pilleri 

and Wandeler (1962) concluded that displacement of the nasal openings was due to a 

combination of allometric growth of the rostrum and rotation of the head relative to the 

body. Prenatal elongation of the rostrum, measured as nasal length (rostral tip to 

external nares) and mouth length, relative to total length (TL) has also been described in 

Balaena mysticetes and Stenella attenuata (Armfield et al., 2011; Štĕrba et al., 2000). This 

positive allometry of the distance of the rostral tip to the nares relative to total length has 

been referred to as a “…shifting of the nostrils from rostrum to the crown…” (Štĕrba et 

al., 2000).  

From these studies of nasal passage ontogeny, two models of nasal passage 

repositioning and reorientation emerge. Klima (1987, 1995, 1999) posited that the nasal 

passage turns up during development. Others have noted that the nasal passage itself is 

relatively static and structures of the head change around it through allometric growth 

of the rostrum in combination with head rotation (Armfield et al., 2011; Pilleri and 

Wandeler, 1962). There were limitations for each of these proposals. Klima (1987, 1995, 

1999) focused exclusively on the nasal skull whereas others have focused primarily on 

external morphogenetic changes (Armfield et al., 2011; Pilleri and Wandeler, 1962). 
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Moran et al. (2011) described early skull development in dolphins in detail but did not 

specifically address nasal passage repositioning and reorientation (Moran et al., 2011). 

In this study, using methods similar to Pilleri & Wandeler (1962), we examine the 

ontogenetic changes in nasal passage position and orientation in an additional species, 

Stenella attenuata. We then characterize changes within the skull that might contribute to 

the nasal passage and head rotation. To do this, we track the relationships of the nasal 

passage to the palate and oral cavity, the body axis, and basicranium through ontogeny. 

3.2. Methods 

3.2.1. Materials 

A total of 21 S. attenuata embryos and fetuses were examined, 13 early embryos 

and fetuses in lateral external view and 8 fetuses from computed tomography scans 

(Table 3). The embryos and fetuses ranged in total length (measured from the tip of the 

rostrum to the tip of the tail) from 4.8 cm to 75 cm. S. attenuata birth length is 

approximately 85 cm (Perrin et al., 1976). The photographic and CT datasets overlap in 

size between 13-15 cm in total length. Thus, the prenatal series in this study covers most 

of prenatal ontogeny with sampling biased toward mid-gestation when much of head 

and skull and bone morphogenesis occurs. Computed tomographic images of USNM 

specimens were obtained from M. Yamato and E. Buchholtz as described in Yamato & 

Pyenson (2015). 
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Table 3. List of specimens. 

Specimen TL (cm) % Neonate TL 
Estimated Gestational 

Age Data Type 
LACM 94621 4.8 6.0 Embryo Photo 
LACM 94709 5.8 7.3 Embryo Photo 
LACM 94593 7.2 9.0 Embryo Photo 
LACM 94654 7.5 9.4 Embryo Photo 
LACM 94682 7.9 9.9 Embryo Photo 
LACM 94647 8.4 10.5 Embryo Photo 
LACM 94669 8.6 10.8 Embryo Photo 
LACM 94635 8.8 11.0 Embryo Photo 
LACM 94689 9.9 12.4 Embryo Photo 
LACM 94668 9.9 12.4 Embryo Photo 
LACM 94609 11.7 14.6 Embryo Photo 
LACM 94461 11.7 14.6 Embryo Photo 
LACM 94615 12 15.0 Embryo Photo 
LACM 94548 13 16.3 Fetus Photo 

USNM 504371 13.1 16.4 Fetus CT 
LACM 94550 14.6 18.3 Fetus Photo 

USNM 504373 14.6 18.3 Fetus CT 
USNM 504022 19.4 24.3 Fetus CT 
USNM 504041 20.3 25.4 Fetus CT 
USNM 504052 27.1 33.9 Fetus CT 
USNM 504020 30.2 37.8 Fetus CT 
USNM 504008 35.9 44.9 Fetus CT 
USNM 504048 75 93.8 Fetus CT 

 

3.2.2. Landmark Selection 

Landmarks were collected in the image analysis the program FIJI (Schindelin et 

al., 2012) in triplicate and averaged. Angles, distances, and allometric relationships were 

calculated from these landmark coordinates. For morphometric analysis of external 

changes, landmark coordinates were collected from external photos. External landmarks 

were selected to capture allometric and angular changes between the external nares and 
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the mouth, and the head and body (Table 4, Figure 6). The true angle of the nasal 

passage relative to the mouth would be calculated from the line between the external 

nares and the internal choanae, which are not visible externally. Therefore, the line 

drawn from the external nares to the posterior corner of the mouth was used as a proxy 

for the orientation of the nasal passage. For internal measurements, CT scans were 

rotated and resliced in the sagittal plane in FIJI prior to landmark collection. Internal 

landmarks were selected to capture the axes of the palate, basicranium, foramen 

magnum, and nasal passage in the midsagittal CT slice (Table 5, Figure 7). 

 

Table 4. External landmarks 

Landmark 1: tip of the rostrum 
Landmark 2: posterior corner of the mouth 
Landmark 3: external nares 
Landmark 4: anterior flipper (body axis) 
Landmark 5: external genital tubercle (body axis) 
 

Figure 6. External landmarks. 
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Table 5. Internal landmarks. 

Landmark 1’: tip of the rostrum 
Landmark 2’: intersection of the line of the palate and the anterior nasal passage 
Landmark 3’: anterior ventral corner of the basisphenoid 
Landmark 4’: posterior ventral corner of the basioccipital 
Landmark 5’: posterior dorsal corner of the basioccipital (base of the foramen magnum) 
Landmark 6’: posterior tip of the supraoccipital (dorsal border of foramen magnum) 
Landmark 7’: external nares 
Landmark 8’: anterior dorsal tip of the nasal bone 
 

 

 

3.3. Results 

3.3.1. Nares position and orientation relative to the rostrum 

In other mammals, the nares are typically at the tip of the rostrum. The nares 

were in a typical position at the tip of the rostrum in only the earliest embryo observed 

Figure 7. Internal landmarks. 
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(Figure 8). In the older embryos and fetuses, the nares were observed directly anterior to 

the neurocranium and the rostrum was elongated (Figure 8). 

Throughout the series, elongation of the rostrum (length b) occurred 

approximately perpendicular (angle A) to the nasal passage (length c; Figure 9A,B). The 

angle between the mouth and the nasal passage (angle A) was within the range of 65° to 

98° in the embryos and early fetuses (Figure 9B). 

Early in development, there is a decrease in the angle of the rostral tip as the 

rostrum elongates (Figure 9B). The angle stops decreasing at approximately 40° in 

fetuses longer than 5 cm in TL. 

The positive allometry of the mouth length relative to the nasal passage length 

indicates that the rostrum is elongating relative to its depth (Figure 9C). The negative 

allometry between the mouth and the surface of the dorsal rostrum anterior to the nares 

reflects elongation of the rostrum in a direction more parallel to the mouth than to the 

dorsal rostrum (Figure 9D). 

3.3.2. Nares and mouth orientations relative to the body axis 

In addition to the observed changes within the face, the late embryonic stages 

and early fetal stages exhibited a marked decrease in the primary fetal curvature. 

Reflecting a dorsal rotation of the head relative to the body axis, the angles formed 

dorsally between the nasal passage and the body axis and between the mouth and the 

body axis decreased in parallel (Figure 9B, 10). Because little change was observed in the 
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nasal passage angle relative the mouth the dorsal rotation of the head contributed 

substantially to the development of a perpendicular orientation of the nasal passage 

relative to the body. The entire head rotated dorsad by over 100° between TL = 4.8cm 

and 14.6cm. The maximum mouth-body angle measured was 339° (in TL = 5.8cm) and 

the minimum mouth-body angle measured was 230° (in TL = 14.6cm).  

Figure 8. External morphology of select S. attenuata embryos and fetuses used in this 
study. 
(A) LACM 94621 (4.8 cm), (B) LACM 94709 (5.8 cm), (C) LACM 94593 (7.2 cm), (D) 
LACM 94669 (8.6 cm), (E) LACM 96489 (9.9 cm), (F) LACM 94461 (11.7 cm), (G) LACM 
94548 (13 cm). 
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Figure 9. Angular changes and allometric growth in the rostrum.  
(A) Diagram showing measurements collected. (B) Plot of rostral angles. (C) Mouth 
length versus linear distance from the external nares to the posterior corner of the 
mouth. (D) Linear distance from the tip of the rostrum to the external nares versus 
mouth length.  
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3.3.3. Angle Changes within the Head 

To determine what changes within the skull contribute to changing nasal passage 

orientation, angles within the head were measured from sagittal slice in CT scans 

(Figure 11). The specimens used for these measurements included stages of fetuses that 

Figure 10. Angular changes between the external nares, mouth, and body.  
(top) Diagram showing observed angle changes. Arrow indicates the positionof the 
exernal nares. (bottom) Plot of angles. 
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both overlapped with stages of specimens used for external measurements above and 

extended into later stages of development. 

Between the smallest and largest specimens, the acute angle between the nasal 

passage and palate (formed by landmarks 1’, 2’, and 7’, nares-palate angle) increased by 

15°, from 69° to 84° (Figure 12A). The angle between the palate axis (landmarks 1’ and 

2’) and basicranium (landmarks 3 and 4) became almost completely flat, increasing 18°, 

from 156° to 173° (Figure 12B). The angle between the foramen magnum (landmarks 5 

and 6) and the posterior basicranium (landmarks 3’ and 4’) increased 19°, from 99° to 

108° in specimens with TLs of 13.1cm to 35.9cm, but the change may be the result of 

ossification of the occipital bone rather than other changes in orientation (Figure 12C). 

The angle remained at 108° in specimens of TL 35.9cm and 75.0cm. The angle formed by 

extending the axis of the nasal passage (landmarks 2’ and 7’) to intersect that formed by 

the foramen magnum  (landmarks 5’ and 6’) decreased by approximately 25° as the 

nasal passage and foramen magnum became more parallel (Figure 12D).  

To observe the morphological changes associated with these angular changes, 

landmark coordinate sets were scaled to equal basicranial length (landmark 3’ to 

landmark 4’) and rotated to align the basicrania with the X-axis (Figure 12E). In this 

frame of reference, rostral landmarks (palate, landmarks 1’ and 2’; and external nares, 

landmark 7’) appear to rotate dorsad relative to the posterior cranial landmarks 

(basicranium, landmarks 3’ and 4’; and foramen magnum, landmarks 5’ and 6’) . 
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In summary, the angle between the palate and basicranium flattens during this 

period of prenatal ontogeny. Simultaneously, the angles between the nasal passage and 

foramen magnum both rotate posteriad relative to the basicranium. The net effect of 

these angular changes is that the nasal passage and foramen magnum become more 

parallel. 

