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Abstract
Secondarily aquatic tetrapods have many unique morphologic adaptations for life un-
derwater compared with their terrestrial counterparts. A key innovation during the 
land- to- water transition was feeding. Pinnipeds, a clade of air- breathing marine car-
nivorans that include seals, sea lions, and walruses, have evolved multiple strategies 
for aquatic feeding (e.g., biting, suction feeding). Numerous studies have examined 
the pinniped skull and dental specializations for underwater feeding. However, data 
on the pinniped craniofacial musculoskeletal system and its role in aquatic feeding are 
rare. Therefore, the objectives of this study were to conduct a comparative analysis of 
pinniped craniofacial musculature and examine the function of the craniofacial mus-
culature in facilitating different aquatic feeding strategies. We performed anatomic 
dissections of 35 specimens across six pinniped species. We describe 32 pinniped 
craniofacial muscles— including facial expression, mastication, tongue, hyoid, and soft 
palate muscles. Pinnipeds broadly conform to mammalian patterns of craniofacial 
muscle morphology. Pinnipeds also exhibit unique musculoskeletal morphologies— in 
muscle position, attachments, and size— that likely represent adaptations for different 
aquatic feeding strategies. Suction feeding specialists (bearded and northern elephant 
seals) have a significantly larger masseter than biters. Further, northern elephant seals 
have large and unique tongue and hyoid muscle morphologies compared with other 
pinniped species. These morphologic changes likely help generate and withstand 
suction pressures necessary for drawing water and prey into the mouth. In contrast, 
biting taxa (California sea lions, harbor, ringed, and Weddell seals) do not exhibit con-
sistent craniofacial musculoskeletal adaptations that differentiate them from suction 
feeders. Generally, we discover that all pinnipeds have well- developed and robust 
craniofacial musculature. Pinniped head musculature plays an important role in fa-
cilitating different aquatic feeding strategies. Together with behavioral and kinematic 
studies, our data suggest that pinnipeds’ robust facial morphology allows animals to 
switch feeding strategies depending on the environmental context— a critical skill in a 
heterogeneous and rapidly changing underwater habitat.
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1  |  INTRODUC TION

Diverse tetrapod lineages have reinvaded the aquatic environment, 
including birds, mammals, and reptiles (Schwenk, 2000; Taylor, 1987; 
Werth, 2000). Secondarily aquatic tetrapods underwent substantial 
modifications to their behavior, ecology, morphology, and physiol-
ogy during these independent transitions from terrestrial to aquatic 
ecosystems (Ashley- Ross et al., 2013; Blob et al., 2014; Zimmer, 
1999). Tetrapod adaptations for aquatic life include the development 
of streamlined bodies, increased oxygen storage capabilities, and 
modifications of multiple sensory systems (Kelley & Motani, 2015; 
Kelley & Pyenson, 2015; Thewissen & Nummela, 2008).

Pinnipeds (seals, sea lions, and walruses) are a recently derived 
group of marine mammals that evolved from terrestrial carnivorans 
and reentered the marine environment ~30 million years ago (Berta 
et al., 2018). Unlike most marine mammals (e.g., cetaceans, sire-
nians), pinnipeds retain an amphibious lifestyle, spending most of 
their time at sea feeding but returning to land annually to breed and 
molt (Fish, 2000; Liwanag et al., 2012; Werth, 2000). The pinniped 
skull exhibits many adaptations for aquatic life compared with their 
terrestrial ancestors, including larger orbits (and therefore larger 
eyes) for better visual acuity at depth and increased surface area of 
the nasal turbinates associated with heat and water conservation (as 
opposed to olfaction; Debey & Pyenson, 2013; Schusterman et al., 
2000; Van Valkenburgh et al., 2011).

Pinnipeds (along with all secondarily aquatic tetrapods) had to 
overcome a major obstacle in the land- to- water transition: cap-
turing and consuming prey underwater (Kienle et al., 2017; Taylor, 
1987; Werth, 2000). Prey capture underwater fundamentally dif-
fers from prey capture in air, as water is more viscous and denser 
than air. Pinnipeds have converged on three underwater feeding 
strategies: biting, filter feeding, and suction feeding (Hocking 
et al., 2017; Kienle et al., 2017; Taylor, 1987; Werth, 2000). Each 
of these feeding strategies is associated with specific skull and 
dental adaptations, feeding behaviors, and kinematics (Adam & 
Berta, 2002; Churchill & Clementz, 2015; Hocking et al., 2013, 
2015, 2016; Jones & Goswami, 2010; Jones et al., 2013; Kienle & 
Berta, 2016, 2018; Kienle et al., 2018, 2019, 2020; Marshall et al., 
2008, 2014).

Although many studies have examined the pinniped skull and 
dental morphology, little is known about pinniped craniofacial mus-
culature and the role it plays in facilitating different aquatic feed-
ing strategies. Studies of pinniped head musculature are limited to 
the following: 1. Descriptions of the craniofacial and tongue mus-
culature of the California sea lion (Zalophus californianus; Howell, 
1929; Mori, 1958), the harbor seal (Phoca vitulina; Howell, 1929), the 
Weddell seal (Leptonychotes weddellii; Pierard, 1971) and the walrus 
(Odobenus rosmarus; Gordon, 1984; Kastelein et al., 1991); 2. Broad 
descriptions of craniofacial muscle groups in the southern sea lion 
(Otaria byronia; Murie, 1872) and the Ross seal (Ommatophoca rossi; 
King, 1969); and 3. Descriptions of the tongue of South American 
fur seals (Arctocephalus australis) and sea lions (Otaria flavescens; 
Erdoğan et al., 2015) and the eye musculature of the Baikal seal (Pusa 

sibirica; Endo et al., 1998). With the singular exception of Erdoğan 
et al. (2015), previous studies focused only on a single species, which 
was often represented by a single individual.

The craniofacial musculoskeletal system is an integral part of the 
mammalian feeding apparatus (Hiiemae, 1967; Hiiemae & Crompton, 
1985; Kienle et al., 2015; Konow et al., 2010; Naples, 1999). The 
paucity of pinniped musculoskeletal studies hinders our ability to 
understand biologic integration between anatomy and feeding be-
havior; further, this limits our ability to test hypotheses about the 
functional adaptations of pinnipeds in response to an aquatic envi-
ronment. Therefore, the first objective of this study was to conduct 
a detailed comparative analysis of pinniped craniofacial muscula-
ture. We dissected and compared the craniofacial muscles of multi-
ple individuals across six pinniped species, including representatives 
of the two largest pinniped clades: phocids (true seals) and otariids 
(sea lions, fur seals). The second objective was to examine the rela-
tionship between the pinniped craniofacial musculoskeletal system 
and aquatic feeding strategies. We compared the craniofacial mus-
culature between pinniped species with skull morphologies adapted 
for biting versus those adapted for suction feeding. Filter feeders 
were not available for comparison. We hypothesized that pinnipeds 
with skull adaptations for a particular feeding strategy— biting or 
suction— would have corresponding craniofacial musculature adap-
tations. Specifically, we predicted that species with skull adaptations 
for biting would have more robust and better- developed muscles of 
mastication associated with producing strong bite forces. In con-
trast, we predicted that suction feeding specialists would have a 
more robust tongue and hyoid musculature for generating the pres-
sure differential to draw water and prey into the mouth. Together, 
the results of this study provide the first broad- scale comparative 
data on pinniped craniofacial musculature. We demonstrate the 
importance of the land- to- water transition in driving morphologic 
adaptations and highlight the role of diverse musculoskeletal adap-
tations for different aquatic feeding strategies.

2  |  METHODS

We conducted detailed dissections of the craniofacial musculoskel-
etal anatomy of six pinniped species across 35 individuals: bearded 
seals (Erignathus barbatus, n = 6), California sea lions (n = 5), harbor 
seals (n = 6), northern elephant seals (Mirounga angustirostris, n = 11), 
ringed seals (Pusa hispida, n = 6), and Weddell seals (n = 1; Table S1, 
Figure 1). Specimens were obtained from the Alaska Department of 
Fish and Game, the Marine Mammal Center, Moss Landing Marine 
Lab, Ohio University, the Pacific Marine Mammal Center, SeaWorld 
San Diego, the University of Alaska, and the University of California 
Santa Cruz (UCSC). Specimens were obtained through NMFS per-
mits #358- 1787, #15324, #18786- 04; MMHSRP #18786- 04, and 
NMFS Southwest Region letters of authorization to A. Berta (San 
Diego State University) and S. Kienle (UCSC) All specimens were 
opportunistically collected and included different age classes and 
sexes. Specimens in this study consisted of either the whole head 
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including the hyoid apparatus in situ, the whole head with the hyoid 
apparatus ex situ, or the whole head without an associated hyoid 
apparatus.

All specimens showed little to no tissue decomposition and were 
frozen shortly after death to prevent further tissue degradation. 
Prior to dissection, each specimen was thawed for 1– 2 days. We 
then took scaled photographs, measured, and described the exter-
nal morphology of each specimen. Skull length and width measure-
ments were collected in situ. Skull area (or lateral projected area) was 
measured in two dimensions from scaled photographs in ImageJ v. 
32 (Schneider et al., 2012).

A dorso- caudal to dorso- rostral midline incision was made on 
each specimen to reveal the internal anatomic relationships. Skin, 
blubber, and superficial fascia were carefully peeled away to expose 
the underlying craniofacial muscles. The general morphology and 
the muscular and ligamentous connections between bony and carti-
laginous elements were examined. The muscle origin, insertion, and 
fiber direction were documented and described for each individual 
muscle that could be identified. We infer the muscle action by as-
suming shortening along the axis of the muscle fiber as they contract 
along the path of the whole muscle between the origin and insertion. 
Muscle terminology follows Evans and de Lahunta (2013), except 
where noted. We documented the three- dimensional (3D) arrange-
ment between muscles and bony elements and reported inter-  and 
intraspecific variation when observed.

In situ measurements— maximum length (straight rostral- caudal 
distance from rostral tip of the skull to the caudal edge of occipital 
condyles), width (straight mediolateral distance from lateral edges of 
the zygomatic arch), and depth (straight dorsoventral distance from 
sagittal crest to auditory bullae)— were measured for each muscle 
when possible. We used scaled photographs to take ex situ mea-
surements of the maximum length and width of each muscle in two 
dimensions in ImageJ. Muscle area was calculated from tracing the 
perimeter of the muscle in scaled photographs. We then calculated 
the muscle- to- skull area ratio (MSR) for each muscle, which was ob-
tained by dividing each muscle area by the skull area to standardize 

for head size. We calculated the mean MSR for each craniofacial 
muscle group within each species (e.g., facial expression, mastica-
tion, tongue, hyoid, soft palate) for interspecific comparisons.

We ran linear models to compare the relationship between rel-
ative muscle size (MSR), species, and feeding strategy and deter-
mined significance using ANOVAs (car package; Bates et al., 2014; 
Fox & Weisberg, 2011). We examined the relationship between 
muscle size and species with species as the predictor variable and 
between muscle size and feeding strategy with feeding strategy 
as the predictor variable. We used least- square means to perform 
Tukey posthoc pairwise contrasts between each significant pre-
dictor variable (lsmeans package; Lenth, 2016). Residual plots for 
each model were examined for deviations from normality and ho-
moscedasticity. When heteroscedasticity was observed, data were 
log- transformed.

Additionally, we examined variability in MSR for each muscle and 
species by quantifying the coefficient of variation (CV, standard de-
viation [SD]/mean) for each muscle. The CV measures variation in a 
trait. A low CV (values close to 0) indicates stereotypy, whereas a 
high CV (values close to 1) indicates high variability (Gerhardt, 1991; 
Wainwright et al., 2008). All statistical analyses were conducted in 
R v. 3.5.3 (R Core Team, 2019). Data and codes are available online 
(Kienle, 2021).

3  |  RESULTS

We identify 34 craniofacial muscles that are associated with facial 
expression (n = 13), mastication (n = 5), the tongue (n = 4), hyoid 
(n = 9), and soft palate (n = 3) across the six pinniped species in this 
study. We describe the general muscle morphology, including the 
position, origin, insertion, and fiber direction, for each craniofacial 
muscle below. Intra-  and interspecific variation in muscle morphol-
ogy is noted afterward for each muscle when applicable.

3.1  |  Facial expression muscles

3.1.1  |  Platysma

The platysma is a thin superficial muscle immediately underneath 
the skin and blubber layers (Figure 2). It extends along the lateral 
sides of the head. The platysma travels from its origin caudal to neck 
(which was not included in any specimens in this study) to its inser-
tion into connective tissue at the lateral corners of the mouth, which 
is immediately caudal to the orbicularis oris. The platysma is located 
on either side of the skull, and the two portions of the muscle do 
not connect along the entire length of the cranium. The platysma 
muscle fibers run caudo- rostrally. The platysma narrows as it travels 
rostrally toward its insertion in the mouth. The platysma is bordered 
rostrally by the orbicularis oris, ventrally by the sphincter colli pro-
fundus, and is superficial to the masseter. The action of the platysma 
is to draw the lips caudally.

