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As part of our research aiming to understand the morphological variation in ringed 
seals, we dissected mastication muscles of nine Saimaa ringed seals and two Baltic 
ringed seals. We found no significant differences in the muscles of mastication 
between these subspecies but the location of the tympanic bulla in relation to the artic-
ular surface of the temporomandibular joint was more medial in the Saimaa ringed 
seal. As compared with the previously studied Baikal and Caspian seals, the origin of 
the jaw-opening digastricus muscle covered less of the tympanic bulla in the Saimaa 
and Baltic ringed seals. Our data on masticatory-muscle masses indicated that simi-
larly to terrestrial mammal species, the growth patterns of mastication muscles of the 
Saimaa ringed seal differed from each other according to the body size.

Introduction

Comparison of morphological and functional 
traits among closely related species can reveal 
behavioral traits and adaptations to various habi-
tats. While teeth are arguably the most important 
morphological indicators of the feeding strate-
gies and diet of a mammal, the muscles of mas-
tication can provide additional information about 
the ways that food is acquired and processed 
at the rostral end of an animal’s digestive tract. 
Dentition is brought into use by the jaw-closing 
musculature, which in mammals is comprised of 
four distinct muscles: temporalis (musculus tem-
poralis), masseter (musculus masseter), and the 

two pterygoids (musculus pterygoideus lateralis 
and medialis) (Dyce et al. 2010). The digastricus 
(musculus digastricus) is the sole jaw-opening 
muscle (but see Druzinsky 2010).

As part of our research aiming to understand 
the morphological variation in ringed seals, we 
studied the muscles of mastication of the Saimaa 
ringed seal (Pusa hispida saimensis) and the 
Baltic ringed seal (Pusa hispida botnica) as well 
as the skull morphology associated with these 
muscles. The Saimaa ringed seal is one of the 
most endangered seals, with roughly 400 indi-
viduals left, thus offering an excellent opportu-
nity to study the phenotypic consequences of an 
extreme genetic bottleneck in great detail. While 
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genetic differentiation between ringed seals from 
the Baltic and Arctic Seas is low-to-moderate, 
it is high between these populations and the 
Saimaa ringed seal population (Valtonen et al. 
2012, Martinez-Bakker et al. 2013, Savriama 
et al. 2018), which is thought to have origi-
nated from the Baltic population and became 
landlocked about 9500 years ago (Valtonen et 
al. 2012, Ukkonen et al. 2014). Whether this 
genetic differentiation is reflected in significant 
morphological differences between the Saimaa 
and Baltic ringed seals, however, has not been 
determined. One minor difference between the 
Saimaa and marine ringed seals has been noted, 
which is the origination point of the first segmen-
tal bronchus from the right caudal lobar bron-
chus (Laakkonen & Jernvall 2016). Although 
the marine ringed seals used for comparison 
in that study originated from Alaska (Smod-
laka et al. 2009), the same difference has since 
been observed between the Saimaa and Baltic 
ringed seals (first author’s unpubl. data). The 
Saimaa ringed seal’s asymptomatic body mass is 
reported to be 59 kg (55.8–62.4, n = 113), which 
is similar to that of medium sized marine ringed 
seals (Auttila et al. 2016).

Magnetic resonance imaging has indicated 
that the masseter and temporalis are the most 
prominent jaw muscles in the Saimaa ringed seal 
(Usenius et al. 2007), however further informa-
tion about the muscles of mastication in this spe-
cies is scarce. While thoroughly examined in the 
Baikal seal (Phoca sibirica) and the Caspian seal 
(Phoca caspica) (Endo et al. 1998, 1999, 2002), 
similar studies of marine ringed seals have not 
been conducted. Endo et al. (1998, 1999, 2002) 
argue that the enlarged orbit of the Baikal and 
Caspian seals has affected the form and function 
of their muscles of mastication. The Saimaa 
ringed seal possesses the same thin frontal bone 
and dorso-ventrally developed zygomatic arch 
found in the Baikal and Caspian seals, required 
to provide space for the enlarged eyeball in the 
orbit (Hyvärinen & Nieminen 1990, Endo et 
al. 1998, 2002). The Saimaa ringed seal, how-
ever, has relatively large mandibles and wide 
zygomatics, yet short tooth rows (Hyvärinen & 
Nieminen 1990, Amano et al. 2002). Similar to 
the marine ringed seal (Chapskii’s 1955 as cited 
in Endo et al. 2002), the Saimaa ringed seal has 

also been reported to possess a more robust and 
more laterally located tympanic bulla than that 
of the Baikal and Caspian seals (Hyvärinen & 
Nieminen 1990, Endo et al. 1998, 2002, Amano 
et al. 2002). Hyvärinen and Nieminen (1990) 
reported that the tympanic bulla of the Saimaa 
ringed seal has a higher dorso-ventral diameter 
than that of the Baltic ringed seal. It has been 
assumed that the large bulla is associated with 
a good sense of hearing, and reflects an adapta-
tion to low visibility in the dark waters of Lake 
Saimaa (Hyvärinen & Nieminen 1990). On the 
other hand, Amano et al. (2002) suggested that 
the distinct skull proportions are a result of the 
diet of the Saimaa ringed seal.