Figure 11. Midsagittal slices of CT scans.  
USNM 504371 (13.1 cm), USNM 504373 (14.6 cm), USNM 504022 (19.4 cm), USNM 
504052 (27.1 cm), USNM 504020 (30.2 cm), USNM 504008 (35.9 cm), USNM 504048 (75 
cm) 
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Figure 12. Angles measured from internal landmarks. 
Angles between the (A) nasal passage and palate, (B) palate and posterior basicranium, 
(C) foramen magnum and posterior basicranium, and (D) nasal passage and foramen 
magnum. (E) Plot of landmark (1’ through 7’) coordinates, rotated to align the basicrania 
and scaled to equal basicranial lengths (distance between landmarks 3 and 4). (F) 
Summary diagram. 
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3.3.4. Cranial Retroflexion and Morphogenesis of the Presphenoid 

What growth centers within the skull may be responsible for the retroflexion 

between the rostrum and cranium? No angle change was observed in the synchondroses 

of the basicranium between the presphenoid and basisphenoid or between the 

basisphenoid and basioccipital (Figure 13). However, there was a considerable change in 

the morphology of the presphenoid in this fetal series (Figure 13). In the smallest fetuses, 

the presphenoid was relatively flat dorsoventrally and extended laterally approximately 

the width of the braincase. In the larger fetuses, it took on a curved, hook-like 

appearance in the sagittal plane as the anterior tip grow dorsad. The development of this 

acute angle within the presphenoid appeared to correspond with the rotation of the 

rostrum (as noted by the palate-basicranial angle) into a more dorsal position. 

Figure 13. Presphenoid bones in left lateral and dorsal views. 
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3.4. Discussion 

Our findings suggest a new model for development of the odontocete blowhole 

in which the developmental changes that contribute to its position and orientation can 

be broken into three major components: (i) allometric elongation of the rostrum distal to 

the nares (relative growth of the rostrum), (ii) rostral elongation approximately 

perpendicular to the nasal passage (direction of growth of the rostrum relative to the 

nasal passage), and (iii) rostral lordosis through retroflexion of the basicranium. These 

individual changes, which will be referred to below as numbered here, are not unique to 

cetaceans, as each of these types of changes have been observed in other mammals. 

However, the combination of these developmental changes and their magnitudes yield a 

novel cranial morphology. 

3.4.1. Nasal Passage relative to the Rostrum 

If the nares “migrated” posterodorsad, as blowhole development is often 

described, then we would predict that the nares would be observed at the tip of an 

elongate rostrum, and then move to a posterodorsad position on the elongate rostrum. 

However, in contrast, the nares were observed near the rostral tip only in the youngest 

specimen, in which the rostrum was not yet elongate. This suggests that elongation of 

the rostrum occurs distal to the external nares (i). Furthermore, in no specimen was an 

elongate rostrum observed with a parallel nasal passage: the nasal passage was always 

at an angle to the direction of rostral elongation. The direction of this elongation (i) was 
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for the most part perpendicular to the nasal passage (or a nasal passage proxy) (ii). 

Migration of the nasal passage through hard tissues, such as cartilage and bone, would 

instead require a mechanism of combined resorption on one side and apposition on 

another. Our interpretation of the data presented in this chapter is consistent with the 

expectation that as embryos and fetuses primarily grow, rather than remodel, and that 

changes in shape are primarily due to differential growth (Gilbert 2006). 

Previously, the nasal passage has been said to rotate vertically, but no 

developmental mechanism was proposed for how such rotation would occur (Klima 

1995, 1999). In Klima’s illustrations, the mouth was consistently drawn as horizontal, 

leading to the interpretation that the nasal passage rotates from a horizontal to a vertical 

orientation (Klima 1995, 1999). If instead the nasal passage were used as the frame of 

reference, one might observe that other portions of the skull—such as the basicranial 

angle—change around it.  

Differential growth as a mechanism of nasal passage repositioning and 

reorientation is expected to retain adjacencies and homologous structures. Thus, the 

interpretations of the results presented here are consistent with other previous 

histological observations of cetacean nasal skull development (Klima 1995, 1999). The 

topologies of structures immediately adjacent to the nasal passage in dolphins seem to 

change only minimally in both development and evolution (Klima 1995, 1999). Each part 

of the delphinid nasal skull can be homologized with the nasal skulls of other mammals 
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(Klima 1995, 1999). These structures may change shape or lose direct contact with 

adjacent structures, but they do not lose their overall topological relationships (Klima 

1995, 1999). Similarly, if rotated to the same orientation as in other mammals, the 

arrangement of bones around the nasal passage in odontocetes closely matches the 

arrangement in other mammals. One notable exception to this similarity is that the 

ancestral ventral wall structures of the nasal skull, which are anterior wall structures in 

adult dolphin anatomy, are elongate in a direction perpendicular to the nasal passage 

(Klima 1995, 1999). In the typical mammal orientation, the nasal passage is horizontal 

and relatively short, and the rostrum is relatively long inferiorly. 

Elongate rostra perpendicular to the nasal passage can be observed in the skulls 

of other mammals such as elephants and dugongs, and to some degree baboon, and is 

thus not unique to cetaceans (personal observation). This means dolphins may utilize 

developmental processes similar to those used in these other mammals to produce the 

novel position and orientation of the blowhole on the rostrum. Developmental 

decoupling of the rostral tip from the external bony nares may reflect an evolutionary 

decrease in integration within the mammalian oral-nasal module (Goswami, 2006) or 

reflect relatively low integration between the hypothesized nasal and oral modules 

(Porto et al. 2009). However, there are some key differences between cetacean blowholes 

and the noses of other mammals with posteriorly positioned nares. For instance, most of 
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these other mammals possess a proboscis, which cetaceans do not, and the nasal passage 

usually retains its anteriad orientation relative to the skull and body.  

3.4.2. Basicranial Retroflexion 

In addition to the changes in orientation and relative growth of the anterior tip of 

the rostrum, several changes associated with the basicranial axis appear to contribute to 

dorsad blowhole reorientation relative to the head and body axes. The angle between 

the palate and the posterior basicranium (basisphenoid-basioccipital axis) flattens 

during the early fetal period. Concomitantly, the nearest growth center to this vertex of 

this angle, the anterior margin of the presphenoid, grows from a relatively flat anlage 

into a dorsally concave shape. Together, these changes contribute to a retroflexion, or 

lordosis, of the skull around the presphenoid (iii). (The angle between the foramen 

magnum and posterior basicranium also increased, but qualitative observations suggest 

these measurements may reflect growth of the supraoccipital changing the dorsal 

margin of the foramen magnum.) The observation of basicranial retroflexion presented 

here in Stenella attenuata provides one developmental mechanism for the findings by 

Pilleri and Wandeler (1962) that head rotation relative to the body contributes to nares 

displacement in Balaenoptera physalus, Delphinus delphis, and Phocoena communis. 

The head rotation detected by Pilleri and Wandeler (1962) has three likely 

internal anatomical explanations: angular changes within the head, such as basicranial 

flexion or retroflexion; angular changes in the articulation between the occiput and atlas; 
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and angular changes within the neck that affect posture. The compression and fusion of 

cervical vertebrae in dolphins effectively eliminates the neck as a contributor to head-

body alignment (Buchholtz and Schur, 2004). This leaves angular changes within the 

head and in the articulation of the occiput and atlas as the likely sources of head 

rotation, highlighting a central role for the basicranium in nasal passage orientation and 

head-body alignment. These roles for the basicranium might include retro-flexion at the 

presphenoid, posterodorsad displacement of the foramen magnum, or anteriad tilting of 

the occipital shield. Growth of the endochondral bones of the dolphin skull thus provide 

an important developmental link between two adaptations for efficient swimming: 

head-body alignment and posterodorsally-displaced nares. 

Basicranial flexion has been studied widely in primates, as it has had a central 

role in the evolution of the human skull, but less is known about it in other mammals. 

Three major hypotheses explain the likely adaptive forces that shaped its evolution in 

primates and other mammals: facial orientation (in primates, facial kyphosis), posture 

and locomotion, and brain size (reviewed in (Lieberman et al., 2000; Ruth et al., 2016). 

Each of these aspects of the skull have also evolved in interesting trajectories in 

dolphins, often in the opposite trajectory of human evolution. For instance, in dolphins, 

a portion of the face seems to undergo lordosis, as opposed to kyphosis. The vertebral 

column becomes aligned with the head and the foramen magnum is positioned 
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posterodorsally, instead of the anteroventrad displacement of the foramen magnum in 

humans associated with bipedality.  

The spatial packing hypothesis in humans predicts that large brain sizes drive 

basicranial flexion in humans and other primates (Gould, 1977; Lieberman et al., 2008; 

Ross and Henneberg, 1995; Ross and Ravosa, 1993). But, the combination of large 

encephalization quotients with basicranial retroflexion in dolphins would seem to 

contradict this hypothesis. While dolphin brains are similarly large and complex in both 

anatomy and cognition as human brains, dolphin brains are relatively wide and 

anteroposteriorly foreshortened in comparison to the brains of other mammals (Edinger, 

1955; Langworthy, 1931; Oelschläger and Oelschläger, 2009). Some authors have referred 

to these structural features of odontocete brains together as “brain telescoping,” alluding 

to a possible connection with the skull telescoping (e.g. Oelschläger and Oelschläger, 

2009). The relatively foreshortened cranial vault, along with basicranial retroflexion, 

suggests that longitudinal shortening of the dorsal skull as a part of skull telescoping is 

not only the result of extensive bone overlap in dolphins. 

3.4.3. Implications for Comparative Studies 

The developmental changes observed in our study can provide predictions about 

what regions of the skull might be susceptible to variation in fossil extant adult 

odontocetes. Our results suggest that the relative orientations of the palate, nasal 

passage, ethmoid, posterior basicranium, and foramen magnum may all be able to vary 
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between different species. Indeed, observation of extant odontocetes show some 

variation in the angle of the rostrum relative to the neurocranium (e.g. Gol’din & 

Vishnyakova, 2016). In the fossil record, Simocetus rayi stands out as an example of a 

species with a downward tilting rostrum (Fordyce 2002). This potential variation in the 

angle between the palate and basicranium highlights an issue with using condylobasal 

length (CBL) as an axis against which to measure other aspects of the skull. CBL would 

obscure any variation in the angles within it. These internal angles may have important 

implications for functions of different parts of the skull. Palate-basicranial angle is 

therefore an important measure for understanding overall skull morphology and for 

providing an important context for any shifts in nasal passage orientation. 