F I G U R E  1  Phylogenetic relationships of the six pinniped species 
in this study modified from Fulton and Strobeck (2010), Amson and 
de Muinoz (2014), and Paterson et al. (2020)
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California sea lions have the largest platysma, and ringed seals 
have the smallest after correcting for skull size (Table S2). The pla-
tysma merges with the sphincter colli profundus to form a single 
sheet of muscle in bearded seals and California sea lions. The two 
muscles are differentiated by a marked change in fiber direction 
along the ventral edge of the mandible. The platysma fibers travel 
rostro- caudally and the sphincter colli profundus fibers travel dorso-
ventrally. The platysma in California sea lions and northern elephant 
seals has attachments to the ventral side of the mandible and to the 
lateral and ventral edges of the zygomatic arch. This differs from 
other pinniped species where the platysma does not directly attach 
to bone. Additionally, the platysma in both California sea lions and 
northern elephant seals has a small slip of muscle that extends dor-
sally and attaches to the caudal and dorsal edge of the squamosal 
bone. The platysma in California sea lions also extends around the 
ventral edge of the mandible, wraps ventrally and medially around 
the digastric, and attaches to the medial edge of the mandible.

3.1.2  |  Sphincter colli profundus

The sphincter colli profundus is a thin sheet of muscle on the ventral 
portion of the skull (Figure 2b). It originates caudal to the hyoid and 
throat musculature (which was not preserved in any specimens in 

this study) and inserts onto the ventral edge of the mandibular sym-
physis. The muscle fibers run mediolaterally and meet at the mid-
line on the ventral side of the skull. The sphincter colli profundus is 
superficial to the mylohyoid and bordered dorsally by the platysma 
along the lateral edge of the mandible. The sphincter colli profundus 
has fibrous attachments to the platysma but is differentiated by a 
marked change in fiber direction. The sphincter colli profundus sup-
ports the tongue and hyoid musculature of the lower jaw and acts as 
a sling that tightens when contracted.

Northern elephant seals have the largest sphincter colli profun-
dus, and Weddell seals have the smallest after correcting for skull 
size (Table S2). The sphincter colli profundus forms a single muscle 
layer with the platysma in bearded seals and California sea lions. The 
sphincter colli profundus in northern elephant seals extends dorsally 
along the lateral sides of the skull to attach to the zygomatic arch, 
deep to the attachment of the platysma. The Weddell seals’ sphinc-
ter colli profundus inserts into the corners of the mouth caudal to 
the orbicularis oris.

3.1.3  |  Frontalis

The frontalis is a superficial triangular muscle that covers the dorsal 
and medial portion of the cranium (Figures 2, 3c and 4d). It origi-
nates on the frontal bone at the junction of the maxilla. The muscle 
is composed of two portions that meet and insert along the sagittal 
crest on the dorsal midline of the skull. The muscle fibers run rostro- 
caudally. A small slip of the frontalis travels caudally to border the 
occipitalis. A second small slip of the frontalis attaches rostrally into 
the corner of the eyelid. The frontalis is superficial to the temporalis 
and immediately dorso- caudal to the orbits. The muscle is bordered 
rostrally by the levator nasolabialis and the orbicularis oculi. The 
frontalis helps pull the ear canal and cartilage rostrally.

Few specimens had an intact frontalis muscle; of these, north-
ern elephant seals have the largest frontalis, and ringed seals have 
the smallest after correcting for skull size (Table S2). A portion of 
the frontalis originates on the orbital ligament in Weddell seals. The 
frontalis in ringed seals travels rostrally until the junction of the 
maxilla and nasal bone. The frontalis in California sea lions has two 
distinct bodies: one portion originates immediately dorsal to the eye 
and runs rostro- caudally; the second portion originates on the lat-
eral side of the skull and travels medially to the sagittal crest.

3.1.4  |  Occipitalis

The occipitalis is a thin superficial muscle on the dorsal and caudal 
portion of the cranium. This muscle was only identifiable in northern 
elephant seals. Many of the other specimens had the dorso- caudal 
portion of the cranium removed (to access and sample the brain 
tissue during necropsies) prior to their inclusion in this study. The 
occipitalis of northern elephant seals attaches to the occipital and 
parietal bones. The muscle fibers run rostro- caudally. The occipitalis 

F I G U R E  2  Superficial pinniped facial expression muscles shown 
in lateral view on a northern elephant seal. (a) Outer- most layer of 
craniofacial muscles after the skin and blubber layers are removed. 
(b) Deeper layer of craniofacial muscles, with the platysma reflected 
caudally [Colour figure can be viewed at wileyonlinelibrary.com]

https://onlinelibrary.wiley.com/
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has multiple attachments to cervical muscles at the caudal edge of 
the skull. The occipitalis is deep to the platysma, caudal to the or-
bicularis oculi and frontalis, and bordered laterally by the temporalis. 
The occipitalis tenses the nasofrontal fascia and pulls it caudally.

3.1.5  |  Orbicularis oculi

The orbicularis oculi is a superficial circular muscle surrounding the 
eyes and is located directly underneath the skin and blubber (Figures 
2, 3 and 4d). The muscle fibers follow the curvature of the eye in a 
circular orientation. The muscle fibers are widest dorsoventrally and 
narrower mediolaterally at the corners of the eye. The orbicularis 
oculi is bordered dorsally and rostrally by the levator nasolabialis. 
It is bordered dorsally and caudally by the frontalis. The orbicularis 
oculi is firmly attached to the skin of the eyelid and is responsible for 
closing the eyelid.

Ringed seals have the largest orbicularis oculi, and harbor seals 
have the smallest after correcting for skull size (Table S2). The orbi-
cularis oculi is thinner in ringed seals than other species. The orbicu-
laris oculi is wide and prominent in California sea lions and Weddell 
seals. Some supraorbital vibrissae are embedded in the orbicularis 
oculi, dorsal to the orbits, in Weddell seals.

3.1.6  |  Levator nasolabialis

The levator nasolabialis is a large muscle covering the dorsal and 
lateral sides of the rostrum (Figures 3 and 4). It originates broadly 
along the dorsal midline of the skull, rostral to the orbits on the 
nasal bone. The levator nasolabialis inserts along the dorsal edge 
of the caninus. The left and right pairs meet at their origin along 
the dorsal midline. The muscle fibers run dorsoventrally and are 
slightly rostrally directed. The levator nasolabialis is superficial 
and caudal to the levator labii superioris. The levator nasolabialis 
is bordered caudally by the orbicularis oculi and frontalis and bor-
dered ventrally by the caninus. The action of the levator nasolabia-
lis is to pull the upper lip caudally and dorsally, possibly elevating 
the upper lip to reveal the canine teeth. The levator nasolabialis 
may potentially exert some control over the movement of the mys-
tacial vibrissae.

Bearded seals have the largest levator nasolabialis and ringed 
seals have the smallest after correcting for skull size (Table S2). The 
nerves that run from the infraorbital foramen are deeply embedded 
in both the caninus and levator nasolabialis in bearded seals. The le-
vator nasolabialis in bearded seals also originates dorsal to the eye. It 
then travels rostrally and ventrally to curve around the rostral edge 
of the orbit.

F I G U R E  3  Pinniped facial expression and mastication muscles shown in lateral view on a (a) northern elephant seal, (b) harbor seal, (c) 
ringed seal, and (d) bearded seal. Note the position of the stylohyoid superficial to the digastric in northern elephant seals and ventral to the 
digastric in harbor seals [Colour figure can be viewed at wileyonlinelibrary.com]

https://onlinelibrary.wiley.com/
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3.1.7  |  Levator labii superioris

The levator labii superioris is a deep facial muscle that runs along 
the lateral sides of the upper rostrum to the nasal ala on the outer 
portion of the nostril (Figures 3 and 4d). It originates on the maxillary 
bone rostral to the infraorbital foramen, and the origin blends with 
fibers of the levator nasolabialis. The levator labii superioris inserts 
into the soft tissue of the rostrum near and on the edges of the nos-
trils. The muscle directly covers the maxillary, premaxillary, and nasal 
bones and comprises the lateral portion of the soft tissue of the ros-
trum. The levator labii superioris extends rostrally past the premaxil-
lary and nasal bones into the soft tissue of the rostrum, surrounding 
the lateral edges of the nostrils. The muscle fibers arc dorsally from 
the corner of the mouth to run caudo- rostrally. The muscle is bor-
dered ventrally by the caninus, and some fibers of the two muscles 
blend together. The levator labii superioris is deep to and bordered 
dorsally and caudally by the levator nasolabialis. The levator labii su-
perioris is distinguished from the levator nasolabialis by a marked 
change in the fiber direction. The levator labii superioris is responsi-
ble for moving the soft tissue of the rostrum, possibly elevating the 
upper lip to reveal the canine teeth, and opening the nostrils.

Bearded seals have the largest levator labii superioris and harbor 
seals have the smallest after correcting for skull size (Table S2). The 
levator labii superioris in northern elephant seals has two insertions: 
one attaches to the dorsal portion of the nostril and the other at-
taches to the lateral side of the nostril.

3.1.8  |  Caninus

The caninus (also known as the levator anguli oris) is a thick muscle 
that travels rostrally along the maxilla toward the front of the ros-
trum (Figures 3 and 4). It originates on the rostral edge of the jugal 
and maxillary bone, caudal to the infraorbital foramen. The caninus 
is deep to the levator nasolabialis at its origin. The muscle inserts 
into the connective tissue at the front of the rostrum, ventral to 
the nostrils. The muscle fibers run caudo- rostrally. The caninus is 
bordered caudally by the masseter, ventrally by the orbicularis oris, 
and dorsally by the levator nasolabialis and levator labii superioris. 
Some muscle fibers of the levator nasolabialis and levator labii su-
perioris blend with the caninus. The caninus runs parallel to the or-
bicularis oris, but the two muscles are separated by a distinct layer 

F I G U R E  4  Pinniped nasal musculature in rostral view shown on a northern elephant seal (a, c) and harbor seal (b, d). (a, b) External nasal 
and rostral morphology. Note the skin fold underneath the nostrils in the northern elephant seal and the lack of a skin fold in the harbor seal; 
(c, d) Nasal and facial expression musculature of a northern elephant and harbor seal. Small circles indicate muscle fibers traveling rostro- 
caudally. Italics indicate hyoid bones and nonmuscular anatomic features [Colour figure can be viewed at wileyonlinelibrary.com]

https://onlinelibrary.wiley.com/


232  |    KIENLE Et aL.

of connective tissue. The mystacial vibrissae are deeply embedded 
in the caninus. The caninus parallels the branches of the trigeminal 
nerve's second division that emerges from the infraorbital foramen, 
just dorsal to the origin of the caninus. These nerve branches are 
deeply embedded in the caninus as the muscle travels rostrally but 
do not appear to innervate the muscle. The caninus is responsible 
for moving the mystacial vibrissae and for drawing the soft tissue of 
the rostrum caudally.

California sea lions have the largest caninus and northern ele-
phant seals have the smallest after correcting for skull size (Table 
S2). The mystacial vibrissae are deeply embedded in the caninus and 
levator nasolabialis in bearded seals. Also, the caninus in bearded 
seals extends downward toward the corner of the mouth and par-
tially covers the orbicularis oris. In contrast, the mystacial vibrissae 
are not as deeply embedded in the caninus and are easy to remove 
during dissections in ringed and harbor seals. Fibers of the levator 
nasolabialis and levator labii superioris blend with the caninus in 
northern elephant and Weddell seals. The caninus in harbor seals 
does not extend underneath the nostrils but rather ends in the con-
nective tissue caudal to the nostrils.

There is significantly more soft tissue between the ventral edge 
of the nostrils and the upper lip of northern elephant seals compared 
with other species, and this results in a distinct fold (Figure 4). Also, 
the caninus in northern elephant seals travels farther rostrally com-
pared to other species and makes up the lower portion of the fold. 
Further, the caninus is bordered dorsally by the levator labii superio-
ris, comprising the upper portion of the fold. Additionally, the north-
ern elephant seal caninus has only one origin but two bellies. The 
inferior belly ends in the mystacial vibrissae and the second belly 
continues rostrally and curves dorsally to meet the inferior lateral 
portion of the nasal opening. Finally, the rostral edge of the caninus 
of northern elephant seals inserts into the inferior and lateral aspect 
of the nasal ala. It therefore appears to open the soft tissue nostril, 
along with the levator labii superioris. The caninus is also responsible 
for the movement of the inferior portion of the nostril in northern 
elephant seals.

3.1.9  |  Orbicularis oris

The orbicularis oris is a thin circular muscle that lies under the lips 
(Figure 3). The muscle runs along both the upper and lower jaws, 
following the curvature of the mouth in a “C” shape. The orbicula-
ris oris is most distinct at the corner of the mouth. The muscle ex-
tends along the length of the lower jaw toward the mentalis on the 
lower jaw. The muscle fibers radiate outward rostrally and ventrally 
from the corner of the mouth. The orbicularis oris is less distinct 
on the upper jaw; it runs rostro- caudally and is bordered dorsally 
by the levator nasolabialis and caninus but is separated by a layer 
of connective tissue. The muscle fibers of the orbicularis oris and 
caninus often blend together as the orbicularis oris travels rostrally, 
especially as the orbicularis oris intersects with the mystacial vi-
brissae. The orbicularis oris is bordered caudally by the insertions 

of the platysma and sphincter colli profundus at the corner of the 
mouth. The orbicularis oris is responsible for closing the lips when 
the mouth is closed.