 Taken together, the results of this study suggest a new developmental model for 

how the odontocete nasal passage becomes a blowhole. A combination of distal rostral 

elongation and basicranial retroflexion change the orientation of the nasal passage 

relative to the palate and posterior skull, respectively. While the developmental 

mechanisms underlying these ontogenetic changes are likely not unique to odontocetes, 

the combination, magnitude, and directions of rostral elongation and basicranial 

retroflexion lead to a nasal passage position and orientation so different from other 

mammals that the nasal passage has acquired a new name—the blowhole. 
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4. Nasal passage orientation and skull development in 
Balaenoptera physalus 
4.1. Introduction 

All modern cetaceans (e.g. whales, dolphins, and porpoises) have blowholes, 

nasal passages that open dorsally and are positioned in the posterior portion of their 

elongate rostra (Berta et al. 2014). Despite this, it has been hypothesized that 

posterodorsally-oriented nasal passages may have evolved convergently in odontocetes 

and mysticetes because they are anatomically distinct (Klima 1999, citing Kükenthal 

1893). Odontocetes have evolved a derived function of the blowhole—producing sound 

for echolocation (Berta et al., 2014). However, in mysticetes, the blowhole has largely 

retained its ancestral functions despite its new position and orientation in the rostrum 

(Maust-Mohl et al., 2018). In mysticetes, the nasal passage is at an acute angle relative to 

the palate, not perpendicular as observed in many odontocetes (Klima, 1999). In 

association with the acute angle of the blowhole, the nasal bones still form the roof of the 

nasal passage (Ichishima, 2016). Mysticetes have retained a distinct cribriform plate, 

indicating that they likely have also retained olfaction, which was lost in odontocetes 

(Ichishima, 2016; Klima, 1999). Mysticetes have also maintained their two separate 

external nares, whereas odontocetes have evolved to have only one (Berta et al., 2014; 

Klima, 1999). While maintaining these many plesiomorphies, the external nares in 

mysticetes have evolved derived muscular control that allows them to close the external 

nares (Buono et al., 2015; Maust-Mohl et al., 2018). Nostril closing mechanisms have 
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evolved numerous times in mammals including in camelids and hippopotamids (Eshra 

and Badawy, 2014; Maust-Mohl et al., 2018). 

Mysticete embryos and fetuses are key to understanding how ontogenetic 

changes produce a mysticete blowhole. Chapter 3 showed that in dolphins nasal passage 

reorientation is due to three developmental changes: allometric growth of the rostrum 

distal to the nasal passage, rostral elongation perpendicular to the nasal passage, and 

basicranial retroflexion (facial lordosis) during the fetal period. 

In this chapter, the general appearance and maturity of the skulls of eight 

Balaenoptera physalus fetuses is described. This constitutes the first ontogenetic series of 

B. physalus skulls in the literature because mysticete embryos and fetuses are rare in 

scientific collections; their small sizes relative to their enormous mothers makes them 

unlikely to be discovered during necropsy or dissection (Roston et al., 2013). Second, 

these skulls were used to test the hypothesis that the basicranial retroflexion observed in 

Stenella attenuata (Chapter 3) also contributes to nasal passage reorientation in B. 

physalus. To test this hypothesis, changes in relative orientations of the nasal passage, 

palate, basicranial axis, foramen magnum, and supraoccipital were measured to 

determine whether the reorientation results from similar morphological changes as 

observed in S. attenuata (Chapter 3). In addition, it was verified that no detectable error 

is introduced by the methods of rotation and reslicing used here and in Chapter 3. 
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4.2. Methods 

4.2.1. Material 

Eight B. physalus fetuses were examined using computed tomography (CT) scans 

that were obtained from M. Yamato and collected as described in Yamato & Pyenson 

(2015) (Table 6). Specimens ranged in total length (measured from the tip of the rostrum 

to the tip of the tail) from 39 cm to 132 cm. B. physalus birth lengths are estimated to be 

between 6-7 m and the gestation is approximately 10-11 months (Frazer and Huggett, 1973; 

Laws, 1959). All mysticetes have a gestation under a year, despite a wide range in 

neonate size (Frazer and Huggett, 1973; Lanzetti et al., 2018; Laws, 1959; Roston et al., 

2013). 

Balaenopterid neonates are born with TLs between 1.5 m (B. acutorostrata) and 8 

m (B. musculus), depending on the species, but all have gestation lengths under a year 

(Frazer and Huggett, 1973; Laws, 1959). This requires that species with larger neonate 

sizes have higher fetal growth rates than species with smaller neonate sizes (Frazer and 

Huggett, 1973; Laws, 1959). As a result, the largest species, B. musculus and B. physalus 

must grow more than 70 cm in total length (TL) per month on average to be born 

between 7-8 m and 6-7 m, respectively (Frazer and Huggett, 1973; Laws, 1959; Roston et 

al., 2013). This implies that the series of fetuses included in this study, which range from 

39 to 132 cm in TL, only represent 2-3 months of the early fetal period in B. physalus 
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based on age estimates from size using published growth plots (Frazer and Huggett, 

1973; Laws, 1959). 

Embryonic and fetal staging in cetaceans has been based primarily on dolphins, 

especially S. attenuata (Štĕrba et al., 2000; Thewissen and Heyning, 2007). Recently, 

however, some researchers have begun to reconstruct a timeline of mysticete prenatal 

ontogeny (Lanzetti et al., 2018; Roston et al., 2013). Because of the lack of fetal staging 

system for mysticetes, specimens in this study were grouped by overall morphological 

similarity into five stages as a starting point for comparative ontogenetic description. 

 

 

Table 6. Specimens included in this study.  
Measurements from Yamato & Pyenson (2015). 

Specimen 
Number 

Total Length 
(cm) 

Slice Resolution 
(mm2/px) 

Inter-Slice Distance 
(mm) 

USNM 301532 39 0.264 x 0.264 0.100 
USNM 267106 41 0.275 x 0.275 0.100 
USNM 267672 46.8 0.293 x 0.293 0.100 
USNM 268882 61.5 0.365 x 0.365 0.600 
USNM 268884 65 0.432 x 0.432 0.599 
USNM 267636 71.5 0.508 x 0.508 0.100 
USNM 268883 79.1 0.473 x 0.473 0.600 
USNM 260585 132 0.871 x 0.871 0.599 
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4.2.2. Landmark Selection and Angle Calculations 

Scans were rotated and resliced in the sagittal plane in FIJI (Schindelin et al., 

2012). These sagittal CT slices were used to generate 3D surface models and to collect 3D 

landmark coordinates in Avizo (Figure 14, Table 7). Landmarks were selected to capture 

the axes of the palate, basicranium, foramen magnum, supraoccipital, and nasal passage 

as projected onto the sagittal plane (Table 8). Multiple specimens showed postmortem 

damage to the distal rostrum, with twisting or ventral bending of the rostral tip (Figures 

15, 16). Therefore, for landmark 1, coordinates of the anterior maxilla were collected 

from both the right and left sides of the distal rostrum and averaged. Angles and 

bivariate allometric trends were calculated from these landmark coordinates. Some 

angles were calculated at the intersection of two lines extending from the axes of 

interest. Landmarks defining these axes are given in Table 8. 

Figure 14. Landmarks and axes used for angle measurements. 
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Table 7. Landmarks.  
Collected in the midsagittal plane unless otherwise noted. 
Landmark 1: anterior maxilla (coordinates averaged from right and left sides) 

Landmark 2: midline posterior nasal septum at junction with basisphenoid 

Landmark 3: anterior ventral corner of the basisphenoid 

Landmark 4: posterior ventral corner of the basioccipital 

Landmark 5: posterior dorsal corner of the basioccipital (base of the foramen 

magnum) 

Landmark 6: posterior tip of the supraoccipital (dorsal border of foramen magnum)  

Landmark 7: anterior edge of the left naris (left of midline) 

Landmark 8: anterodorsal edge of the supraoccipital 

 
 
Table 8. Definitions of axes used for angle measurements. 
 If the vertex of the angle was not marked by a landmark, the angle was measured at the 
intersection of the lines extending from these axes. 
 

Axis Landmarks 

Nasal passage (NP) 2, 7 

Palate (Pal) 1, 2 

Basicranium (Basi) 3, 4 

Foramen magnum (FM) 5, 6 

Supraoccipital (SuOc) 6, 8 

 
 

4.2.3. Validation of methods 

In all of the CT scans used in this study, the inter-slice distance differed from the 

pixel resolution within a single slice, raising concerns that the rotation and reslicing step 

in FIJI might distort 3D reconstruction of the specimen. To assess measurement error 
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associated with the rotation and reslicing step, distances from landmark 3 to landmarks 

1,2,4, and 5 were calculated prior to and after rotation and reslicing on USNM 301532. 

Landmarks were collected from the right and left sides to assess any distortion in three 

dimensions (Table 9, Figure 15). 

Table 9. Landmarks for methods validation. 
Landmark 1, 2: anterior maxilla (right and left sides) 

Landmark 3: midline posterior nasal septum at junction with basisphenoid 

Landmark 4,5: posterior edge of the ascending process of the maxilla (right and left) 

 

Figure 15. Landmarks for error study selected on a 39-cm B. physalus fetus (USNM 
301532).  
Top: dorsal view. Bottom: ventral view. Anterior is to the left. 
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4.3. Results 

4.3.1. Stages 

Specimens were grouped into stages based on overall morphological similarity 

and maturity (Table 10). Characteristics observed included the shapes and relative sizes 

of basicranial bones, morphology of the skull vertex, and the gross shape of the 

calvarium. These stages reflect relatively small morphological change despite relatively 

large changes in size. For instance, fetuses designated as stages 4 and 4.3 have total 

lengths ranging from 61.5 cm to 79 cm. Thus, despite morphological similarity, there is 

an 18 cm difference in fetus total length between the smallest and largest stage 4 and 4.3 

fetuses (Table 10). These stage designations are congruent with the independently-

derived ear stages reported in Yamato & Pyenson (2015). The interparietal, which has 

variably been reported in fetal and adult mysticetes, was not observed in any of these 

fetuses (for more detail, see Nakamura et al., 2016; Tsai et al., 2014). 

Table 10. Stages of skull development in this series of fetuses. 