Bearded seals have the largest orbicularis oris and Weddell seals 
have the smallest after correcting for skull size (Table S2). The mus-
cle fibers of the orbicularis oris and mentalis blend together ros-
trally on the lower jaw in bearded seals. The orbicularis oris is most 
distinct and well- defined in bearded seals, California sea lions, and 
Weddell seals.

3.1.10  |  Buccinator

The buccinator is a small, thin muscle that runs along the upper and 
lower jaws under the lips, deep to the orbicularis oris. It originates 
from connective tissue attached to the maxilla by the ventral edge 
of the levator nasolabialis. The muscle fibers of the buccinator in-
sert into the caninus on the upper jaw, and the fibers of the two 
muscles blend together. The buccinator travels along the lateral 
edge of the mandible on the lower jaw, and the muscle fibers insert 
into connective tissue caudal to the mentalis. The muscle fibers 
run rostro- caudally and follow the curvature of the mouth, similar 
to the orbicularis oris. The buccinator is bordered caudally by the 
masseter. The buccinator is bordered dorsally by the caninus, but 
separated by a layer of connective tissue that is similar to the or-
bicularis oris. The buccinator is difficult to differentiate from the 
orbicularis oris, especially at the corners of the mouth. The buc-
cinator helps draw back the angle of the mouth and flatten the 
cheek.

Northern elephant seals have the largest buccinator, and bearded 
seals have the smallest after correcting for skull size (Table S2). The 
buccinator is only located on the lower jaw in ringed seals. The buc-
cinator in California sea lions travels rostrally on the upper jaw, a few 
vibrissae are embedded in the rostral portion, and it terminates ven-
trally at the nostrils. The buccinator also attaches to the suture be-
tween the maxilla and jugal bones, caudal to the infraorbital foramen 
in California sea lions. The buccinator fibers in northern elephant 
seals fan out on the upper and lower jaws and become indistinct 
toward their insertion. The buccinator of northern elephant seals 
is deep to the caninus and inserts inside the lateral portion of the 
cheek, manipulating no more than 1/3 of the total length of the cau-
dal portion of the upper lip.

3.1.11  |  Mentalis

The mentalis is a small, thin muscle located on the rostral tip of the 
lower jaw (Figure 5). It originates on the caudal edge of the man-
dibular symphysis and inserts into the lower lip where it blends with 
fibers of the orbicularis oris. The muscle fibers radiate like a fan 
dorsoventrally from beneath the lower canine and extend rostrally 
toward the incisors. The mentalis stiffens the lower lip. In most spe-
cies, the mentalis is extremely difficult to locate and distinguished 
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by only a few muscle fibers. The mentalis is not present in ringed 
seals. The mentalis is most distinct in Weddell seals but difficult to 
separate from the orbicularis oris at the caudal edges.

3.1.12  |  Zygomaticus

The zygomaticus is a thin muscle. It extends from its origin on the 
rostral portion of the jugal and squamosal bones to its insertion 
where it blends with the muscle fibers of the levator nasolabialis. 
The muscle fibers travel rostrally and ventrally. The zygomaticus is 
deep to the platysma and bordered dorsally by the orbicularis oculi. 
The zygomaticus aids in drawing the upper lip caudally and dor-
sally. This muscle was only identified in northern elephant seals and 
California sea lions (Table S2).

3.1.13  |  Nasalis

The nasalis (nomenclature following Diogo et al., 2009) is a thin un-
paired superficial muscle that runs between the left and right nostrils 
at the tip of the rostrum (Figure 4). The muscle fibers run dorsoven-
trally and mediolaterally between the two nostrils and extend along 

the entire dorsoventral length of the nostrils. The nasalis is likely 
responsible for opening the nostrils.

Weddell seals’ nasalis does not extend ventral to the nostrils; 
rather, underneath the nostrils there is a layer of connective tissue 
and blubber above the lips. The nasalis is large and well- defined in 
northern elephant seals. The muscle fibers of the nasalis of northern 
elephant seals extend from the dorsal- most edge of the nostrils ven-
trally to the upper lip (Figure 4c). The fibers of the northern elephant 
seal nasalis blend with fibers of the levator labii superioris. The con-
tinuation of the nasalis ventral to the nostrils in northern elephant 
seals may help indent the fold of skin directly underneath the nostrils.

3.2  |  Mastication muscles

3.2.1  |  Temporalis

The temporalis is a large, thick muscle covering the entire dorsal 
surface of the parietal bone on both the dorsal and lateral sides of 
the skull (Figures 2 and 3). It has a broad origin along the rostral 
edge of the parietal bone and inserts on the lateral and medial sides 
of the coronoid process. The muscle is covered by a thick layer of 
superficial fascia. The left and right muscle pairs are separated by 

F I G U R E  5  Pinniped soft palate and mastication muscles shown on a northern elephant seal in (a– c) ventral view, and (d) dorsal view with 
the tongue and larynx detached from the skull. Italics indicate hyoid bones [Colour figure can be viewed at wileyonlinelibrary.com]

https://onlinelibrary.wiley.com/
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connective tissue at the dorsal midline of the cranium. The muscle 
fibers run dorsoventrally and are rostrally directed. The temporalis 
travels ventrally underneath the zygomatic arch. The lateral por-
tion of the temporalis and its insertion on the lateral portion of the 
coronoid process are deep to the masseter. The ventral edge of the 
muscle is deep to the auditory canal. The temporalis is bordered ros-
trally by the orbicularis oculi and bordered on the medial insertion 
by the medial pterygoid. The temporalis is responsible for elevating 
the mandible to close the jaw.

Weddell seals have the largest temporalis, and bearded seals 
have the smallest after correcting for skull size (Table S2). Weddell 
seals’ temporalis extends rostrally to partially originate on the liga-
ment that forms the caudal edge of the orbit, and the muscle extends 
caudally to attach to the dorsal portion of the mastoid process. This 
resulted in Weddell seals’ temporalis having a much larger attach-
ment on the cranium, leading to a much larger overall surface area 
compared with the other species. The rostral- most portion of the 
temporalis is deep to the occipitalis in bearded seals. The temporalis 
travels rostrally to attach to the frontal bone in California sea lions 
and northern elephant seals. Also in northern elephant seals, the 
temporalis has two heads at the insertion that merge dorsally; one 
head is attached to the medial side of the coronoid process, and the 
other head is attached to the lateral surface of the coronoid process. 
The temporalis in harbor seals does not cover the entire surface of 
the parietal bone.

3.2.2  |  Masseter

The masseter is a large, thick muscle that is deep to the platysma 
and sphincter colli profundus. It is separated from other muscles by 
a thick layer of superficial fascia (Figures 3, 5a, 6 and 8). The mas-
seter originates on the ventral border of the jugal and squamosal 
bones starting at the rostral- most point of the jugal. The muscle has 
a broad insertion along the lateral side of the mandible where it at-
taches directly to the lateral surface of the coronoid process. A por-
tion of the masseter also curves around the caudal and ventral edge 
of the lower jaw to insert on the medial side of the mandible. The 
muscle fibers fan out from the origin dorsoventrally and are cau-
dally directed. The hypoglossal nerve is superficial to the masseter 
and runs caudo- rostrally along the masseter. The masseter is bor-
dered rostrally by the orbicularis oris and ventrally by the digastric. 
The insertion of the masseter on the medial side of the mandible is 
bordered by the medial pterygoid. The masseter is used to raise the 
mandible to close the mouth and exert strong bite forces.

Northern elephant seals have the largest masseter, and har-
bor seals have the smallest after correcting for skull size (Table 
S2). California sea lions, harbor seals, northern elephant seals, and 
ringed seals exhibit intraspecific variation of the masseter. The mas-
seter presents individual variation in each species: some individuals 
of each species have a masseter comprised of one belly, whereas 
in other individuals, the masseter is divided into a superficial belly 

F I G U R E  6  Pinniped tongue, mastication, and hyoid muscles in ventral view shown on a California sea lion (a, c– d) and northern elephant 
seal (b). (a, b) Superficial view of the tongue muscles and (c– d) deep view of the tongue and hyoid muscles. Italics indicate hyoid bones 
[Colour figure can be viewed at wileyonlinelibrary.com]

https://onlinelibrary.wiley.com/
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and a deep belly. In individuals with two bellies, the superficial belly 
is larger and originates along the jugal and squamosal. The muscle 
fibers of the superficial belly travel dorsoventrally and are caudally 
directed. The superficial belly inserts on the lateral side of the man-
dible, where it is bordered by the insertion of the digastric. The deep 
belly has a similar origin that is difficult to separate from the super-
ficial belly. The muscle fibers of the deep belly fan out toward its in-
sertion along the lateral edge of the angular process of the mandible.

3.2.3  |  Lateral pterygoid

The lateral pterygoid is a small, round muscle (Figure 5). It originates 
on the rostral edge of the auditory bulla, deep to the digastric. It 
inserts onto the medial surface of the mandible, rostral to the con-
dyles. The muscle fibers run mediolaterally and are slightly rostrally 
directed. It is located immediately lateral to the medial pterygoid. 
The lateral pterygoid is bordered dorsally by the temporalis on the 
medial side of the coronoid process. The lateral pterygoid mainly 
assists in elevating the mandible. It may also cause minor side- to- 
side shifts when contracted singularly or mandible retraction when 
contracted as a pair. This muscle was only identified in northern el-
ephant seals (Table S2).

3.2.4  |  Medial pterygoid

The medial pterygoid is a large bulbous muscle that travels along 
the lateral sides of the pterygoid hamuli and the medial side of the 
mandible (Figures 5 and 6b). It originates on the rostral edge of the 
auditory bulla by a strong tendinous attachment. It also arises on 
the lateral edge of the palate along the caudal edge of the jugal and 
maxilla. The medial pterygoid inserts along the medial edge of the 
mandible below the coronoid process. The medial pterygoid fits into 
the groove between the mandible and the auditory bulla by the tem-
poromandibular joint. The muscle fibers run rostro- caudally along 
the pterygoid hamulus and curve ventrally to attach to the mandible. 
The medial pterygoid runs along the pterygoid hamulus but does not 
have any attachments to it. The muscle is widest along with its origin 
and narrows toward the insertion. The medial pterygoid is deep to 
the digastric and masseter and passes deep to the soft palate along 
the lateral edges along with the pterygoid plate. The origin of the 
medial pterygoid is rostral and slightly medial to the origin of the 
lateral pterygoid. The medial pterygoid is bordered dorsally by the 
insertion of the temporalis, medially by the levator veli palatini, lat-
erally by the insertion of the mylohyoid and masseter, and caudally 
by the stylohyoid. The medial pterygoid primarily assists in raising 
the mandible along with the lateral pterygoid, possibly adding power 
to the bite. Additionally, it may be responsible for mild side- to- side 
shifts when contracting individually or protraction when contracting 
as a pair.

The medial pterygoid is similar in size across the four species 
in which it was identified (California sea lions, harbor, northern 

elephant, and Weddell seals; Table S2). Muscle fibers of the me-
dial pterygoid in northern elephant seals blend with fibers of the 
masseter around the ventral edge of the mandible, perhaps adding 
strength to the masseter's bite force. The medial pterygoid in ringed 
seals partially inserts into the tongue muscles.

3.2.5  |  Digastric

The digastric is a large and thick two- bellied muscle (Figures 3 and 
5– 7). It has a broad origin on the ventral edge of the paraoccipital 
process lateral to the occipital condyles and caudal to the auditory 
bulla. The digastric inserts along the ventral edge of the mandible 
caudal to the mandibular symphysis. The digastric insertion is bor-
dered and partially covered by the insertion of the mylohyoid. The 
digastric is wrapped in the superficial fascia, and the muscle fibers 
run caudo- rostrally. The digastric is widest at its origin and narrows 
as it travels rostrally toward the insertion. The two bellies of the 

F I G U R E  7  External pinniped tongue morphology shown in 
dorsal view of a (a) northern elephant seal, (b) bearded seal, and (c) 
California sea lion. Italics indicate hyoid bones [Colour figure can be 
viewed at wileyonlinelibrary.com]

https://onlinelibrary.wiley.com/
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digastric are delineated by a tendinous attachment between them. 
The first belly begins at the rostral and ventral edge of the mandible 
and travels caudally. The second belly attaches directly to the first 
belly caudal to the mandible and fibers are directed dorsoventrally. 
The muscle covers the auditory bulla, is deep to the stylohyoid, and 
is bordered dorsally by the masseter. The digastric opens the mouth 
by depressing the mandible.

California sea lions have the largest digastric, and harbor seals 
have the smallest after correcting for skull size (Table S2). The di-
gastric of one northern elephant seal specimen originates on the lat-
eral edge of the mastoid process. A small slip of the digastric in one 
California sea lion specimen extends along the lateral edge of the 
mandible underneath the masseter.

3.3  |  Tongue muscles

3.3.1  |  Styloglossus

The styloglossus is a thin muscle that makes up the lateral portion of 
the tongue and connects it to the cranium (Figure 6). The styloglos-
sus of most pinnipeds originates on the rostral, lateral, and ventral 
edges of the auditory bulla. The styloglossus inserts into the lateral 

sides of the tongue. The muscle fibers run caudo- rostrally. The sty-
loglossus runs along the lateral edge of the stylohyal. The muscle is 
deep to the digastric on the auditory bulla. The muscle is bordered 
medially by the hyoglossus and genioglossus, and it is dorsal to the 
mylohyoid. The styloglossus draws the tongue caudally and may cre-
ate traction for the tongue when feeding.

Ringed seals have the largest styloglossus, and bearded and 
harbor seals have the smallest after correcting for skull size (Table 
S2). The caudal- most fibers of the styloglossus in Weddell seals be-
come indistinct and are difficult to differentiate from other mus-
cles. The styloglossus originates on both the auditory bulla as well 
as on the caudal and medial edges of the stylohyal in harbor seals 
and California sea lions. The styloglossus of one California sea lion 
has three distinct heads at its origin that attach to the medial and 
lateral edges of the stylohyal and by connective tissue to the audi-
tory bulla.

3.3.2  |  Hyoglossus

The hyoglossus is a large thick muscle that makes up the lateral and 
ventral portions of the tongue (Figures 4c,d, 6 and 8). It originates 
on the ventral and lateral edges of the basihyal and inserts into the 

F I G U R E  8  Pinniped hyoid muscles in ventral view shown on a (a, c) California sea lion, and (b, d) northern elephant seal. Italics indicate 
hyoid bones and nonmuscular anatomic features [Colour figure can be viewed at wileyonlinelibrary.com]

https://onlinelibrary.wiley.com/


    |  237KIENLE Et aL.

lateral and ventral body of the tongue. The muscle fibers run caudo- 
rostrally. The pairs of the hyoglossus do not intersect at the midline 
but rather lie side- by- side (parallel) on either side of the midsagit-
tal line, separated by fibers of the genioglossus. The hyoglossus 
travels together with the genioglossus to the tip of the tongue. The 
hyoglossus is located dorsally to the mylohyoid and sphincter colli 
profundus. The hyoglossus is bordered laterally by the styloglossus 
and medially by the genioglossus. It is bordered caudally by the thy-
rohyoid. The hyoglossus is responsible for retracting and depressing 
the tongue.

California sea lions have the largest hyoglossus and harbor seals 
have the smallest after correcting for skull size (Table S2). The hyo-
glossus fibers in bearded seals originate adjacent to the thyrohyoid, 
with the two muscles running in opposite directions. The origin of 
the hyoglossus in harbor and northern elephant seals is on the ven-
tral edges of the thyrohyal, caudal to the basihyal, and superficial to 
the ceratohyal. Additionally, in both northern elephant and harbor 
seals, the hyoglossus is comprised of two bellies: one belly arises 
from the stylohyal near the tip of the tympanohyal, and the other 
belly arises from the caudal edge of the basihyal. These two bellies 
blend together rostrally to form one band of muscle. The hyoglossus 
in California sea lions originates on the lateral and rostral edges of 
the basihyal and ceratohyal.

3.3.3  |  Genioglossus

The genioglossus is a large muscle that comprises the medial por-
tion of the tongue (Figures 6 and 8). It originates along the caudal 
edge of the mandibular symphysis. The genioglossus inserts into the 
main body of the tongue, traveling to the rostral tip of the tongue. 
The genioglossus also inserts onto the rostral edge of the basihyal 
and has fibrous attachments to the rostral edges of the ceratohyal 
and epihyal. The muscle fibers travel dorsally from their origin on 
the mandibular symphysis. The left and right muscles meet along the 
midline and travel as a single sheet into the main body of the tongue. 
At this point, the muscle fibers run rostro- caudally from the tip of 
the tongue to the hyoid apparatus. The genioglossus is bordered 
laterally by the hyoglossus and styloglossus. It is dorsal to the geni-
ohyoid, and the two muscles are separated by superficial fascia. The 
genioglossus is responsible for depressing the tongue. The rostral 
fibers curl the apex of the tongue ventrally. The caudal fibers pull the 
hyoid apparatus rostro- ventrally.

The genioglossus is largest in northern elephant seals have 
the largest genioglossus and bearded seals have the smallest after 
correcting for skull size (Table S2). The fibers of the genioglossus 
are difficult to separate and distinguish from the geniohyoid in 
Weddell seals. Some species showed intraspecific variation at the 
insertion of the genioglossus on the hyoid apparatus. For example, 
genioglossus fibers were inserted directly on the basihyal in some 
California sea lions and northern elephant seals, but in other indi-
viduals of the same species, there was no fibrous attachment to 
the basihyal.

3.3.4  |  Tongue (Lingua propria)

The pinniped tongue is bifurcated at its apex but has no longitudinal sul-
cus running along the dorsal midline to delineate the left and right sides 
(Figures 5d and 7). The styloglossus makes up the lateral body of the 
tongue. The hyoglossus makes up most of the lateral and ventral por-
tions of the tongue. The genioglossus comprises the majority of the dor-
sal and medial portions. Both the genioglossus and hyoglossus extend 
rostrally to the tip of the tongue. Additionally, intrinsic tongue muscles 
run rostro- caudally immediately underneath the epithelium, extend-
ing from the caudal base of the tongue rostrally. The intrinsic tongue 
muscles comprise the majority of the rostral body of the tongue. The 
intrinsic muscle fibers travel rostro- caudally, mediolaterally, and dors-
oventrally. The tongue is extremely muscular and contains no adipose 
tissue. The tip of the tongue is freely mobile and has a cleft separating 
the two bifurcated lobes. The extrinsic tongue muscles (e.g., styloglos-
sus, hyoglossus, genioglossus) produce gross movements of tongue po-
sition. The intrinsic tongue muscles produce complex tongue shapes.

Northern elephant seals have the largest tongues, and California 
sea lions have the smallest after correcting for skull size (Table S2). 
The genioglossus and hyoglossus in northern elephant seals travel 
rostrally to the tip of the tongue; they interdigitate with the intrinsic 
tongue muscles in the rostral ¼ of the tongue.

There are interspecific differences in the gross morphology of the 
pinniped tongue. Bearded seals have a yellow- brown tongue. California 
sea lions and Weddell seals have a reddish- pink tongue. Harbor seals 
have a pink tongue. Northern elephant seals have a light pink tongue 
with some dark red spots on the rostral half. The dorsal surface of the 
northern elephant seal tongue is mostly smooth, with some rigosity 
along the rostral edges (Figure 7a). Bearded seals, California sea lions, 
harbor seals, and ringed seals have small lingual papillae on the rostral 
and lateral surfaces of the tongue and extend caudally along the sur-
face of the tongue. Bearded seals have a course dorsal surface of the 
tongue that is covered in tiny bulges that may be taste buds. Although 
there is no evidence of taste buds in Weddell seals, there are numer-
ous blood vessels on the dorsal surface of the tongue. Northern ele-
phant and Weddell seals have a deep tongue cleft and large frenulum. 
In contrast, California sea lions have a short frenulum.

3.4  |  Hyoid muscles

The pinniped hyoid apparatus is comprised of nine bony elements: 
the unpaired basihyal and the paired thyrohyals, ceratohyals, epihyals, 
and stylohyals. Eight distinct muscles attach to these bones. The pin-
niped hyoid apparatus also includes the paired tympanohyal cartilage 
that attaches the stylohyals to the lateral edge of the auditory bulla.

3.4.1  |  Mylohyoid

The mylohyoid is a thin, flat muscle running latero- medially between 
the ventral edges of the mandible (Figure 8). It originates along the 
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entire ventral and medial length of the mandible, and the muscle in-
serts into its pair along the ventral midline. The muscle fibers run 
mediolaterally and together with its pair forms a sling for the floor 
of the mouth. The left and right muscles give the appearance of a 
weak chevron with mild flexion of the fiber direction where the two 
muscles meet at the midline. The entire muscle is wrapped in the 
superficial fascia. The muscle is bordered on the lateral edges by the 
digastric, is deep to the sphincter colli profundus, and superficial to 
the geniohyoid. The primary function of the mylohyoid is to raise the 
floor of the mouth (including the tongue). It can also pull the hyoid 
apparatus rostro- dorsally.

California sea lions have the largest myloyoid and Weddell seals 
have the smallest after correcting for skull size (Table S2). The my-
lohyoid of northern elephant seals is partially covered on its cau-
dal edge by the stylohyoid, and it attaches directly to the digastric, 
rather than the mandible. The mylohyoid in harbor seals has attach-
ments to the caudal edge of the mandibular symphysis and partially 
inserts on the ventral edge of the basihyal. Similarly, the mylohyoid 
inserts on the basihyal in ringed seals and California sea lions.

3.4.2  |  Sternohyoid

The sternohyoid is a robust muscle that is found ventral to the thy-
roid cartilage of the larynx (Figures 6 and 8). It travels rostrally from 
its origin in the ventral thoracic region (which was not included in 
any specimens in this study). The sternohyoid inserts along the 
caudal edge of the basihyal and extends laterally onto a connective 
tissue aponeurosis that attaches along the caudal edge of the thyro-
hyal. The fibers run caudo- rostrally. The pairs of the muscle lie paral-
lel and adjacent to each other with no perceptible gap in the midline 
as they approach their insertion on the basihyal. The sternohyoid is 
bordered rostrally by the hyoglossus and geniohyoid, and it is ventral 
to the thyrohyoid, sternothyroid, and ceratohyoid. The sternohyoid 
pulls the basihyal caudally and ventrally, thereby causing retraction 
and depression of the tongue and larynx that are also attached to 
the hyoid apparatus.

Northern elephant seals have the largest sternohyoid, and 
bearded seals have the smallest after correcting for skull size (Table 
S2). The sternohyoid in bearded seals and California sea lions ares a 
thin sheet of muscle. The sternohyoid in harbor seals inserts more 
rostrally on the basihyal closer to the origin of the hyoglossus, with 
some fibers also attaching to the caudal edge of the epihyal.

The sternohyoid of northern elephant seals has a unique mor-
phology compared with the other species. Specifically, their ster-
nohyoid is long and thick, with the muscle fibers blending with the 
geniohyoid ventral to the basihyal to form a single sheet of muscle. 
The sternohyoid also has two heads: one is a small, medial bundle, 
and the other is a wide, lateral bundle. Both heads of the muscle 
blend rostrally with the geniohyoid. The geniohyoid and sternohyoid 
are attached to each other by connective tissue that attaches to the 
basihyal, potentially acting as one strap of muscle. There are also 
some connective tissue attachments to the ventral surface of the 

trachea. Additionally, northern elephant seals show some intraspe-
cific variation for these attachments, with the pairs of the sternohy-
oid meeting at the midline in some specimens and fusing together at 
the midline in one individual.

3.4.3  |  Geniohyoid

The geniohyoid is a long, flat muscle that runs from the hyoid ap-
paratus to the mandibular symphysis (Figures 6 and 8). It originates 
on the caudal and ventral edge of the mandibular symphysis and in-
serts along the rostral and ventral edges of the basihyal. The pairs 
of the muscle run in parallel and are connected at the midline raphe. 
The geniohyoid is ventral to the genioglossus, ventral and medial to 
hyoglossus, and dorsal to the mylohyoid. The geniohyoid is bordered 
caudally by the omohyoid and sternohyoid. The muscle fibers run 
rostro- caudally, and some fibers blend with the genioglossus along 
the border of the two muscles. The geniohyoid draws the hyoid ap-
paratus rostrally during swallowing and therefore also elevates the 
attached larynx. The geniohyoid can also protrude the attached 
tongue.

Northern elephant seals have the largest geniohyoid and 
bearded seals have the smallest after correcting for skull size (Table 
S2). The origin of the geniohyoid in bearded seals continues onto the 
rostral edge of the epihyal. The fibers of the geniohyoid in Weddell 
seals blend with those of the mylohyoid but are differentiated by 
a change in the fiber direction. The insertion of the geniohyoid in 
northern elephant seals is on both the thyrohyal and basihyal, dor-
sal to the stylohyoid. Also, there are some geniohyoid muscle fibers 
that merge with those of the sternohyoid, caudal to the basihyal, in 
northern elephant seals. The muscle fibers of both the geniohyoid 
and sternohyoid muscle fibers run rostro- caudally but a thin layer of 
connective tissue separates the two.

3.4.4  |  Stylohyoid

The stylohyoid is a rectangular strap- shaped muscle (Figures 3, 5d, 
6d and 8). It originates on the cranium in the same plane as the exter-
nal auditory meatus. The exact origin varies by species (see below). 
The stylohyoid inserts into its pair from the opposite side along the 
midsagittal line, and some muscle fibers blend with those of the 
caudal edge of the mylohyoid. The stylohyoid runs dorsoventrally 
as it travels from its origin on the cranium to the insertion into its 
pair. It curves around the lateral sides of the mandible, and the fib-
ers then run latero- medially. The muscle fibers are parallel to those 
of the mylohyoid at its insertion. The stylohyoid lies caudal to the 
mylohyoid in the same plane. The muscle is widest at the origin and 
narrows toward its insertion. The stylohyoid is superficial to the di-
gastric and covers part of the digastric as the muscle travels from 
its origin to insertion. The stylohyoid is bordered rostrally by the 
masseter. The muscle is bordered at the origin by the external audi-
tory canal. The function of the stylohyoid is potentially to extend the 
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width (mediolaterally) of the back of the throat and/or elevate the 
hyoid apparatus dorsally.