Skull Stage (SS) TL (cm) Specimen Number Ear Stage** 
1 39 USNM 301532 2 
2 41 USNM 267106 2 
3 46.8 USNM 267672 3 

4 61.5-71.5 USNM 268882, 
268884, 267636 

4 

4.3 79 USNM 268883 5 
5 132 USNM 260585 6 

The preeminent differences between fetuses in this study have to do with the 

ossification of the basicranium and the dorsal skull roof. In the youngest fetuses (SS1 
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and SS2), the frontals and parietals are well-ossified laterally but do not or minimally 

cover the dorsal cranial vault (Figures 16, 17). These youngest fetuses have varying 

degrees of ossification in the basicranium appearing as: three round dense 

condensations (SS1); two round ossifications with an elongate basioccipital (SS2); or a 

laterally expanded presphenoid and basisphenoid, and anteroposteriorly elongate 

basioccipital separated by broad unossified regions (SS3). In all three fetuses, the 

ascending process of the maxilla is present, lies anterior to body of the frontal, and does 

not extend posterior to the anterior edge of the orbit. The end of the rostrum of the 

smallest specimen (USNM 301532) is bent ventrally and twisted slightly to the left, as a 

result of postmortem damage. 

In fetuses ranging from 61.5 cm to 79 cm (SS4 and SS4.3), the frontals and 

parietals have expanded dorsally and medially, but a wide fontanelle is still apparent 

between them. The ascending process of the maxilla appears to be more dorsally 

oriented than in the smaller fetuses and extends posterior to the anterior edge of the 

orbit. The basisphenoid and basioccipital in these fetuses has become more robust and 

angular compared to the smaller fetuses; but, they still have large unossified regions 

between them. In dorsal and lateral view, the braincase is fairly round in the 61.5-cm 

fetus and, in comparison, it is slightly more antero-posteriorly elongated than in the 

other three. This is due, in part to a flattening of the lateral portions of the frontal and 

parietal in the region of the temporal fossae. The 79-cm fetal skull closely resembles the 
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71.5-cm fetus’ skull, but the gaps between the bones are slightly smaller. In these fetuses, 

the supraorbital processes and zygomatic arches have extended laterally more than in 

the smallest fetuses. As a result, the braincase occupies a smaller proportion of the 

overall width of the skull in dorsal view. 

The skull of the largest fetus (SS5; TL = 132 cm) closely resembles the skulls of 

61.5-79-cm fetuses, but the frontals and parietals have expanded toward the midline and 

reduced the size of the fontanelle. The lateral portions of the frontals and parietals in the 

area of the temporal fossae are flatter than in the smaller fetuses, causing the braincase 

to appear more rectangular than elliptical in dorsal view. In lateral view, the vertex of 

the skull is more triangular because the dorsal fontanelle is flattened and the 

supraoccipital has extended anteriad. The supraoccipital shield extends further forward 

than in the other fetuses, to a level beyond the base of the zygomatic process of the 

squamosal and approaching the anterior edge of the zygomatic process. The ascending 

process of the maxilla lies dorsal to the frontal and its posterior edge is nearly aligned 

with the middle of the orbit. The end of the rostrum of this fetus (USNM 260585) is bent 

and twisted to the right, reflecting postmortem damage. 

4.3.2. Angle changes during skull ontogeny 

The angle of the nasal passage relative to the palate (NP-Pal angle) was strongly 

positively correlated with TL in fetuses between 41-79 cm long (SS2-4.3) (r = 0.99, p < 

0.005), but the angle was equal in the smallest and largest fetuses (USNM301532 and 
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USNM 260585, respectively) (Figure 18B). The overall range of NP-Pal angles was 32° to 

45°. At 42° in the smallest and largest fetuses, the NP-Pal angle was toward the top of 

the overall range. These two specimens (USNM301532 and USNM260585) also showed 

the most postmortem distal rostrum deformation as the rostrum was twisted both 

laterally and dorsoventrally in both fetuses, which likely affects this result (Figures 16, 

17). In some fetuses, such as USNM 267672, the premaxilla was bent ventrally anterior to 

the distal rostrum landmark (landmark 1) (Figure 17F). 

The ventral angle between the palate and posterior basicranium (basisphenoid + 

basioccipital) (Pal-Basi angle) did not appear to change consistently with an increase in  

size. When the largest specimen was excluded, the Pal-Basi angle showed a weak 

negative trend (r = -0.50), but there was a weak positive trend when that specimen was 

included (r = 0.3) (Figure 18C). The palate was most ventrally-rotated in the 71.5-cm 

fetus, which was in the middle of the series. In the 132-cm specimen, the palate and 

basicranium were nearly perfectly aligned. The palate and basicranium were also nearly 

aligned in the two smallest fetuses in this series (TL = 39, 41 cm). However, like the angle 

between the nasal passage and the palate (NP-Pal), the Pal-Basi angle is also likely 

affected by postmortem damage to the distal rostrum. 
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Figure 16. 3D surface renderings of CT scans in dorsal view.  
(A) USNM 301532, TL= 39 cm, Skull Stage (SS) 1; (B) USNM 267106, TL = 41, SS2; (C) 
USNM 267672, TL = 46.8, SS3; (D) USNM 268882, TL = 61.5, SS4; (E) USNM 268884, TL = 
65, SS4; (F) USNM 267636, TL = 71.5 , SS4; (G) USNM 268883, TL = 79 cm, SS4.3; (H) 
USNM 260585, TL = 132, SS5. 
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Figure 17. 3D surface renderings of CT scans in lateral view.  
Anterior to the left. (A) USNM 301532, TL= 39 cm, Skull Stage (SS) 1; (B) USNM 267106, 
TL = 41, SS2; (C) USNM 267672, TL = 46.8, SS3; (D) USNM 268882, TL = 61.5, SS4; (E) 
USNM 268884, TL = 65, SS4; (F) USNM 267636, TL = 71.5 , SS4; (G) USNM 268883, TL = 
79 cm, SS4.3; (H) USNM 260585, TL = 132, SS5. 
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To observe if the nasal passage rotated dorsad relative to the basicranium, as 

expected from the NP-Pal and Pal-Basi results, the posterodorsal angle between the 

nasal passage and the posterior basicranium was also measured (NP-Basi angle) (Figure 

18D). The NP-Basi angle ranged from 136° to 159° showing no clear trend (r = -0.6). The 

132-cm specimen had the most vertical nasal passage relative to the posterior 

basicranium (136°) by about 7° (Figure 18D). 

The endocranial angle between the foramen magnum and basicranium (FM-Basi 

angle) and the endocranial angle between the supraoccipital and posterior basicranium 

angle (SuOc-Basi angle) both decreased from the smallest to largest fetus, but had high 

variance overall (FM-Basi: r = 0.62, p = 0.10; SuOc-Basi: r = 0.61, p = 0.10) (Figure 18E). 

These results suggest a slight ventral rotation of the supraoccipital and posterior 

displacement of the ventral margin of the foramen magnum. The foramen magnum-

basicranial angle was approximately 40° higher in the smallest (39-cm) fetus than in the 

next larger (41-cm) one (Figure 19). Much of the basioccipital had not yet fully ossified in 

this fetus, making the ventral edge of the foramen magnum (landmark 5) appear 

anteriorly displaced (Figure 18E; Figure 19). In the other specimens, the basioccipital 

cartilage precursor appeared fully ossified (Figure 19). Supporting this interpretation, in 

the same two smallest specimens, the angle between the supraoccipital and basicranium 

(SuOc-Basi angle), which is not dependent on the posterior ossification of the 

basioccipital, did not differ considerably (Figure 18E). Accordingly, when the smallest 
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specimen was excluded, the other specimens showed a strong negative correlation 

between FM-Basi angle and increasing TL (r = -0.85, p = 0.015), decreasing by about 17° 

(Figure 18E). 

The dorsal angle between the nasal passage and the foramen magnum (NP-FM 

angle) and the dorsal angle between the nasal passage and supraoccipital (NP-SuOc 

angle) both decreased with size (Figure 18F). Because the angle between the nasal 

passage and basicranium (NP-Basi angle) showed no clear trend with increasing TL 

(Figure 18D), these changes in the relationships between the nasal passage and foramen 

magnum and supraoccipital (NP-FM and NP-SuOc angles) can be attributed primarily 

to slight anteriad tilting of the foramen magnum and supraoccipital (Figure 18F). The 

supraoccipital tilts anteriad until it is parallel with the nasal passage, and then continues 

tilting anteriad (hence the negative SuOc angle in the largest specimen (USNM 260585) 

(Figure 17). The NP-FM angle decreased by 63° with a strong negative trend (r = -0.81, p 

= 0.014), while the NP-SuOc angle decreased by 40°, also with a strong negative trend (r 

= -0.85, p = 0.007).  
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Figure 18. Angle changes within the skull during ontogeny.  
(A) Diagram showing measured angles; (B) nasal passage-palate angle; (C) palate-
posterior basicranial angle; (D) nasal passage-posterior basicranial angle; (E) angles 
between the posterior basicranium and supraoccipital and foramen magnum; (F) angles 
between the nasal passage and foramen magnum and supraoccipital. 
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Figure 19. Basicranial axes of select specimens  
(left to right: presphenoid, basisphenoid, basioccipital. (A) USNM301532, TL = 39 
cm, SS1; (B) USNM 267106, TL = 41, SS2; (C) USNM 268882, TL = 61.5, SS4; (D) 
USNM 268883, TL = 79 cm, SS4.3; (E) USNM 260585, TL = 132, SS5. Scale bar = 1 
cm. 
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4.3.3. Validation of Landmark Collection Methods 

Means and standard deviations of linear distance measurements are reported in 

(Table 11). Standard deviations here represent error among replicates in the collection of 

landmark coordinates. Linear distance measurements collected before and after rotation 

and reslicing of the CT scan showed no significant differences (t-test, p > 0.35). No 

difference was observed between posterior premaxilla-internal choanae distance on the 

right and left sides (t-test, p = 0.62). However, a significant difference was observed in 

the anterior maxilla-internal choanae distances from the right and left sides prior to 

rotation and reslicing (t-test, p = 0.029) but not after (t-test, p = 0.19) (t-test of all right and 

left side measurements, p = 0.0066). The difference in right and left side measurements is 

a result of postmortem twisting and bending of the distal rostrum. These results suggest 

that most measurement error is introduced from postmortem specimen damage rather 

than rotation and reslicing or from landmark collection. 

Table 11. Linear measurements between landmarks (shown in Figure 15). 