Bearded and northern elephant seals have the largest stylohy-
oid and northern elephant seals and California sea lions, harbor, and 
ringed seals have the smallest after correcting for skull size (Table 
S2). The bearded seals’ stylohyoid originates from connective tissue 
attached between the masseter and digastric and does not arise di-
rectly from the skull. The stylohyoid in California sea lions, harbor 
seals, and Weddell seals originates dorsal to the external auditory 
meatus; it is bordered by the external auditory canal and lateral to 
the auditory bulla. The ringed seals’ stylohyoid originated on the lat-
eral side of the mastoid process, caudal to the auditory bulla.

The stylohyoid is extremely distinct in northern elephant seals. 
It is a thick band of muscle superficial and ventral to the mylohyoid. 
It originates at the junction of the mastoid process and end of the 
squamosal on the latero- caudal edge. The two pairs of the stylo-
hyoid meet and attach to each other at the ventral midline. At the 
insertion, the fibers form a chevron shape, similar in shape to the 
mylohyoid, at their insertion into each other. There is some attach-
ment to the mylohyoid and to the ventral edge of the basihyal. The 
stylohyoid is tapered toward the ends and wider in the middle. The 
stylohyoid is deep to the sphincter colli profundus and is superficial 
to all other hyoid muscles.

3.4.5  |  Omohyoid

The omohyoid (with terminology following Diogo et al., 2012, 2016; 
Saban, 1968) is a thick hyoid muscle that runs from the basihyal cau-
dally toward the lateral neck (Figure 8b). The caudal portion was sev-
ered in all specimens but likely originates on the scapula. The rostral 
portion of the omohyoid inserts on the lateral and caudal edges 
of the basihyal via a connective tissue aponeurosis. The omohyoid 
shares a common aponeurosis on the basihyal with the geniohyoid, 
the lateral portion of the sternohyoid, and the thyrohyoid. The fibers 
of the rostral portion of the omohyoid run rostro- caudally but after 
they pass under the sternocleidomastoid, the fibers are directed lat-
erally at a 45◦ angle from the midline. The omohyoid is bordered me-
dially by the sternohyoid. The function of the omohyoid is to depress 
the hyoid bone and attached larynx caudally. This action can also 
retract the tongue. The omohyoid was only observed in California 
sea lions and northern elephant seals.

3.4.6  |  Thyrohyoid

The thyrohyoid is a triangular muscle that runs from the thyroid car-
tilage of the larynx to the hyoid apparatus (Figure 8d). It originates 
on ventro- lateral aspect of the thyroid cartilage. The muscle inserts 
on the lateral, caudal, and ventral edge of the basihyal, on the ventral 
edge of the ceratohyal, and on the ventral- most projection of the 
thyrohyal. The thyrohyoid is narrow at its origin and widens as it 
travels to the insertion. The thyrohyoid is deep to the sternohyoid 

and omohyoid, and bordered rostrally by the hyoglossus and geni-
ohyoid. The muscle fibers run caudo- rostrally. The thyrohyoid is re-
sponsible for retracting the hyoid apparatus caudally and elevating 
it dorsally.

Ringed seals have the largest thyrohyoid and harbor and north-
ern elephant seals have the smallest after correcting for skull size 
(Table S2). The thyrohyoid in northern elephant seals is an extremely 
thick muscle. The thyrohyoid in harbor seals blends with fibers of 
the sternothyroid.

3.4.7  |  Sternothyroid

The sternothyroid is a rectangular hyoid muscle (Figure 8d). It origi-
nates from the sternum (not present in our specimens) and inserts on 
the ventro- caudal aspect of the thyroid cartilage. The muscle fibers 
travel rostro- caudally. The sternothyroid is responsible for pulling 
the larynx caudally.

The sternothyroid was only identified in bearded and northern 
elephant seals and showed interspecific differences. The bearded 
seal sternothyroid is dorsal to the sternohyoid and lateral to the 
thyroid cartilage. The sternothyroid of northern elephant seals is 
intimately connected with the sternohyoid. These two muscles are 
found in the same plane but differentiated by their separate layers 
of fascia, with the sternothyroid positioned medial to the sternohy-
oid. The sternohyoid and sternothyroid of northern elephant seals 
are merged caudally approaching the sternum. The sternothyroid of 
northern elephant seals inserts into fibers of the cricothyroid, over-
lapping with the rostral attachment of the thyrohyoid.

3.4.8  |  Ceratohyoid

The ceratohyoid is a triangular muscle connecting the ceratohyal, 
thyrohyal, and epihyal elements of the hyoid apparatus (Figure 6d). 
It originates along the lateral edge of the thyrohyal and inserts onto 
the lateral edge of the ceratohyal and along the caudal border of the 
epihyal. The ceratohyoid is deep to the styloglossus. The muscle fib-
ers run caudo- rostrally and are ventrally directed. The ceratohyoid 
decreases the space between the ceratohyal, thyrohyal, and epihyal. 
Contraction appears to bring the basihyal and thyrohyal caudo- 
dorsally, thereby elevating the attached larynx closer to the soft pal-
ate. The ceratohyoid was not observed in ringed and Weddell seals. 
This muscle is largest in California sea lions and smallest in bearded 
seals (Table S2).

3.5  |  Soft palate muscles

3.5.1  |  Tensor veli palatine

The tensor veli palatini is a thin soft palate muscle (Figure 5). It 
originates on the rostral and ventral edges of the auditory bulla and 
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inserts into the lateral edges of the soft palate, into the palatinus, 
and onto the lateral edges of the nasopharynx. The tensor veli palat-
ini is narrowest at the origin and widens toward the insertion. The 
muscle fibers run rostro- caudally. The tensor veli palatini runs along 
the medial edges of the pterygoid hamuli. It is deep to the stylohyoid 
and digastric, bordered caudally by the rectus capitis, and bordered 
medially by the levator veli palatini. Some fibers of the tensor veli 
palatini blend with the levator veli palatini at the origin, but the two 
muscles are distinct along their lengths and have separate inser-
tions. The tensor veli palatini is responsible for stretching the palate 
between the pterygoid hamuli and appears to pull the soft palate 
caudally and laterally.

3.5.2  |  Levator veli palatine

The levator veli palatini is another thin soft palate muscle (Figure 5). 
It originates from connective tissue on the rostral edge of the audi-
tory bulla, medial to the origin of the tensor veli palatini. The leva-
tor veli palatini inserts into the soft palate along the length of the 
pterygoid hamulus on the palatine and terminates at the suture of 
the maxilla and palatine. The muscle fibers run rostro- caudally. The 
levator veli palatini is bordered laterally by the tensor veli palatini 
and medial pterygoid. The levator veli palatini pulls the soft palate 
dorsally. In Weddell seals the levator veli palatini is especially thin. 
In contrast, in northern elephant seals the levator veli palatini is ex-
tremely large and has a broader origin on the auditory bulla com-
pared with the other species in the study.

3.5.3  |  Palatinus

The palatinus is a thin, flat muscle (Figure 5a). It originates on the 
palatine bone, travels rostrally toward the postcanine teeth, and in-
serts into the soft palate. The muscle fibers run rostro- caudally. The 
action of the palatinus is to stretch the palate. The palatinus was only 
observed in northern elephant seals and harbor seals.

3.6  |  Craniofacial muscle morphologic patterns

We quantified the mean MSR (muscle/skull area ratio) for each spe-
cies and for each muscle (Table 1). Northern elephant seals have the 
largest facial expression and hyoid muscles. Weddell seals have the 
largest mastication muscles. California sea lions, northern elephant 
seals, and ringed seals have the largest tongue muscles. In contrast, 
harbor seals consistently have the smallest craniofacial musculature. 
Across all pinniped species, two facial expressions (sphincter colli 
profundus, platysma), one mastication (temporalis), and three hyoid 
(sternohyoid, omohyoid, and mylohyoid) muscles have the greatest 
mean MSR. In comparison, three mastications (levator veli palatini, 
medial and lateral pterygoid), one hyoid (ceratothyroid), and one facial 
expression (frontalis) muscles have the smallest MSR across species.

We quantified variability in MSR by averaging the CV (SD/mean) 
for each species for each muscle (Table 2). Overall, the mastication 
muscles are the most stereotyped (CV = 0.40), whereas the hyoid 
muscles are the most variable (CV = 0.64). Among species, bearded 
seals have the highest variability across all craniofacial muscles 
(mean CV = 0.64), whereas ringed seals exhibit the most stereo-
typed craniofacial muscles (mean CV = 0.20). Further, suction feed-
ers consistently have higher variability in MSR (CV = 0.59) compared 
with biters (CV = 0.37).

Our linear mixed effect models find interspecific differences 
in MSR for the masseter and styloglossus (Table 1). Although not 
significant, we find that ringed seals have a larger styloglossus 
(mean MSR = 0.08) compared with the other species (mean MSR 
range: 0.01– 0.02, F5 = 8.4, p = 0.06). Additionally, northern ele-
phant seals have a larger masseter (mean ± SD; MSR = 0.11 ± 0.06) 
compared with harbor seals that approach significance (mean 
MSR = 0.04 ± 0.01; F4 = 2.90; p = 0.06). Among the two feeding 
strategies, suction feeding species (e.g., bearded and northern el-
ephant seals) have a significantly larger masseter than biting spe-
cies (e.g., California sea lions, harbor, ringed, Weddell seals; mean 
MSR = 0.04; F1 = 4.98, p = 0.04).

4  |  DISCUSSION

Pinnipeds in this study represent species with diverse feeding strate-
gies and evolutionary histories, making this the most comprehensive 
and comparative analysis of pinniped craniofacial musculature to 
date. Pinnipeds conform to many of the craniofacial muscle morphol-
ogy patterns described for other mammals (Burrows, 2008; Diogo 
et al., 2009, 2012, 2016; Evans & de Lahunta, 2013; Huber, 1931; 
Kastelein et al., 1991; Noden & Francis- West, 2006). Pinnipeds also 
show unique musculoskeletal differences from terrestrial mammals 
(Thewissen, 2009) that likely represent adaptations for their aquatic 
existence, including benthic foraging, underwater jaw abduction/ad-
duction, and suction generation. There is broad conformity in the 
craniofacial muscle morphology across pinnipeds, but species also 
show some interspecific and intraspecific variation in muscle struc-
ture and function that is likely related to specific– specific ecologic 
and physiologic selective pressures.

We identify 32 unique pinniped craniofacial muscles that in-
clude facial expression, mastication, tongue, hyoid, and soft palate 
muscles (Table 3). Ringed and bearded seals have the fewest (24), 
whereas northern elephant seals have the most (32). Among mam-
mals with comparable data, primates have the greatest number (40) 
of craniofacial muscles, whereas monotremes had the fewest (e.g., 
24; Diogo et al., 2009). In fact, pinnipeds have the fewest facial 
expression muscles compared with other placental mammals for 
which comparable data exist (e.g., canids, felids, primates, rodents, 
sirenians; Diogo et al., 2008, 2009, 2012; Evans & de Lahunta, 
2013); this pattern is primarily driven by a reduction in the num-
ber of facial expression muscles in pinnipeds. Although apes (goril-
las, chimpanzees, and humans) have 21 facial expression muscles, 
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TA B L E  1  Comparison of mean muscle to skull area ratios (MSRs) for each craniofacial muscles for the six pinniped species in the study

Group Muscle

Bearded seals
California 
sea lions Harbor seals

Northern 
elephant seals Ringed seals

Weddell 
seals

Suction Biting Biting Suction Biting Biting

Facial 
expression

Buccinator 0.01
(1)

— 0.02 ± 0.00
(3)

0.08 ± 0.09
(2)

— — 

Caninus 0.03 ± 0.03
(4)

0.04
(1)

0.02 ± 0.01
(4)

0.04 ± 0.03
(5)

0.02 ± 0.01
(2)

0.03
(1)

Frontalis — 0.02
(1)

— 0.04
(1)

0.01
(1)

— 

Levator labii superioris 0.05 ± 0.01
(2)

0.03
(1)

0.02 ± 0.01
(2)

0.03 ± 0.01
(4)

— — 

Levator nasolabilais 0.06 ± 0.04
(4)

0.04
(1)

0.03 ± 0.01
(3)

0.04 ± 0.01
(5)

0.03 ± 0.00
(2)

— 

Orbicularis oculi 0.06 ± 0.06
(2)

0.01 ± 0.01
(2)

0.03 ± 0.00
(2)

0.04 ± 0.01
(2)

0.09 ± 0.01
(3)

0.05
(1)

Orbicularis oris 0.14 ± 0.15
(4)

0.05 ± 0.02
(3)

0.04 ± 0.03
(3)

0.04 ± 0.03
(5)

0.02
(1)

0.01
(1)

Platysma 0.15 ± 0.10
(2)

0.19 ± 0.09
(2)

— 0.16 ± 0.12
(6)

0.02
(1)

— 

Spincter colli 
profundus

— 0.06
(1)

0.04
(1)

0.31 ± 0.24
(4)

— 0.02
(1)

Zygomaticus — 0.02
(1)

— 0.05
(1)

— — 

Mastication Digastric 0.08 ± 0.05
(3)

0.12 ± 0.07
(4)

0.07 ± 0.02
(3)

0.08 ± 0.02
(6)

0.09 ± 0.04
(4)

0.11
(1)

Masseter 0.05 ± 0.02
(3)a

0.06 ± 0.03
(4)b

0.04 ± 0.01
(5)A,b

0.11 ± 0.06
(6)B,a

0.05 ± 0.02
(3)b

— 

Lateral pterygoid — — — 0.01 (1) — — 

Medial pterygoid — 0.01
(1)