  
Original (mm) 

Mean  
(n = 3) 

Original SD 
(n = 3) 

Resliced (mm) 
Mean  
(n = 3) 

Resliced SD 
(n = 3) 

Ant. Mx to Int. 
Choanae (R) 

46.41 0.61 47.11 0.97 

Ant. Mx to Int. 
Choanae (L) 48.24 0.71 48.26 0.75 

Post. Pm to 
Int. Choane (R) 

28.62 0.35 28.74 1.01 

Post. Pm to 
Int. Choane (L) 

28.82 0.09 28.92 1.00 
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4.4. Discussion 

4.4.1. Timeline of skull development 

Despite representing a small proportion of B. physalus gestation, this 

developmental series allows some conclusions about the sequence of B. physalus skull 

development. For instance, the ascending process of the maxilla develops before fetuses 

reach 39 cm in TL. By 39 cm in TL, the external bony nares are already positioned 

posteriorly on an elongate rostrum and open dorsad. During the period observed in this 

chapter, the dorsal fontanelle closes and the basicranium ossifies. The NP-Pal angle 

increased slightly in most of the fetuses, suggesting continued elongation of the rostrum 

distal to the nares. Lastly, and interestingly, during this period, the foramen magnum 

and supraoccipital begin to tilt anteriad so that their angles with the nasal passage 

decrease. Supraoccipital overlap over the parietals develops late in the fetal period, 

sometime after fetuses reach a TL of 132 cm. 

4.4.2. Comparison to other balaenopterid fetuses 

Much of the existing literature has focused on detailed descriptions of anatomy 

of individual mysticete fetuses (e.g. Eschricht, 1849; Müller, 1971; Roston et al., 2013; 

Schulte, 1916) and only recently has a mysticete prenatal series been assembled in the 

literature for M. novaeangliae (Hampe et al., 2015; Lanzetti et al., 2018; Ridewood, 1923). 

This series consisting of 14 fetuses ranging in size from 5.4 cm to 103 cm, or 1.2% to 23% 

NTL (ZMB 85699 and ZMCU-CN15, respectively), from three articles (Hampe et al., 
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2015; Lanzetti et al., 2018; Ridewood, 1923). The fetuses described in this chapter provide 

a range of B. physalus fetuses from 6% to 20% of NTL to compare to M. novaengliae. 

Comparisons with other fetuses in the literature suggest that the skulls of young 

balaenopterid fetuses closely resemble each other in both size and morphology early in 

the fetal period despite their different growth rates and neonate sizes (Roston et al. 

2013). Starting with the smallest skulls from this study, the skulls of the 39-cm and 41-cm 

fetuses in this study (USNM 301532 and USNM 267106) were fairly similar in 

morphology to the skull of a 37.5-cm B. borealis fetus in having a fairly wide fontanelle 

(Schulte 1916). The most notable difference was the lack of the interparietal in B. physalus 

and the presence of the interparietal in B. borealis. The skull morphology of a ?39-cm M. 

novaengliae fetus (UCB123560) appeared slightly more mature to the 41-cm fetus 

(USNM267106) in this chapter (Lanzetti et al. 2018). Both had a presphenoid that had not 

widened laterally and an anteroposteriorly elongate basioccipital. The fontanelle in both 

specimens is nearly as wide as the cranial vault because ossification of the frontal and 

parietal had not extended dorsally. In the M. novaeangliae specimen (UCB123560), 

however, the presphenoid was slightly larger relative to the basisphenoid than in the 

similar-sized B. physalus (41-cm, USNM267106) described here and the basisphenoid was 

more angular.  

Interestingly, the skull vertex appeared fairly similar in M. novaengliae and B. 

musculus specimens with a wide range of TLs. Comparing the largest (132-cm) fetus in 



 

97 

this chapter with a 68.6-cm M. novaeangliae fetus, a 103-cm M. novaengliae fetus, and a 

193-cm B. musculus, reveals that in each the fontanelle had mostly closed, but the 

anterior edge of the supraoccipital was posterior to the parietals (Ridewood 1923, 

Lanzetti et al. 2018). This suggests that supraoccipital overlap over the parietals 

develops in balaenopterid fetuses that are longer than ~200cm in TL. 

4.4.3. Nasal passage reorientation differs in S. attenuata and B. 
physalus 

Both B. physalus and S. attenuata (Chapter 3) show a decrease in the angle 

between the nasal passage and the foramen magnum during prenatal ontogeny, but they 

differ in the region of the skull responsible for angle changes and the bones involved. In 

Stenella attenuata (Chapter 3), the parallelization of the nasal passage and foramen 

magnum involved the basicranium in the region of the presphenoid, which concurrently 

developed from a relatively flat anlage into a curved, hook shape. In B. physalus, there 

was no indication of basicranial retroflexion nor was there associated morphological 

transformation of the presphenoid. Instead, in B. physalus, the parallelization of the nasal 

passage and foramen magnum occurred as a result of the anteriad tilting of the foramen 

magnum, as a result of posterior basioccipital growth, along with anteriad tilting of the 

supraoccipital. 

These differences in nasal passage reorientation in an odontocete and a mysticete 

parallel the differences in telescoping observed in adult skulls. Telescoping collectively 

describes two features observed in extant cetacean skulls: extensive bone overlap and 
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shortening of maxillo-occipital distance (Roston & Roth 2019; Miller 1923). In S. 

attenuata, relative shortening of the maxillo-occipital distance associated with 

telescoping can involve contributions from basicranial flexion as well as bone overlap. In 

contrast, however, the decreases in the angles between the nasal passage and foramen 

magnum and supraoccipital (NP-FM and NP-SuOc angles) in B. physalusi directly 

implicate supraoccipital orientation and eventual overlap in shortening of maxillo-

occipital distance. Thus, whereas shortened maxillo-occipital distance in S. attenuata 

results from extensive bone overlap, as expected, and basicranial retroflexion, in B. 

physalus, shortened maxillo-occipital distance is directly related only to bone overlap. 

The results summarized in this chapter also show that, in B. physalus, the 

fontanelle closes prior to the development of supraoccipital overlap over the parietal, a 

hallmark of mysticete telescoping (Miller 1923; Roston & Roth 2019). Published 

descriptions of fetal skulls also reveal that this pattern is observed in other balaenopterid 

species (Lanzetti et al., 2018; Ridewood, 1923). The balaenopterid calvarium initially 

develops similarly to those of other mammals (and vertebrates), forming as single layers 

of bone. After they have completed the ancestral pattern of calvarial development, the 

growth of the supraoccipital progresses beyond that of their ancestors as the 

supraoccipital grows anteriad over the calvarium. Since a separate interparietal was not 

observed in the fetuses included in this study, some portion of the supraoccipital may be 

homologous to the interparietal (Koyabu et al., 2012). 
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In both odontocete and mysticete nasal passage reorientation, the data show that 

orientation needs to be contextualized with the orientation of other parts of the skull as 

well as the neck and body. In both fetal series presented in this dissertation, representing 

each of the two extant cetacean suborders, nasal passage orientation becomes more 

parallel with the foramen magnum. However, the specific regions of the skull that 

contributed to this decrease in nasal passage-foramen magnum angle differ: in S. 

attenuata (Chapter 3), this alignment occurred as a result of changes within the 

basicranial axis, whereas in B. physalus (this chapter), the alignment occurred as a result 

of the posterior skull (occipital bone and foramen magnum). The relationships between 

nasal passage and foramen magnum orientations suggest important developmental, and 

functional connections between nasal passage orientation, neck posture, and locomotion 

style. 
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5. Postnatal ontogeny of the skull vertex and maxillo-
frontal overlap in Tursiops truncatus 

5.1. Introduction 

One of the striking differences when comparing odontocete skulls to the skulls of 

other mammals is the expansive overlap of the maxilla over the frontal (Roston & Roth 

2019, Chapter 2). This overlap in conjunction with the consequential shortened distances 

between non-adjacent bones is referred to as telescoping (Miller, 1923; Roston and Roth, 

2019). Telescoping has been of great interest in evolutionary contexts (e.g. Churchill et 

al., 2018; Miller, 1923; Roston and Roth, 2019). Despite wide speculation about the 

function of maxillo-frontal overlap, the structure of the overlap below the level of gross 

anatomy has never been documented. 

Between the maxilla and frontal of other mammals there is a fibrous joint, a 

suture. Most anatomy textbooks delineate three types of cranial sutures based on the 

macroscopic gross geometry of the bony margins of the sutures: overlapping, abutting, 

and interdigitated (Gray, 1977). Other textbooks describe many more complex suture 

types such as butt, lap, scarf, peg-and-socket, serrate, denticulate, squamous, beveled, or 

plane joints (Hildebrand, 1995; Sperber et al., 2010). Suture morphological types reflect 

important mechanical roles of sutures for shock-absorption or distribution of strains in 

the skull (Curtis et al., 2013; Jaslow, 1990; Rafferty et al., 2003). 

Pritchard et al. (1956) observed in humans, sheep, pigs, cats, rabbits, and rats, 

that sutures throughout the face and cranial vault (calvarium) contain five layers 
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between the ossified bone interfaces: two osteogenic “cambial” layers, one adjacent to 

each bone; two fibrous capsules; and a mesenchymal or fibrous middle layer. They 

found that bones were also joined by two uniting layers that connect the bones at their 

edges. The five intervening layers were observed in both denticulate and overlapping 

sutures. The osteogenic cambial layer contains a zone with bone cell precursors and 

immature bone cells as well as a zone of active cell proliferation (Moore, 1981; Pritchard 

et al., 1956). The primary bone laid down has a woven appearance with collagen fibers 

oriented in all directions, but it eventually is remodeled into mature secondary bone that 

has a consistent, organized appearance and Haversian systems (Pritchard et al., 1956). 

Most mammal skulls possess what are termed “overlapping” sutures, but the 

region of overlap is typically limited to the margins of adjacent bones. These 

overlapping sutures often occur between the frontal and parietal, the squamosal and 

parietal (the squamous suture), the premaxilla and maxilla, and/or the maxilla and 

frontal sutures (personal observation). In odontocetes, in addition to the overlap of the 

maxilla over the frontal, overlapping sutures occur at the squamosal-parietal boundary 

(Rommel, 1990). The overlap of the maxilla over the frontal extends far beyond what 

could be considered the bone “margin,” particularly in odontocetes (Roston and Roth, 

2019). 

The unusual topology of odontocete maxillo-frontal sutures raises questions 

about how the details of its anatomy might correspond structurally with the regions of 
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more typical mammalian overlapping sutures. The cellular layers of the maxillary and 

frontal surfaces in the region of overlap may possess osteogenic or resorption zones, 

depending how the skull grows in this region. In a typical mammalian skull, the cranial 

vault normally expands with brain growth through three processes: periosteal 

apposition, endosteal resorption, and apposition in the suture margins that is mediated 

through tension and by signaling from the dura mater (Sperber et al., 2010). In adult 

dolphins, most of the frontal bone, which contributes structurally to both the cranial 

vault and face, is covered by the maxilla, a facial bone. If this arrangement of the frontal 

and maxilla were present in young dolphins, in which the cranial vault is expanding, 

periosteal apposition on the frontal would abut the ventral surface of the maxilla. 

To begin to answer the complex questions that extensive bone overlap in 

odontocetes raises, we present preliminary data characterizing maxillo-frontal overlap 

in individuals with both similar and very different functional demands: two calves and 

an adult. The goal here was to compare the structure of maxillo-frontal overlap that has 

both growth and biomechanical functions (calf) with maxillo-frontal overlap that has a 

primarily biomechanical function, not growth (adult). Here I present our preliminary 

findings from observations of the gross morphology in skulls at four different 

developmental stages (fetal, calf, juvenile, adult) and the micro-morphology of the 

maxilla and frontal surrounding the suture as well as histology of the suture itself at two 

developmental stages (calf and adult). 
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5.2. Material & Methods 

5.2.1. Material 

Skulls from five stranded Tursiops truncatus individuals were included in this 

study (Table 12). Frozen heads were obtained from the Marine Mammal Stranding 

Program at University of North Carolina, Wilmington with the assistance of W.A. 

McLellan, D.A. Pabst, J.P. Kroeger, and T.F. Keenan-Bateman under a permit obtained 

from the National Oceanographic and Atmospheric Administration. 

 

Table 12. Specimens included in this study. Total lengths, sex, and specimen 
ages as reported on the Level A form from the necropsy. 

Specimen Number Total Length (cm) Sex Specimen Age 
WAM712F 59.5 M fetus 

JPK003 106.5 F pup/calf 
TFK007 107 F calf 

WAM 704 150.5 M juvenile or yearling 
WAM716 263 M adult 
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5.2.2. Computed tomography 
CT scans of whole frozen heads from WAM712F, TFK007, WAM704, and 

WAM716 were conducted by S. Robinson, RVT, Diagnostic Imaging Supervisor at NC 

State Veterinary Hospital, Diagnostic Imaging Department, NC State University, 

Raleigh, NC using a Siemens Somatom Sensation 16 (Siemens Medical Solution, 

Malvern, PA).  JPK003 was not CT scanned at the gross level. 3D surface reconstructions 

of these CT scans were generated in Avizo. 

Figure 20. Approximate locations of maxillo-frontal suture samples.  
The maxilla overlies the frontal along a broad area and the suture is sandwiched 
horizontally between the bones. Blocks removed from the areas marked were sampled 
through the sandwich structure of the maxilla, frontal, and horizontal suture. (left) Calf, 
JPK003 samples mapped onto CT scan of TFK007, A020 and A021; (middle) calf, TFK007 
sample, B007; (right) adult, WAM716, C102 and C103. Scale bar = 10 cm. 
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5.2.3. Sampling of sutures 

Heads were thawed and soft tissues removed. Skulls from JPK003 and TFK007 

were fixed in 10% NBF prior to sampling. Due to its large size, WAM716 was sampled 

prior to fixation. Rectangular blocks through the sandwich structure of the maxilla, 

frontal, and the intervening suture were removed from JPK003, TFK007, and WAM716 

using a rotary saw (Dremel; RAR & A.J. Mirando) and a hand saw (WAM) (Figure 20). 

Samples blocks were less than 1 cm x 2 cm. The depths of the sample blocks depended 

on the thickness of the frontal, maxilla, and corresponding suture. The long edge of 

samples was parallel to the sagittal plane and the short edge corresponded to the 

coronal plane. In the regions sampled, the maxilla overlies the frontal and the suture is 

sandwiched in a roughly horizontal plane between them. 

5.2.4. Micro-computed tomography 

 Micro-computed tomography of select sample blocks was conducted at the Duke 

University Shared Materials Instrumentation Facility (SMIF) (Table 13). 3D surface 

reconstructions of the maxilla and frontal were generated in Avizo. 

Table 13. Micro-CT scanning parameters. 

Specimen 
Number Sample Voxel 

Size (mm) 
Voltage 

(kV) 
Current 

(μA) 
Number of 
Projections 

JPK003 A021 0.01701 130 101 1800 
JPK003 A022 0.01676 130 101 1800 
TFK007 B007 0.01894 130 100 2200 

WAM716 C103 0.01759 110 157 2000 
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5.2.5. Histology 

After micro-CT scanning, samples were stored in 10% or 4% NBF for up to 13 

months prior to placement in decalcification solution. Samples were decalcified in 14% 

EDTA or formic acid solution (StatLab Immunocal, DCIMMGAL) (Table 14), paraffin 

processed and embedded for sectioning (by RAR and AJM). Tissues were sectioned at 

5μm in the sagittal plane and standard histology staining was performed in order to 

analyze tissue architecture (RAR and AJM). 

Tissue sections were baked overnight at 60°C and cooled to room temperature. 

Tissue was rehydrated through a series of xylenes, a gradient of ethanol (2 changes of 

100% ethanol, 2 changes of 95% ethanol, and one change of 70% ethanol and finally into 

dH20). Tissue was then stained to visualize cells, collagen, bone, and cartilage according 

to standard histology protocols for: hematoxylin and eosin (H&E), picosirius red/alcian 

blue, and Masson’s Trichrome (Appendix). Staining with hematoxylin and eosin showed 

the cellular and extracellular matrix arrangements within the tissues. Picosirius 

red/alcian blue staining showed bone and cartilage, respectively. Masson trichrome 

stained collagen blue and cells and matrix pink, allowing detailed observation of 

collagen fibers. Polarized light microscopy from picosirius red/alcian blue stained 

sections was performed using a Leica DM 2000 LED microscope with polarizing filters.   
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Table 14. Decalcification solutions and duration 

Specimen 
Number 

Time in NBF 
(days) 

Decalcification 
Solution 

Decalcification 
Duration (days) 

C102 241 Formic Acid 4? 
C103 154 14% EDTA 89 
B007 290 14% EDTA 35 
A021 391 14% EDTA 35 
A022 391 14% EDTA 35 

 

5.3. Results 

5.3.1. Whole skull CT 

Ontogenetic changes in maxillo-frontal overlap and morphology of the skull 

vertex were observed from CT scans of a fetus, a calf, a juvenile, and an adult of T. 

truncatus. 

5.3.1.1. Specimen Descriptions 

Fetus (WAM712F) (Figure 21A): The maxilla extends posteriorly to the mid-point of the 

orbit and its posterior limit is in line with the posterior edge of the nasal bones. A large 

proportion of the posterior frontal is uncovered by the maxilla. The top of the cranial 

vault is formed primarily by the interparietal. The frontals primarily form the anterior 

portion of the cranial vault and cover only a small proportion of the cranial vault 

dorsally. Large gaps between calvarial bones indicate that the sutures have not yet 

formed between them or are immature. The calvarium is dome-shaped and 

mediolaterally wider than it is anteroposteriorly long. The ethmoid has not ossified and 

is not visible in the CT scan. 
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Calf (TFK007) (Figure 21B): The posterior edge maxilla extends posteriorly slightly 

beyond the level of the nasals bones. The lateral edge of the maxilla covers the 

supraorbital process of the frontal. Calvarial sutures have formed but only the 

interparietal-supraoccipital suture appears to have fused. The interparietal forms the 

dorsal roof of the dome-shaped calvarium with no obvious crests. The ethmoid has not 

yet ossified. 

Juvenile (WAM704) (Figure 21C): The ascending process of the maxilla has become more 

rectangular in shape than rounded, perhaps because the posteromedial margin of the 

ascending process has expanded compared to TFK007. The maxilla completely covers 

the supraorbital process. The region of maxillo-frontal overlap has started to become 

more flattened (less convex) compared to the younger specimens. Most of the calvarial 

sutures appear to have fused, except for the frontal-interparietal and frontal-parietal 

sutures. The ethmoid has ossified, but its margins have not fused with the surrounding 

bones. 

Adult (WAM716) (Figure 21D): Robust crests corresponding with attachment sites of the 

facial muscles, temporalis muscle, and nuchal muscles are apparent between the frontal 

and interparietal and along the margins of the temporal fossa. The posterior maxilla and 

frontal appear more flattened, or concave, than the younger specimens. The maxilla 

extends posterior to the nasal bones and almost completely covers the frontal so that 

only a thin margin of the frontal is visible posteriorly. The edge of the maxilla follows 
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the margin of the crest that runs along the posterior frontal. This is the only specimen in 

which the maxilla lies dorsal to the temporal fossa. All of the calvarial bones appear to 

be fused. The vertex is triangular in lateral view instead of domed. 

5.3.1.2. Summary of ontogenetic changes in the vertex and maxillo-occipital overlap 

The most apparent difference between the adult and immature specimens is the 

cresting and triangular skull vertex observed in the adult. Each of the immature 

specimens have a round and mediolaterally wide calvarium.  

The shape and posterior extent of the ascending process of the maxilla seems to 

shift considerably between these developmental stages. The maxilla expands posteriorly 

and laterally, reducing the proportion of the frontal that is visible externally. During 

cranial growth, the dorsal roof of the cranial vault is formed primarily by the 

interparietal, not the parietals or frontals as observed in other mammals. It appears that 

that the maxilla does not extend dorsal to the cranial vault and temporal fossa until the 

skulls is fairly mature, as this was only observed in the adult specimen. 
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Figure 21. 3D reconstructions of CT scans in dorsal (left) and right lateral (right) 
views.  
(A) 59-cm fetus, WAM712F; (B) young calf, TFK007; (C) juvenile, WAM704; (D) adult, 
WAM716. Blue dotted line marks the posterior edge of the maxilla. Green dashed line 
marks the posterior edge of the frontal. Na nasal, Pm premaxilla, Mx maxilla, Fr frontal, 
Ip interparietal, Pa parietal, SuOc supraoccipital, Eth ethmoid. Scale bar = 10 cm. 
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5.3.2. Micro-CT 

To conduct a more detailed analysis of a growing and a more mature maxillo-

frontal suture, rectangular blocks were removed from the calf and adult specimens. The 

3D structure of the bony margins of the maxillo-frontal suture in four histological blocks 

was examined using micro-computed tomography.  

5.3.2.1. Posterior edge of the maxilla in a calf 

The posterior edge of the maxilla was sampled in one block (B007) (Figure 22). 

The maxilla became progressively thinner toward the posterior edge and the margin of 

the bone at the posterior edge was rough. The frontal posterior to the maxilla appeared 

rough as well, but ventral to the maxilla it had more organized holes and channels. 