0.02 ± 0.00
(2)

0.02 ± 0.01
(5)

— 0.01
(1)

Temporalis 0.08
(1)

0.15
(1)

0.09 ± 0.05
(3)

0.19 ± 0.07
(2)

0.11 ± 0.00
(2)

0.24
(1)

Tongue Genioglossus 0.02 ± 0.01
(3)

0.05 ± 0.03
(3)

0.03 ± 0.00
(3)

0.06 ± 0.03
(3)

0.05
(1)

0.03
(1)

Hyoglossus 0.03 ± 0.02
(3)

0.08 ± 0.03
(3)

0.02 ± 0.01
(3)

0.05 ± 0.04
(3)

0.03
(1)

0.07
(1)

Styloglossus 0.01
(1)B

0.02 ± 0.01
(3)B

0.01
(1)B

0.03 ± 0.01
(2)

0.08
(1)A

0.03
(1)

Hyoid Ceratohyoid 0.01
(1)

0.03 ± 0.00
(2)

0.02
(1)

0.02 ± 0.01
(2)

— — 

Geniohyoid 0.03 ± 0.01
(3)

0.08 ± 0.04
(3)

0.04 ± 0.03
(4)

0.13 ± 0.13
(5)

0.08
(1)

— 

Mylohyoid 0.08
(1)

0.16 ± 0.20
(2)

0.06
(1)

0.11 ± 0.06
(5)

— 0.03
(1)

Omohyoid — — — 0.12
(1)

— — 

Sternohyoid 0.03
(1)

0.11 ± 0.02
(2)

— 0.17 ± 0.12
(2)

— — 

Stylohyoid 0.04 ± 0.03
(2)

0.02 ± 0.01
(2)

0.02
(1)

0.04 ± 0.02
(4)

0.02
(1)

— 

Thyrohyoid 0.03 ± 0.02
(2)

0.03
(1)

0.02
(1)

0.02
(1)

0.04
(1)

— 

(Continues)
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Group Muscle

Bearded seals
California 
sea lions Harbor seals

Northern 
elephant seals Ringed seals

Weddell 
seals

Suction Biting Biting Suction Biting Biting

Soft palate Levator veli palatini — — — — >0.01
(1)

— 

Tensor veli palatini — — — — 0.03
(1)

— 

Values are reported as mean ± SD and the number of individuals are included in parentheses (n).
Feeding strategies are based off of Kienle and Berta (2016).
Uppercase letters show significant differences between species from post- hoc pairwise contrasts (p ≤ 0.05).
Lowercase letters show significant differences between biting and suction feeding taxa (p ≤ 0.05).

TA B L E  1  (Continued)

TA B L E  2  Comparison of the coefficient of variation (CV) of mean muscle to skull area ratios (MSRs) for each craniofacial muscles for each 
pinniped species in the study

Muscle group Muscle
Bearded 
seals

California sea 
lions

Harbor 
seals

Northern elephant 
seals

Ringed 
seals

Weddell 
seals

Facial expression Buccinator — — 0.19 1.17 — — 

Caninus 1.07 — 0.38 0.66 0.27 — 

Frontalis — — — — — — 

Levator labii superioris 0.27 — 0.28 0.28 — — 

Levator nasolabilais 0.72 — 0.37 0.23 0.1 — 

Orbicularis oculi 0.95 0.1 0.01 0.29 0.12 — 

Orbicularis oris 1.14 0.38 0.76 0.68 — — 

Platysma 0.7 0.47 0.74 — — — 

Spincter colli profundus — — — 0.76 — — 

Zygomaticus — — — — — - 

Mean 0.81 0.32 0.39 0.58 0.16 — 

Mastication Digastric 0.63 0.58 0.33 0.28 0.42 — 

Masseter 0.32 0.45 0.31 0.53 0.48 — 

Lateral pterygoid — — — — — — 

Medial pterygoid — — 0.13 0.31 — — 

Temporalis — — 0.55 0.35 0.00 — 

Mean 0.48 0.52 0.33 0.37 0.30 — 

Tongue Genioglossus 0.49 0.74 0.08 0.49 — — 

Hyoglossus 0.49 0.42 0.58 0.74 — — 

Styloglossus — 0.41 — 0.51 — — 

Mean 0.49 0.52 0.33 0.58 — — 

Hyoid Ceratohyoid — 0.01 — 0.44 — — 

Geniohyoid 0.59 0.46 0.72 1 — — 

Mylohyoid — 1.22 — 0.59 — — 

Omohyoid — — — — — — 

Sternohyoid — 0.2 — 0.72 — — 

Stylohyoid 0.86 0.5 — 0.42 — — 

Thyrohyoid 0.79 — — — — — 

Mean 0.75 0.48 0.72 0.63 — — 

Overall mean 0.64 0.42 0.36 0.52 0.20 — 
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pinnipeds only have ~10– 13, likely as a result of adaptations for 
underwater life.

4.1  |  Interspecific comparisons

4.1.1  |  Facial expression muscles

The facial expression muscles form the outermost muscle layer sur-
rounding the head. This muscle group is composed of the superficial 
craniofacial muscles (platysma and sphincter colli profundus), lip and 
nose muscles (orbicularis oris, zygomaticus, levator labii superioris, 

caninus, buccinator, mentalis, and levator nasolabialis), and eye and 
ear muscles (orbicularis oculi, occipitalis, and frontalis). These mus-
cles control fine- scale movements of the lips, vibrissae (mystacial 
and supraorbital), eyes, and ears. These sensory structures and their 
associated musculature are important for a variety of functions, in-
cluding auditory, tactile, and visual (Hanke et al., 2009; Insley et al., 
2003; Reichmuth et al., 2013; Schusterman et al., 2000).

Pinnipeds have reduced or lost some facial expression muscles 
that are found in other mammals (Diogo et al., 2008, 2009, 2012). 
For example, the pinniped mentalis is reduced or absent among spe-
cies in this study. When present, the pinniped mentalis is only repre-
sented by a few fibers that blend with those of the orbicularis oris. 

TA B L E  3  Comparison of muscle counts by muscle group between different mammalian taxa for which comparable data are available

Scientific name Species name
Facial 
expression Mast. Tongue Hyoid

Soft 
palate Sum References

Pusa hispida Ringed seal ≥10 ≥3 3 ≥5 ≥2 ≥23 This study

Erignathus barbatus Bearded seal 10 ≥3 3 7 ? ≥23 This study

Ornithorhynchus 
anatinus

Platypus 8 5 2 8 1 24 Diogo (2009)

Leptonychotes weddellii Weddell seal 11 4 3 5 ≥1 ≥24 This study

Phoca vitulina Harbor seal 10 ≥4 3 ≥6 2 ≥25 This study

Zalophus californianus California sea lion 12 4 3 ≥7 ? ≥26 This study

Trichechus inunguis Amazonian manatee ≥13 5 3 ≥5 1 ≥27 Domning (1978)

Mirounga angustirostris Northern elephant seal 13 5 3 8 3 32 This study

Cynocephalus volans Philippine flying lemur 16 5 4 6 1 32 Diogo (2009)

Rattus norvegicus Norwegian rat 16 5 3 8 1 33 Diogo (2009)

Aotus sp. Night monkey 17 5 3 7 2 34 Diogo and Wood (2011)

Canis familiaris Dog 17 5 3 8 2 35 Evans and de Lahunta 
(2013)

Panthera tigris Tiger 18 5 3 8 2 36 Diogo et al. (2012)

Tupaia sp. Tree shrew 18 5 3 9 2 37 Diogo (2009)

Lepilemur ruficaudatus Red- tailed sportive 
lemur

18 5 3 9 2 37 Diogo et al. (2009); 
Diogo and Wood 
(2011)

Tarsius sp. Tarsier 18 5 3 8 3 37 Diogo and Wood (2011)

Pongo pygmaeus Bornean orangutan 20 5 ≥3 7 3 ≥38 Diogo et al. (2009); 
Diogo and Wood 
(2011)

Leptailurus serval Serval 20 5 3 8 2 38 Diogo et al. (2012)

Hylobates lar Lar gibbon 20 5 4 7 3 39 Diogo et al. (2009); 
Diogo and Wood 
(2011)

Macaca mulatta Rhesus macaque 20 5 4 8 3 40 Diogo et al. (2009); 
Diogo and Wood 
(2011)

Gorilla gorilla Gorilla 21 5 4 7 3 40 Diogo et al. (2009); 
Diogo and Wood 
(2011)

Pan troglodytes Chimpanzee 21 5 4 7 3 40 Diogo et al. (2009); 
Diogo and Wood 
(2011)

Homo sapien Human 21 5 4 7 3 40 Diogo (2009)
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Additionally, the mentalis of phocids and otariids differs from that 
of odobenids (walruses), another closely related pinniped lineage. 
Walruses have an extremely well- developed mentalis that allows 
the lower lip to move in several directions, thereby playing a role in 
food manipulation and processing (Kastelein et al., 1991). A similar 
well- developed, prominent, fat- filled mentalis has been documented 
in some other mammals, including canids, felids, and primates; in 
these species, the mentalis moves the soft tissue and fat pad of the 
chin, which raises the central portion of the lip (Diogo et al., 2012; 
Evans & de Lahunta, 2013; Zide & McCarthy, 1989). Phocids and 
otariids also have a reduced or absent zygomaticus, and a similar 
pattern has been documented in odobenids (Kastelein et al., 1991). 
The zygomaticus structure and function vary among mammals, rang-
ing from completely absent/reduced (e.g., pinnipeds, monotremes) 
to a distinct two- bellied muscle (e.g., felids, primates; Diogo et al., 
2009, 2012; Diogo & Wood, 2011, 2012). In species with a robust 
zygomaticus, the muscle moves the mouth and/or ear cartilage and 
helps correct skin position during contractions of deeper facial ex-
pression muscles (Diogo & Wood, 2011; Diogo et al., 2012; Evans 
& de Lahunta, 2013). Few studies have examined the role of facial 
expression muscles in mammals (Miller, 1975; Waller & Micheletta, 
2013), particularly in pinnipeds. The reduction and/or loss of facial 
expression muscles in pinnipeds suggests a lack of selective pressure 
to maintain their functionality.

Here, bearded seals, northern elephant seals, and California 
sea lions have the most robust and well- developed facial expres-
sion muscles. Bearded and northern elephant seals are ancestral 
phocid lineages that are categorized as specialized suction feeders 
based on skull and dental morphology (Berta et al., 2018; Churchill & 
Clementz, 2015; Kienle & Berta, 2016). Both species are also named 
for their unique facial features, from the bearded seals’ expan-
sive mystacial vibrissae (Dehn et al., 2007; Ling, 1977) to the male 
northern elephant seals’ elongated, fleshy proboscis (Sanvito et al., 
2007; Townsend, 1912). California sea lions are otariids with a skull 
morphology associated with biting (Adam & Berta, 2002; Churchill 
& Clementz, 2015). In comparison, more recently derived phocids 
(harbor, ringed, and Weddell seals) have the smallest and least devel-
oped facial expression musculature.

Bearded seals have robust musculature associated with the 
mouth and mystacial vibrissae (e.g., levator labii superioris, levator 
nasolabialis, orbicularis oris, caninus). The bearded seals’ orbicularis 
oris is larger than that of other species in this study. The mystacial 
vibrissae are deeply embedded in the surrounding caninus and leva-
tor nasolabialis muscles. Facial nerves travel through both the cani-
nus and levator nasolabialis to innervate the muscles of the bearded 
seal's large vibrissal bed. The increased size of the bearded seal's 
facial expression muscles supports and controls fine- scale move-
ments of the mystacial vibrissae, as well as helps form the mouth 
into a small, circular opening when suction feeding (Marshall et al., 
2006, 2008; Kienle et al., 2018). Bearded seals have the largest 
vibrissal follicle- sinus complex among all phocids and are second 
only to the walrus among all 33 extant pinnipeds (Marshall et al., 
2006). The mammalian vibrissal follicle- sinus complex is composed 

of specialized sensory structures that respond to vibrotactile cues 
in the environment that are transmitted to the brain (Halata, 1975; 
Marshall et al., 2006), presumably by afferent fibers of the trigemi-
nal nerve's maxillary division. The vibrissal follicle- sinus complex in 
both bearded seals and walruses is hypothesized to be associated 
with their use of benthic suction feeding (Kastelein & van Gaalen, 
1988; Marshall et al., 2006). Specifically, the well- developed vibris-
sal follicle- sinus complex may allow individuals to detect and dis-
criminate between prey located on or near the seafloor.

Northern elephant seals have robust craniofacial musculature 
associated with the nose, mystacial vibrissae, and superficial mus-
cles (i.e., nasalis, buccinator, platysma, sphincter colli profundus, and 
caninus). The northern elephant seal's large rostrum is composed of 
several muscles, specifically the nasalis, levator labii superioris, and 
caninus. All northern elephant seals, regardless of age or sex, have 
fleshier and larger nasal regions than other pinnipeds. Adult male 
northern elephant seals are characterized by the long proboscis that 
inspired the species’ name (Sanvito et al., 2007; Townsend, 1912). 
Unfortunately, no adult male specimens were available for dissec-
tion, and, to our knowledge, no published description of their nasal 
musculature exists. Here, we find that all northern elephant seals in 
this study, from juvenile males to adult females, have long muscu-
lar noses. We hypothesize that the nasal musculature of adult males 
will cluster similar to its conspecifics in muscle morphology based on 
the stereotyped nasal musculature in other northern elephant seal 
age classes and sexes. The function of the northern elephant seals’ 
iconic nose is still debated. It has been postulated that the nose plays 
a role in identifying age and breeding status, in male visual displays, 
and in aiding male vocalizations (Galimberti et al., 2019; Sandegren, 
1976; Sanvito et al., 2007), but this requires further investigation. 
Similar to bearded seals and walruses, northern elephant seals are 
hypothesized to be suction feeders (Antonelis et al., 1987; Kienle & 
Berta, 2016; Naito et al., 2013); therefore, the increased size of the 
facial expression muscles may aid in suction feeding.

4.1.2  |  Mastication muscles

The mastication muscles are named for their role in breaking down 
food for swallowing and digestion (Evans & de Lahunta, 2013; 
Hiiemae, 1967; Ito & Endo, 2016. However, pinnipeds do not mas-
ticate, and this is also true for most marine mammals. Most prey is 
swallowed whole with little to no processing (Kienle et al., 2017; 
Taylor, 1987; Werth, 2000). Despite the lack of mastication, the 
mastication muscles in pinnipeds play an important role in prey 
capture and consumption. Further, the mastication muscles aid in 
communication, social/aggressive interactions, and vocal signaling 
(Adam & Berta, 2002; Jones, et al., 2013; Kiliaridis, 1995). The mas-
tication muscles sometimes refer only to the jaw adduction (clos-
ing) muscles— the masseter, temporalis, medial pterygoid, and lateral 
pterygoid. Here, we include the jaw abduction (opening) muscle, the 
digastric, as a mastication muscle following Evans and de Lahunta 
(2013) and consistent with descriptions of the walrus mastication 



    |  245KIENLE Et aL.

muscles (Kastelein et al., 1991). The digastric in some animals is 
sometimes classified as a mandibular muscle or hyoid muscle (Diogo 
et al., 2008, 2009, 2012). However, the pinniped digastric primarily 
functions to depress the mandible and does not have any attach-
ments to the hyoid apparatus. In general, carnivorans— including 
pinnipeds- - have large, powerful digastric muscles compared with 
other mammals. In particular, aquatic carnivorans (e.g., pinnipeds, 
mustelids— otters, weasels, badgers) have an enlarged digastric, 
which is potentially an adaptation for rapid jaw opening underwater 
(Scapino, 1976).

California sea lions and Weddell seals have the largest mastica-
tion muscles, and this is primarily due to their large, thick temporalis 
(Weddell seals) and digastric (California sea lions). The mastication 
muscles generate the forces needed to capture, subdue, and pro-
cess prey (Hartstone- Rose, et al., 2012; Kienle et al., 2017; Law 
et al., 2016). Both California sea lions and Weddell seals rely on a 
biting feeding strategy during prey capture (Calhaem & Christoffel, 
1969; Ponganis & Stockard, 2007; Roffe & Mate, 1984), and their 
large temporalis may be related to the need for rapid and strong 
jaw closure when targeting medium to large prey. Comparatively, 
large mastication muscles have been documented in mustelids, 
which also use a biting strategy (Ito & Endo, 2016; Scapino, 1976). 
Northern elephant seals, a suction feeder, and ringed seals, a biter, 
have the next largest mastication muscles after California sea lions 
and Weddell seals. Harbor seals, a biting taxon, have the smallest 
mastication muscles.

The mastication muscles are proportionally larger and better- 
developed in pinnipeds compared with the other craniofacial muscle 
groups. Pinniped mastication muscles are also broadly consistent in 
relative size and shape across taxa. Opening the jaw underwater is 
hindered by the increased viscosity of water, and aquatic carnivorans 
need more power during jaw opening compared with their terrestrial 
counterparts (Scapino, 1976). The suction feeding strategy also relies 
on rapid jaw opening to draw water and prey into the mouth (Kienle 
et al., 2018, 2019). The development of a well- developed mastica-
tion muscles— including the adaptation of a powerful digastric for 
jaw opening— therefore likely represents an adaptation in pinnipeds 
for feeding underwater. Furthermore, jaw closing is important for 
both trapping whole prey inside the oral cavity and generating ap-
propriate bite forces when feeding. The mastication muscles, there-
fore, facilitate all aquatic pinniped feeding strategies, reinforcing our 
finding that this muscle group is well developed, robust, and stereo-
typed across pinnipeds. Further, mastication muscles are also used 
for purposes outside of feeding— such as vocal communication and 
intrasexual competition, and likely have additional selective pres-
sures acting on these muscle forms and functions.

4.1.3  |  Tongue muscles

The tongue muscles include the styloglossus, hyoglossus, geni-
oglossus, and the intrinsic muscles of the body of the tongue (lin-
gua propria). Together, the tongue muscles control the position, 

orientation, and movement of the tongue. The tongue has multiple 
essential functions: it aids in mastication, food gathering, prey pro-
cessing, transport, swallowing, and is the primary taste organ in the 
gustatory system (Doran & Baggett, 1971; Iwasaki, 2002; Sokoloff 
& Burkholder, 2012). The tongue of some marine mammals (e.g., ba-
leen whales) is also a site of countercurrent heat exchange and pre-
vents excess heat loss during mouth opening (Ekdale & Kienle, 2015; 
Heyning & Mead, 1997).

Pinnipeds retain most of the common mammalian tongue mus-
culature (Gordon, 1984; Kastelein et al., 1991; Reidenberg, 2018). 
However, pinnipeds lack the palatoglossus. Other mammals lack 
the palatoglossus too, including some canids (Evans & de Lahunta, 
2013) and felids (e.g., servals, tigers; Diogo et al., 2012). Mammalian 
tongues exhibit structural variation that reflects adaptations for dif-
ferent specialized functions (Doran & Baggett, 1971). The basic ter-
restrial mammal tongue is adapted for food manipulation, as many 
species rely on inertial food transport (Hiiemae & Crompton, 1985; 
Iwasaki, 2002; Werth, 2007). In contrast, aquatic mammals rely on 
hydrodynamic and hydraulic forces for prey capture and consump-
tion. Aquatic mammals are often unable to pin down prey and can-
not use inertial feeding effectively underwater (Taylor, 1987; Werth, 
2007). As a result, many aquatic mammals, like pinnipeds, grab prey 
with their teeth (biting) or use the tongue (and hyoid) to draw prey 
into the mouth (suction). The tongue is then used to manipulate prey 
and move prey to the back of the throat so that it can be swallow 
prey whole with little to no processing. The tongue of many aquatic 
mammals has therefore been modified and plays a critical role in 
generating suction pressures for prey transport and intraoral prey 
transport (Iwasaki, 2002; Werth, 2000, 2004, 2007).

The pinniped tongue is extremely muscular, wide, thick, and 
freely mobile. This morphology differs from the narrow, thin 
tongues found in many terrestrial carnivorans (e.g., Liem, 1990; 
Sonntag, 1923). The increase in size and mobility of the pinniped 
tongue is likely associated with increased complexity and function-
ality (Doran & Baggett, 1971; Livingston, 1956). The comparably ro-
bust and muscular tongues in the pinnipeds in this study highlight 
the importance of this muscle group. Although studies are scarce, it 
appears that marine mammal tongues represent a continuum, where 
the tongues of more recently derived taxa (e.g., sea otters, Enhydra 
lutris) are most similar to those of terrestrial mammals (Emura et al., 
2017; Shimoda et al., 1996), whereas fully aquatic mammals (i.e., ce-
taceans, sirenians) have tongues representing a more derived condi-
tion (Kastelein & Dubbeldam, 1990; Werth, 2000; Yoshimura et al., 
2002, 2007).

As amphibious mammals, pinnipeds appear to represent an in-
termediate step in tongue morphology between fully terrestrial and 
fully aquatic mammals (Erdoğan et al., 2015; Yoshimura et al., 2002, 
2007). The pinniped tongue is a specialized part of the feeding ap-
paratus. For example, the tongues of South American fur seals and 
sea lions have well- developed papillary structures on the lingual sur-
face that are used for manipulating and directing food to the upper 
digestive tract (Erdoğan et al., 2015). In walruses, the tongue gen-
erates negative pressure in the buccal cavity that is used to draw 
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in water and prey during suction feeding (Gordon, 1984; Kastelein 
et al., 1991). Additionally, since pinnipeds primarily consume whole 
prey without mastication, the tongue also functions to move prey 
from the front to the back of the mouth prior to swallowing. Because 
the tongue is important for generating suction pressures in walruses 
(Gordon, 1984; Kastelein et al., 1994), we had predicted that the suc-
tion feeding species in our study would have larger tongue muscu-
lature compared with biting species. However, this prediction only 
holds true for northern elephant seals. California sea lions, ringed 
and Weddell seals, the species with the next largest tongue muscles, 
are all biters. Data from captive feeding studies have shown that 
most pinnipeds are capable of generating suction during ingestion 
(prey capture, prey manipulation, and/or external prey processing) 
and intraoral transport, regardless of their skeletal adaptations for a 
particular feeding strategy (Hocking et al., 2013, 2015; Kienle et al., 
2017, 2018, 2019; Marshall et al., 2008, 2014). Pinnipeds also use 
suction as both a distinct feeding strategy (here, suction feeding) or 
in combination with other feeding strategies (biting, filter feeding; 
Hocking et al., 2017; Kienle et al., 2017). Therefore, robust and mus-
cular tongues across diverse pinniped taxa may reflect the ability of 
pinnipeds to generate suction underwater— regardless of their pri-
mary feeding strategy. Furthermore, the pinniped tongue may also 
play an important role in intraoral processing, regardless of the initial 
mode of prey capture (suction or biting).

Northern elephant seals have the largest and most unique 
tongue musculature. This pattern is primarily driven by the size of 
the genioglossus and lingua propria, which are responsible for mov-
ing, extending, and depressing the tongue and providing fine motor 
control of the apex of the tongue (Evans & de Lahunta, 2013).

4.1.4  |  Hyoid muscles

The pinniped hyoid apparatus comprises nine bony elements (the 
unpaired basihyal and the paired thyrohyals, ceratohyals, epihyals, 
and stylohyals) and the associated musculature (i.e., sternohyoid, 
thyrohyoid, mylohyoid, ceratohyoid, geniohyoid, stylohyoid, omohy-
oid, and sternothyroid). The mammalian hyoid apparatus is involved 
in numerous functions, including supporting and suspending the 
tongue, swallowing, and moving the larynx. It is also the attach-
ment site for major muscle groups involved in breathing, feeding, 
and sound production (Evans & de Lahunta, 2013; Reidenberg & 
Laitman, 1994; Takada et al., 2009).

Hyoid apparatus morphology substantially varies among mam-
mals (Evans & de Lahunta, 2013; King, 1983; Naito, 1974; Peters 
& Hast, 1994; Reidenberg & Laitman, 1994; Takada et al., 2009; 
Weissengruber et al., 2002). Few studies have described the bony 
and cartilaginous elements of the pinniped hyoid apparatus (King, 
1969, 1983; Naito, 1974). Here, we find that pinnipeds retain the 
same bony and cartilaginous elements typically described for 
Carnivora (Evans & de Lahunta, 2013). Also, the musculoskeletal 
morphology of the pinniped hyoid in this study broadly matches 
that previously described for harbor seals (Naito, 1974) and spotted 

seals (Phoca largha; King, 1983). Previous research on three of the 
four species of lobodontines (Antarctic phocids; Ross, crabeater, and 
leopard seals) documented that these species lacked paired stylohy-
als and that the proximal ends of the epihyals were unossified and 
attached directly on the auditory bulla (King, 1969, 1983). Although 
we were able to include Weddell seals, which is the only lobodontine 
not included in those previous studies, its hyoid apparatus was re-
moved prior to this study so we cannot compare the number of bony 
and cartilaginous elements.

The pinniped hyoid apparatus is a robust and well- developed 
mobile structure with numerous elements working together to 
control movements of the oral, pharyngeal, and laryngeal regions. 
The muscles of the pinniped hyoid apparatus are largely conserved 
across pinnipeds, with the exception of northern elephant seals. The 
hyoid apparatus is thought to play a key role in creating the pressure 
differential used to generate suction (Gordon, 1984; Kastelein et al., 
1991; Marshall et al., 2008, 2014; Reidenberg, 2018). Movements of 
the pinniped hyoid apparatus may also play a role in shaping the res-
onant spaces that affect sound production (King, 1970; Reidenberg, 
2017; Reidenberg & Laitman, 2010).