5.3.2.2. Bony interface along the plane of the maxillo-frontal suture in calves 

In the three samples from two calf specimens, the bony margins of the suture 

between the maxilla and frontal in the region where they overlap was relatively flat and 

the bones showed no signs of interlocking (Figure 22). However, parallel striations were 

apparent in the posterior articular surface of the maxilla (B007 and A022). In a posterior 

and medial sample (B007), these striations were oriented anteroposteriorly. However, in 

a slightly more lateral sample of a different specimen (A022), faint striations ran at a 

slight angle relative to the sagittal plane, from anteromedial to posterolateral. No 

striations were observed on the corresponding dorsal aspect of the frontal of either of 

these samples.  
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No similar striations observed in an anteromedial sample from maxillo-frontal 

suture (A021). There was a depression in the frontal in the anterior portion of this 

sample. The corresponding ventral surface of the maxilla in this area appeared rough. 

Histology showed that this region of the frontal underlies cartilage and the maxilla in 

this region overlies a wide area of fibrous tissue overlying that cartilage (see section 

5.3.3.). Thus, the anterior depression in the frontal in A021 corresponds with this 

cartilage. No cortical bone was observed.  

5.3.2.2. Bony interface along the plane of the maxillo-frontal suture in an adult 

In the adult sample, the maxilla and frontal interlocked along ridges (rugose 

interlocking that have an anteromedial to posterolateral orientation (Figure 22, 23). 

These ridges wrapped around each other so that if they were sliced perpendicular to 

their orientation, the ridges would appear as interlocking ocean waves. If they were 

sliced longitudinally, one would see alternating maxilla, frontal, maxilla, frontal. The 

surface of the bones, despite their interlocking projections, still appeared spongy and 

lacking a cortical bone layer. However, the space between trabeculae was considerably 

reduced compared to the calf specimens. 

 



 

113 

 

 

Figure 22. Micro-CT surface reconstructions of the maxillary and frontal margins of 
the maxillo-frontal suture in sample blocks. 
The calf bones (A020, A021, B007) have shallow striations, but overall the surface is 
flat. In the adult (C103), the bones interlock along diagonally-oriented crests (rugose 
interlocking). The posterior edge of the maxilla of a calf is visible in B007. 

Figure 23. Rugose interlocking of the suture between the maxilla (top) and 
frontal (bottom) in the adult (C103). 
A micro-CT slice taken perpendicular to the rugae shows interlocking between 
the maxilla and frontal. Scale = 1 cm. 
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5.3.3. Histology 

5.3.3.1. Posterior edge of the maxilla in a calf 

The posterior edge of the maxilla contains a high density of cells embedded in 

and surrounding the bone tissue (Figure 24A-C). A thick layer of cells surrounds the 

posterior edge of the maxilla (Figure 24). Slightly anterior to the posterior edge, the 

ventral surface of the maxilla contains few cells while the dorsal surface has a similar 

density to the posterior edge. The maxilla is surrounded by fibrous tissue dorsally, 

ventrally, and posteriorly. Just ventral to the posterior edge of the maxilla, a dense layer 

of cells can also be observed along the dorsal surface of the frontal (Figure 24C). Between 

the maxilla and frontal in this region, collagen fibers run parallel to the two bone 

surfaces. The bone tissue at the posterior edge contains more and larger lacunae than 

bone in other portions of the frontal and maxilla (Figure 24D). 

5.3.3.2. Suture in the middle region of maxillo-frontal overlap (calf) 

In the middle region of maxillo-frontal overlap in the calf, cells were observed 

throughout the suture (Figure 25). In some areas, cells appeared to be concentrated 

especially along the surfaces of the maxilla and frontal (Figure 25A,B). Three layers of 

the suture were apparent: two layers on the surfaces of the frontal and maxilla with high 

cell density and loose collagen fibers, and a middle layer that contained cells, blood 

vessels, and dense collagen fibers (Figure 25A,B). The overall orientations of these layers 

were parallel to the plane of the suture. 
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Collagen fibers in the middle of the suture were organized into dense bundles 

(Figure 25C,D). These bundles were at slight angles to the bone surfaces. Fibers closer to 

the bone surfaces were not bundled as tightly (Figure 25D). 

5.3.3.3. Suture in the region of maxillo-frontal overlap (adult) 

The complex interlocking pattern of the bony interfaces of the maxilla and frontal 

observed by micro-CT are also apparent in histological sections (Figure 26). The suture 

contained collagen fibers, but few cells. In the region of the suture observed, the suture 

was not organized into observable layers as observed in the calves. The bone tissue 

around the suture in the adult also contained fewer lacunae than the calf bones. Cortical 

bone is not apparent surround either the maxilla or frontal. 

The adult suture had a complex arrangement of collagen fibers. In some regions, 

the collagen fibers appeared as bundles approximately parallel to the sagittal plane (the 

plane of the section) (Figure 26A,B). These bundles appear to crisscross and weave 

between each other (Figure 26B,D). In other regions, the collagen lacked this 

organization, possibly because the fibers are oriented perpendicular to the plane of the 

section (Figure 26C,D). Fibers that were parallel to the plane of the section ran directly 

between the maxilla and frontal and parallel to the horizontal plane of the suture (Figure 

26B,D). Many fibers were short, extending the shortest distance between the bones. In 

some areas, a dense layer of collagen could be observed along the surfaces of both the 

maxilla and frontal. No layer of cells was observed lining the bone surfaces. Some small 
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blood vessels were present toward the middle of the suture, surrounded by suture 

collagen fibers (Figure 26E). 

5.3.3.4. Bone tissue structure adjacent to the maxillo-frontal suture 

The ventral surface of the maxilla in the calf consisted of woven bone that, under 

polarized light, was similar in appearance to the suture collagen (Figure 27A,B). 

However, dorsal to this, toward the middle of the maxilla in the calf, the bone tissue had 

a mature, lamellar structure. In the adult, the bone tissue in the maxilla and frontal had a 

remodeled, lamellar structure (Figure 27C,D). 

5.3.3.5. Cartilage between the maxilla and frontal anteromedially 

Cartilage was observed in the anterior portion of the region of maxillo-frontal 

overlap of a calf (Figure 28). The cartilage was sandwiched between layers of fibrous 

tissue, which was sandwiched between the maxilla and frontal bones. The cartilage was 

highly cellular and cells appear fairly round in shape but slightly elongated, as if they 

have been stretched. The cartilaginous area narrows posteriorly until the suture becomes 

fibrous. 
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Figure 24. Posterior edge of the maxilla in a calf (sample B007). 
A: Masson trichrome 5x; B: Masson trichrome, 20x; C: hematoxylin and eosin, 10x; D:  
picosirius red/alcian blue, 10x. Mx maxilla, Fr frontal, e posterior edge of the maxilla, s 
suture. 
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Figure 25. Maxillo-frontal suture in calves. 
A: hematoxylin and eosin, B007, 10x; B: hematoxylin and eosin, A021, 10x; C: Masson 
trichrome, B007, 10x; D: Masson tricrome, A022, 20x. Mx maxilla, Fr frontal, e posterior 
edge of the maxilla, s suture. 
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Figure 26. Adult maxillo-frontal suture. 
A: region with parallel collagen fibers oriented parallel to the plane of the section, 
Masson trichrome, C103, 10x; B: area highlighted in A at 40x; C: convoluted suture 
morphology, Masson trichrome, C103, 5x; D: area highlighted in C showing ribbons of 
collagen in different orientations, 20x; E: area highlighted in E showing two putative 
blood vessels surrounded by suture collagen (suture fibers have torn away from the 
bone), Masson trichrome, C103, 40x; F: hematoxylin & eosin, C102, 10x. Mx maxilla, Fr 
frontal, e posterior edge of the maxilla, s suture. 
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Figure 27. Calf and adult maxillo-frontal suture stained with picosirius red/alcian 
blue and photographed under polarized light. 
A, B: calf suture, B007, 10x; C, D: adult suture, C103, 10x. Anterior to the right, dorsal at 
the top. The suture and periosteum are nearly indistinguishable from much of the 
maxilla in the calf due to large areas of woven bone. Remodeled, lamellar bone can be 
observed in the middle of the maxilla. The adult suture has collagen fibers oriented in 
many different directions, organized into ribbons of parallel fibers. In the adult, the 
maxilla and frontal both show lamellar organization. 
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Figure 28. Cartilage observed in the anterior portion of sample A021. 
A: picosirius red/alcian blue, 5x; B: Masson trichrome, 10x; C: hematoxylin & eosin, 10x. 
Mx maxilla, Fr frontal, e posterior edge of the maxilla, s suture. 
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5.4. Discussion 

The results of this study confirm previous findings that maxillo-frontal overlap is 

already present and well-developed in a mid-gestation fetus and at birth. Previous 

descriptions of prenatal dolphins showed that initial stages of overlap of the maxilla 

over the frontal were present in a 15.5 cm fetus of Stenella attenuata (Moran et al. 2011). 

Overlap expands posteriad during postnatal ontogeny. This finding is supported 

by the gross anatomy observed in clinical CT scans and with the histology of the 

posterior edge of the maxilla in TFK007. The overlap initially occurs anterior to the 

cranial vault, rather than dorsal to it.  The frontal bone posterior to the maxilla is not 

covered by the maxilla in the younger specimens, and may therefore be able to grow 

through periosteal apposition as is observed in other mammals. If this is the case, 

maxillo-frontal overlap may have limited impact on cranial vault growth. The calvarium 

can compensate for impeded growth in one direction by growing in other regions, as 

observed in cases of craniosynostosis (Richtsmeier and Flaherty, 2013). The observation 

of posterior extension of the ascending process of the maxilla suggests that there may be 

a gradient of development of the maxillo-frontal suture with the posterior being the least 

developed.  

The cartilage in sample A021 was unexpected and has two potential 

explanations. this cartilage may be a lateral extension of the ethmoid cartilage, given the 

location of this sample lateral to the developing ethmoid. Alternatively, it may be a 
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secondary cartilage between two dermal bones. Additional information about its precise 

location within the skull and the shape of the ethmoid are needed to distinguish 

between these explanations. 

Overall, the calf suture resembled the growing stages described by Pritchard et al 

(1956). The dense collagen observed in the middle of the suture in the calf likely 

represents fused or partially-fused capsular layers associated with the frontal and 

maxilla. The loose collagen fibers between the dense middle layer and the bone margins 

would therefore correspond with the cambial layers. While cells were observed 

throughout the suture in the calf, the high density of cells around the posterior edge of 

the maxilla suggests that that region may be more osteogenic that the middle region of 

maxillo-frontal overlap. Pritchard et al. (1956) described a loose middle layer between 

the capsular layers which contained blood vessels. While some blood vessels were 

observed in the middle of the suture in the calf, a loose middle layer of mesenchymal or 

fibrous tissue was not observed. Additionally, unlike the sutures described in Pritchard 

et al. (1956), collagen fibers in the presumptive cambial and capsular layers of maxillo-

frontal suture in the dolphin calf ran approximately parallel to the bone surfaces, rather 

than between the bone margins and capsular layer(s). 

In contrast to the calf suture, in the region of the adult suture we observed, 

collagen fibers were organized in many directions and, in some areas, ran the shortest 

distance between the maxilla and frontal. Additionally, the adult suture had fewer cells 
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than the calf suture and no apparent cambial layers, supporting the idea that the adult 

suture function is primarily biomechanical rather than both biomechanical and 

developmental.  The adult maxillo-frontal suture showed a rugose interlocking of the 

bones. In the region of the suture observed with micro-CT, interlocking parallel ridges 

on the maxilla and frontal ran in an anteromedial to posterolateral orientation. Along 

with the short collagen fibers observed, these ridges suggest that the suture may be 

designed to resist movements in multiple directions.  

One of the tenets of evolutionary-developmental biology is that morphology 

must function throughout ontogeny in free-living animals. Several hypotheses for the 

adaptive functions of telescoping were reviewed in Roston & Roth (2019) (Chapter 2) 

including: resistance to pressure while swimming, anchoring the muscles associated 

with the blowhole, and serial impedance mismatch. The differing maxillo-frontal suture 

morphologies in calves and adults presented here beg the question, what biomechanical 

environment do T. truncatus adults experience that the young do not? Further study of 

the development of the maxillo-frontal suture is likely to give insights not only into how 

this unusual morphology arises and changes during ontogeny, but also into potential 

functions that maxillo-frontal overlap has throughout life in odontocetes. 
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6. Conclusion 
At the beginning of this dissertation, I set out to uncover the structure and 

development of three cetacean skull novelties: telescoping, the blowhole, and maxillo-

frontal overlap. Initially, in collaboration with V.L. Roth, I redefined telescoping and 

developed an empirical framework for future research about its evolutionary and 

developmental origins, as well as its adaptive functions. This project, presented in 

Chapter 2, has now been published in The Anatomical Record. Prior to the writing of that 

project, telescoping had taken on different meanings for different authors, which 

stymied methodical study of its biology and its implications for mammalian skull 

evolution. However, telescoping describes only the outcome of yet undescribed 

evolutionary-developmental processes. In the end, we concluded that even with 

redefinition as extensive bone overlap and shortened maxillo-occipital distance, using 

the word telescoping can obscure the interesting diversity of morphologies and the 

specific processes that generate them. We recommended a return to focusing on the 

anatomy and structure of cetacean skulls. 

The next two chapters (3 and 4) focused on how ontogenetic changes in the skull 

of the dolphin Stenella attenuata and the fin whale (Balaenoptera physalus) lead to 

repositioning and reorientation of the nasal passage to become a blowhole. In S. 

attenuata, it became clear that the position and orientation of the blowhole relative to the 

rostrum was a separate question than its orientation relative to the posterior skull and 
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the body as the rostrum elongated perpendicular to the nasal passage. In both species, 

the angle between the axis of the nasal passage and the plane of the foramen magnum 

decreased during the prenatal periods examined. This occurred by two different 

mechanisms, basicranial retroflexion in S. attenuata and posteriad extension of the 

basioccipital and anteriad tilting of the supraoccipital in B. physalus. Interestingly, 

changes in both of these regions also contribute to head posture relative to the body. 

This provides a developmental link between two adaptations for swimming: dorsally-

oriented nares and head-body alignment. It also shows the importance of 

contextualizing orientational changes of the blowhole with other parts of the body. Both 

of these studies included a limited number of specimens, as cetacean fetuses are rare in 

scientific collections, but they provide hypotheses to test in other species and more 

robust fetal series, as well as providing predictions for morphologies that might be 

observed in the fossil record. 

As we noted in Chapter 2, a connection between the blowhole and telescoping 

should be treated as a hypothesis. Previously, researchers had asserted that they were 

related without providing mechanistic explanations or empirical evidence to support 

this assumption. Thus Chapters 3 and 4 of this dissertation link reorientation of the 

blowhole with one of the two components of telescoping: longitudinal shortening of the 

dorsal skull.  
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In Chapter 5, I provided preliminary results from detailed study of the structure 

and histology of the maxillo-frontal suture in the bottlenose dolphin, Tursiops truncatus. 

Hence, this chapter focuses on the other component of telescoping—extensive bone 

overlap. Previous study of telescoping had focused on the gross anatomical level, and to 

my knowledge and the knowledge of my collaborators, this was the first attempt to 

examine in detail what is between the bones. By comparing immature individuals with 

an adult, we saw that maxillo-overlap continues to expand and develop during 

postnatal ontogeny. Additionally, we discovered a rugose interlocking of the maxilla 

and frontal in the adult sample but not the calf sample. The histology of the sutures 

corresponded with this morphological difference in the bony margins. The adult suture 

contained a complex arrangement of collagen fibers running between the maxilla and 

frontal whereas the calf suture contained numerous cells and collagen fibers that ran 

more parallel to the bone surfaces. Future research will focus on additional sampling of 

dolphin maxillo-frontal sutures and comparing them with overlapping sutures from 

other mammals. 

As with many studies of novel morphologies, deeper examination of the 

processes that generate them begin to uncover their homologies and parallel similarities 

with the morphologies observed in other species. While the developmental processes 

and deeper structures of cetacean skulls may not be entirely novel, the end results are 

some of the most extreme and bizarre morphologies observed in mammals. 
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Appendix 

Standard Histology Stains 

Hematoxylin and Eosin (H&E) 
Solutions and Reagents: 
Mayer’s Hematoxylin 
1X PBS  
Eosin solution  
 
Procedure: 
Stain in Mayer’s Hematoxylin for 2 minutes 
Wash slides with distilled water until solution runs clear. 
Blue nuclei in 1X PBS for 2 minutes. 
Wash slides in distilled water 
Stain in Eosin solution for 2 minutes. 
Wash slides in 95% ethanol until solution runs clear.  
 
After staining, tissue was dehydrated through a series of ethanols (three changes 
of 95% ethanol, three changes of 100% ethanol, then tissue sections were allowed 
to air-dry, cleared in xylene and mounted with Cytoseal 60 (Thermo Scientific). 
 
Picosirius Red/Alcian blue 
Solutions and Reagents: 
3% Glacial Acetic Acid Solution  
 
Alcian Blue Solution (pH 2.5) 
Alcian blue, 8GX (Sigma A3157): 5g 
3% Glacial Acetic Acid Solution: 500 ml 
Mix well and adjust pH to 2.5 using glacial acetic acid. 
 
Picrosirius Red Solution 
Sirius red F3B (Sigma 365548): 0.5 g 
Aqueous picric acid (Sigma P6744): 500 ml 
 
Acidified Water (0.5%)   
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5 ml glacial acetic acid to 1 liter of water (distilled). 
 
Procedure: 
Tissue sections were baked overnight at 60°C and cooled to room temperature. 
Tissue was rehydrated through a series of xylenes, a gradient of ethanol (2 
changes of 100% ethanol, 2 changes of 95% ethanol, and one change of 70% 
ethanol and finally into dH20).  
 
Stain in Alcian blue solution for 30 minutes.   
Wash in distilled water twice for 2 minutes each. 
Stain in picrosirius red solution for one hour. 
Wash in two changes of acidified water. 
 
After staining, tissue was dehydrated through a series of ethanols (three changes 
of 95% ethanol, three changes of 100% ethanol, then tissue sections were allowed 
to air-dry, cleared in xylene and mounted with Cytoseal 60 (Thermo Scientific). 
 
Reference 
1.  http://www.ihcworld.com 
2.  Blumer MJ, Longato S, Fritsch H. Cartilage canals in the chicken embryo are 
involved in the process of endochondral bone formation within the epiphyseal 
growth plate. Anat Rec A Discov Mol Cell Ev·ol Biol.2004 Jul;279(1):692-700 
 
Modified By Kyu-Sang Joeng 
 
Masson Trichrome 
Protocol was followed from kit instructions (Sigma HT15) 
Solutions and Reagents: 
BIEBRICH SCARLET-ACID FUCHSIN SOLUTION, Catalog No. HT151-250 ml 
Biebrich scarlet, 0.9%, acid fuchsin 0.1%, in acetic acid, 1.0%. 
 
PHOSPHOTUNGSTIC ACID SOLUTION, Catalog No. HT152-250 ml 
Phosphotungstic acid, 10%. 
 
PHOSPHOMOLYBDIC ACID SOLUTION, Catalog No. HT153-250 ml 
Phosphomolybdic Acid, 10% 
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ANILINE BLUE SOLUTION, Catalog No. HT154-250 ml 
Aniline blue, 2.4% and acetic acid, 2% 
 
1N Acetic Acid 
 
Bouin’s Solution, Catalog No. HT10132-1L or HT101128-4L, picric acid, 1%, 
formaldehyde, 9% and acetic acid, 5% 
 
Modified Weigert’s Iron Hematoxylin Solutions 
Stock Solution A 
Hematoxylin: 10g 
80% EtOH: 500ml 
 
Stock Solution B 
Ferric Chloride: 20g 
Distilled water: 475ml 
Hydrochloric Acid (36.5-38.0%): 5ml 
 
Working Modified Weigert’s Iron Hematoxylin 
Mix equal parts of Stock Solutions A and B. Good for one week. 
 
Procedure: 
Tissue sections were baked overnight at 60°C and cooled to room temperature. 
Tissue was rehydrated through a series of xylenes, a gradient of ethanol (2 
changes of 100% ethanol, 2 changes of 95% ethanol, and one change of 70% 
ethanol and finally into dH20).  
 
Mordant in preheated Bouin’s Solution at 56°C for 15 minutes 
Wash in distilled water to remove yellow color from sections. 
Stain in Working Weigert’s Iron Hematoxylin Solution for 5 minutes. 
Wash in distilled water for 5 minutes. 
Stain in Biebrich Scarlet-Acid Fucshin for 5 minutes. 
Rinse in distilled water. 
Place slides in Working Phosphotungstic/Phosphomolybdic Acid Solution for 5 
minutes. 
Place slides in Aniline Blue Solution for 5 minutes. 
Place slides in Acetic Acid, 1%, for 2 minutes. Discard solution. 



 

131 

Rinse slides 
 
After staining, tissue was dehydrated through a series of ethanol (three changes 
of 95% ethanol, three changes of 100% ethanol, then tissue sections were allowed 
to air-dry, cleared in xylene and mounted with Cytoseal 60 (Thermo Scientific). 
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