We had predicted that the suction feeding pinnipeds would 
have larger hyoid musculature compared with the biting species. 
However, this pattern is only true for northern elephant seals, similar 
to our findings for the tongue musculature. The large hyoid muscula-
ture of the northern elephant seals is driven by the larger sizes of the 
geniohyoid, omohyoid, sternohyoid, and stylohyoid compared with 
other species. Northern elephant seals also have a unique sternohy-
oid. Their sternohyoid has two heads, attaches into the geniohyoid 
rather than into the basihyal, and is closely connected to the fibers 
of the sternothyroid. The typical mammalian sternohyoid depresses 
the basihyal, elongates the pharyngeal space, and is activated during 
food capture, processing, and swallowing (Evans & de Lahunta, 
2013; Konow et al., 2010). However, in northern elephant seals, the 
unique sternohyoid suggests a function in depressing the floor of 
the mouth. Northern elephant seals also have a distinctive stylo-
hyoid. The stylohyoid is superficial to the mylohyoid. It has a belly 
that tapers toward the origin and insertion, rather than maintaining a 
rectangular shape throughout its length. Their stylohyoid originates 
on the junction of the mastoid and squamosal processes, caudal to 
its origin in other pinnipeds. Finally, the two muscle pairs meet and 
insert into each other at the ventral midline to form a chevron shape. 
The typical mammalian stylohyoid is responsible for extending the 
width of the back of the throat, thereby playing an important role in 
food processing and swallowing (Evans & de Lahunta, 2013; Herring, 
1993; Kastelein et al., 1991). The stylohyoid of northern elephant 
seals, however, appears to elevate the oral floor cavity.

The northern elephant seal sternohyoid and stylohyoid suggests 
a different or modified functional role of the hyoid apparatus from 
other mammals. Modified hyoid muscles have also been documented 
in anteaters and are attributed to their elongated necks (Naples, 
1999). The function of this unique anatomic position of these hyoid 
muscles in northern elephant seals is currently unclear. It may be 
that these modified muscle arrangements provide increased support 
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for the floor of the mouth (stylohyoid) and in depressing the hyoid 
apparatus to create a larger intraoral cavity when suction feeding 
(sternohyoid). These actions could generate negative pressure in the 
oropharyngeal space to enable suction feeding without withdrawing 
the tongue as a piston, as other pinnipeds or cetaceans do (Gordon, 
1984; Kastelein et al., 1994). There may be some advantage to not 
use the tongue as a piston during suction feeding that may explain 
the unique muscular anatomy of northern elephant seals. The stylo-
hyoid is superficial to the mylohyoid and interdigitates in the midline 
in a V- shape with its pair. Perhaps this anatomy allows the north-
ern elephant seal tongue to perform other functions. Northern el-
ephant seals, for example, heavily rely on vocal communication for 
many aspects of their life history, including dominance interactions, 
parental care, and reproduction (Casey et al., 2020; Southall et al., 
2019). Their unique hyoid morphology may help shape the oral cav-
ity to produce their unique vocalizations. Male northern elephant 
seals produce loud, stereotyped vocalizations that are used to estab-
lish dominance hierarchies in male– male interactions (Casey et al., 
2020). The ability to depress the floor of the mouth through the 
modified sternohyoid and stylohyoid may increase the volume of the 
oral cavity, helping to project sound.

4.1.5  |  Soft palate muscles

The muscles of the soft palate are closely associated with the mus-
cles of the pharynx and include the tensor veli palatini, levator veli 
palatini, and palatinus. Together, these soft palate muscles from the 
roof of the mouth and are responsible for moving and stretching 
the palate (Evans & de Lahunta, 2013; Kastelein et al., 1991). The 
soft palate is distinguished from the hard palate by the absence of 
bony elements. In the specimens in this study, these muscles are 
difficult to find, separate, and describe based on their proximity to 
the throat, tissue degradation, and small size. This differs from the 
well- developed palatal musculature described for other mammals 
(Crompton, 1989) as well as for walruses and Ross seals (Kastelein 
et al., 1991; King, 1969). Therefore, we suggest that future studies of 
the hyoid apparatus concentrate on examining and further compar-
ing the functional morphology of these muscles.

4.2  |  Craniofacial muscles and feeding strategies

We find support for our hypothesis that pinnipeds with skull and 
dental morphologic adaptations for specific feeding strategies (bit-
ing or suction feeding) exhibit corresponding craniofacial muscula-
ture specializations. This pattern was most apparent for the suction 
feeding specialists in this study, bearded and northern elephant 
seals. Both species are classified as suction feeders based on skull 
and dental morphology, behavioral feeding trials, and kinematic per-
formance data (Adam & Berta, 2002; Churchill & Clementz, 2015; 
Kienle & Berta, 2016; Kienle et al., 2018; Marshall et al., 2008; 
Naito et al., 2013). Bearded and northern elephant seals also share 

a similar skull and dental morphology with the best- known pinniped 
suction feeder: the walrus. All three species have wide skulls and 
palates that increase the volume of the oral cavity (Kienle & Berta, 
2016). These three species also have reduced postcanine dentition, 
with rounded postcanine teeth that barely erupt from the gum line. 
Reduced or absent teeth are associated with other suction feeding 
mammals (Churchill & Clementz, 2015; Johnston & Berta, 2011; 
Wainwright, et al., 2015; Werth, 2006). The teeth are not used for 
catching or holding onto prey and are therefore likely vestigial in 
suction feeding marine mammal taxa.

We predicted that pinnipeds with morphologic adaptations for 
suction feeding would have more robust tongue and hyoid mus-
culature. Here, we demonstrate that both suction feeding species, 
bearded and northern elephant seals, have more masseters than 
biting species; further, one suction feeding species (northern el-
ephant seals) has the largest facial expression and hyoid muscles. 
When pinnipeds use suction feeding, the lateral facial expression 
muscles (e.g., caninus, buccinator, orbicularis oris) visibly tighten. 
This may help shape the oral cavity into a rounded cylinder to aid in 
drawing in water and prey (Kienle et al., 2018, 2019). The lateral cra-
niofacial muscles, particularly the caninus, are also responsible for 
controlling fine- scale motions of the mystacial vibrissae. The mysta-
cial vibrissae are an important structure for detecting and captur-
ing prey (Kastelein et al., 1991; Marshall et al., 2006). Although the 
mechanics of pinniped suction feeding are not well known, models 
and functional studies suggest that the pressure differential during 
suction used to draw water and prey into the mouth is generated 
by coordinated movements of the tongue and hyoid (Gordon, 1984; 
Kastelein et al., 1994; Marshall et al., 2008, 2014). Specifically, the 
retraction and depression of the tongue are thought to act as a pis-
ton, resulting in low pressure inside the oral cavity (Gordon, 1984; 
Kastelein et al., 1994). This prediction is supported by controlled 
feeding trials that have observed the pinniped hyoid depressing 
during suction feeding events (Kienle et al., 2018, 2019). Both suc-
tion feeding specialist species exhibit more variability in muscle size 
(MSR; Table 2) than biting species. This finding is consistent with 
behavioral and kinematic studies of pinniped suction feeding (Kienle 
et al., 2018, 2019), suggesting that suction feeding is a variable and 
flexible pinniped feeding strategy. Together, these results suggest 
that the suction feeding pinnipeds invest more heavily in the de-
velopment and growth of their facial expression, tongue, and hyoid 
muscles compared with biting species, as these muscle groups are 
most likely responsible for detecting prey as well as generating and 
maintaining suction pressures when feeding.

Most pinnipeds (including four of the six species in this study) 
are classified as biters (Adam & Berta, 2002; Churchill & Clementz, 
2015; Jones, et al., 2013; Kienle & Berta, 2016, 2018). Biting is a 
ubiquitous marine mammal feeding strategy (Hocking et al., 2017; 
Kienle et al., 2017, 2020; Werth, 2000) as well as the ancestral strat-
egy of pinnipeds (Berta et al., 2018). We hypothesized that pinnipeds 
with skull adaptations for biting (e.g., California sea lions, harbor, 
ringed, eddell seals) would have larger mastication muscles than spe-
cies with skull adaptations for suction feeding; only California sea 
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lions and Weddell seals fit this prediction. California sea lions and 
Weddell seals have been classified as biters based on skull and den-
tal morphology, diet studies, and opportunistic observations of wild 
animals feeding (Ainley & Siniff, 2009; Burns et al., 1998; Churchill 
& Clementz, 2015; Kienle & Berta, 2016; Lake et al., 2003; Ponganis 
& Stockard, 2007; Roffe & Mate, 1984). Here, we document that 
Weddell seals have the largest temporalis, while California sea lions 
have the largest digastric. We predict that these large jaw abduction 
and adduction muscles allow California sea lions and Weddell seals 
to capture and consume large prey that require a lot of handling and 
processing using the jaws and teeth (Ainley & Siniff, 2009; Everitt 
et al., 1981; Lowry & Carretta, 1999; Ponganis & Stockard, 2007). 
Although not included in this study, we also predict that the mastica-
tion muscles of leopard seals (Hydrurga leptonyx) are extremely large 
and powerful, as this species exhibits morphologic adaptations for 
biting (specifically grip and tear feeding; Adam & Berta, 2002; Kienle 
& Berta, 2016; Kienle et al., 2017; King, 1983) and is a quintessential 
biter when consuming large endothermic prey (e.g., penguins, other 
pinnipeds; Penney & Lowry, 1967).

Contrary to our initial hypothesis, approximately half of the bit-
ing species in this study (i.e., harbor seals and ringed seals) do not 
show specific musculoskeletal adaptations for biting or suction feed-
ing. This finding supports results from controlled feeding trials with 
captive pinnipeds (Hocking et al., 2013; Kienle et al., 2018, 2019, 
2020; Marshall et al., 2008, 2014). In fact, most pinnipeds use both 
biting and suction feeding, regardless of morphological adaptions 
for particular feeding strategies (Berta, et al., 2018; Heithaus & 
Dill, 2009; Kienle et al., 2018, 2019, 2020; Marshall & Goldbogen, 
2015). Further, several pinniped species without morphologic adap-
tations for suction have been shown to be extremely capable suction 
feeders (Hocking et al. 2013, 2014, 2016; Kienle et al., 2018, 2019; 
Marshall et al., 2014, 2015), overturning a previous hypothesis that 
suction feeding requires a specialized skull morphology (Adam & 
Berta, 2002; Kienle & Berta, 2016; Kienle et al., 2018; Werth, 2000). 
Similarly, we find that although suction feeding and some biting taxa 
have some unique musculoskeletal adaptations, pinnipeds in this 
study have robust, stereotyped, and well- developed facial expres-
sion, mastication, tongue, and hyoid musculature— all of which are 
important for both biting and suction feeding. Although filter feed-
ing pinnipeds (e.g., crabeater seals, Lobodon carcinophaga; leopard 
seals, Hydrurga leptonyx) were not available for this study, we predict 
that filter feeding specialists have robust, well- developed facial mus-
cles, as seen in biting and suction feeding pinnipeds. Further, feeding 
trials with captive leopard seals show that filter feeding heavily re-
lies on the generation of suction, suggesting possible convergence 
between suction and filter feeding in musculoskeletal morphology.

Most pinnipeds are opportunistic predators, with individuals al-
ternating between different feeding strategies depending on the 
feeding context (e.g., position in the water column, prey type, prey 
size; Bowen et al., 2002; Breed et al., 2009; Hocking et al., 2015, 
2016; Kienle et al., 2019, 2020). The behavioral flexibility afforded to 
animals by their ability to switch between strategies is likely invalu-
able for these marine predators foraging in temporally and spatially 

dynamic marine ecosystems (Beever et al., 2017). Therefore, we sug-
gest that most pinnipeds retain the ability to use multiple underwater 
feeding strategies by investing in craniofacial musculature that is as-
sociated with multiple feeding strategies. We also predict that muscu-
loskeletal specializations for particular feeding strategies likely confer 
some distinct benefits when capturing and consuming prey. For ex-
ample, we hypothesize that specialized suction feeders generate 
more powerful suction pressures as a result of their musculoskeletal 
morphologic specializations for suction feeding compared with non-
specialists. Alternatively, pinnipeds with biting adaptations are likely 
able to generate stronger bite forces than suction feeding specialists. 
Specialization may provide individuals with access to additional and 
novel prey resources compared with generalists. However, there are 
also likely functional and performance trade- offs between specialist 
and generalist feeding morphologies, which remain to be tested.

Moving forward, we anticipate that the inclusion of additional 
species, as well as increased sampling of different age classes, sexes, 
and populations, will better clarify and elucidate the patterns we de-
scribe here. It will be particularly interesting for future studies to 
examine the musculoskeletal adaptations of filter feeding pinnipeds, 
which were not included in this study. Additionally, it is important to 
remember that the craniofacial musculoskeletal system is involved in 
regulating multiple sensory systems and behaviors besides feeding, 
including inter-  and intraspecific communication, intrasexual aggres-
sion, vision, respiration, and hearing. Therefore, although the focus 
of this study has been on identifying musculoskeletal adaptations 
associated with aquatic feeding, craniofacial muscles play multiple 
functional roles that vary in importance based on the life history of 
different species. We look forward to future studies teasing apart 
the function of different craniofacial muscles associated with sen-
sory systems and biologic functions other than feeding.

5  |  CONCLUSIONS

Pinnipeds largely conform to mammalian patterns of craniofa-
cial musculoskeletal morphology, but there are some distinct dif-
ferences that are attributable to their secondary adaptation to 
an aquatic lifestyle compared with their terrestrial counterparts. 
Interspecific musculoskeletal differences among pinniped taxa were 
observed that are associated with different aquatic feeding strate-
gies, specifically biting or suction feeding. Overall, pinnipeds have 
well- developed facial expression, mastication, tongue, and hyoid 
musculature necessary for both suction feeding and biting, allowing 
most species to operate as generalist foragers and switch between 
biting and suction feeding when foraging in dynamic marine habi-
tats. This study provides the first comparison of craniofacial mus-
culoskeletal elements in pinnipeds and highlights the remarkable 
adaptations of these marine predators for life underwater.
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