The Saimaa ringed seal is a generalist car-
nivore that feeds on a minimum of 15 species 
of fish, but mainly relies on the most abun-
dant small schooling fish (Kunnasranta et al. 
1999, Auttila et al. 2015), which are caught by 
rapid forward movements of the head and neck 
(M. Kunnasranta pers. comm.). Crustaceans are 
almost absent from the diet of the Saimaa ringed 
seal (Kunnasranta et al. 1999, Auttila et al. 
2015). Similar to other pinnipeds (Berta et al. 
2006, Jones et al. 2013), the role of oral food 
processing appears to be limited in the Saimaa 
ringed seal, since most fishes found in their 
stomachs do not have clear bite marks (first 
author’s pers. obs.). Limited oral processing of 
prey is also evident in the ringed seal’s postca-
nine dentition, which lack exact occlusion and 
is highly variable (Jernvall 2000). The Baltic 
ringed seals are also generalist fish feeders but 
their diet includes also large benthic inverte-
brates like isopods (Sinisalo et al. 2008). Thus, 
there may be some minor differences in the 
position and attachments of muscles of masti-
cation between the Saimaa and the Baltic ringed 
seals. It should be noted, however, that both/
either the long isolation period of the Saimaa 
ringed seal and/or bottleneck effects might have 
caused rapid fixation of morphological traits that 
are not related to the functional anatomy of the 
muscles of mastication. Also, the need to store 
the specimens in freezers prior to the dissection, 
may result in desiccation of the muscles. This 
in turn may result in decreased muscle weights 
which has to be considered when comparing the 
absolute weights among studies.
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Material and methods

All Saimaa ringed seals that are found dead are 
collected by the staff of the Parks and Wildlife 
of Metsähallitus (a state institution that admin-
isters state-owned land and water areas), stored 
at –20 °C, and examined at the Oulu unit of the 
Finnish Food Authority where various tissue 
samples are collected for the long-term moni-
toring of the health of the seals. Specimens are 
usually in various stages of decomposition, pre-
venting any detailed morphological studies. In 
2013–2018, a total of seven Saimaa ringed seals 
were examined as part of the routine necrop-
sies (Table 1). The seals examined were either 
by-catch found in gill nets, or found dead (with 
various causes of death). Most of the by-catch 
individuals were pups (≤ 12 months) or young 
(under three years old), however one individual 
examined was clearly an adult (> 50 kg). The 
ages of the seals were determined by counting 
the cementum layers in the lower canine teeth 
(Stewart et al. 1996), or estimated in individuals 
without a good quality tooth sample. In addi-
tion to the seven specimens examined during 
the routine necropsies, two Saimaa ringed seals 
that were found dead, as well as two Baltic 
ringed seals that were legally shot by a hunter 
in the northern Baltic Sea (Kalajoki; Table 1) 

were shipped frozen to the Veterinary Faculty of 
the University of for anatomical dissections. All 
seals were weighted prior the dissection. After 
the masticatory muscles were identified, they 
were separated and detached from their bone 
attachments. Muscle weights were recorded 
immediately upon removal with a digital plat-
form scale (Pesola® PTS3000) to the nearest 
0.1 g. The proportional mass of each muscle 
was examined against the total body weight 
and the significance of patterns was tested with 
non-parametric tests (Kruskal-Wallis and Jon-
ckheere-Terpstra test for ordered alternatives, 
IBM SPSS Statistics 25). The data for the Baltic 
ringed seal were excluded from the statistical 
analyses due to the small sample size. The ana-
tomical terminology is in accordance with the 
International Committee on Veterinary Gross 
Anatomical Nomenclature (2017). One of the 
authors (JL) examined additional skull speci-
mens for comparative purposes. Skull specimens 
are listed here by the museum catalog numbers: 
University of Eastern Finland, Joensuu, Finland: 
Pusa hispida saimensis: 2483, 2497, 2504, 2507, 
2510; Natural History Museum in Helsinki, Fin-
land: Pusa hispida saimensis: 112, 6462, 5689, 
5703, 5704, 6462, 6728; Pusa hispida botnica 
2279, 2113; Pusa hispida ladogensis: 1275, 
1276, 2148, 2149; Pusa sibirica 2927; Pusa 

Table 1. Weight of the muscles of mastication (right and left side) of nine Saimaa ringed seal specimens and two 
Baltic ringed seal specimens, identified with their sampling codes. In some cases, the muscle weight (in grams) 
is missing due to tissue damage or deteriorated condition of the muscle, or because the blood vessels of the 
muscle area were injected with silicone for a separate study. The masseter of each side was weighed as one entity 
because the two parts of the muscle could not be separated cleanly.

Specimen Temporalis Masseter Pterygoids Digastricus

Saimaa ringed seals
 2623, male, 70 kg, 11 years 32.4/32.2 024/24.6  – 18.7/18.6
 2670, female, 42 kg, 2 years# 14.0/14.8 08.4/9.0 3.9/3.2 08.2/8.5
 2698*, male, 38 kg, 2 years# 13.6/– 10.4/–  – 09.5/–
 2563, male, 36 kg, 10 months 15.8/15.7 08.4/8.5 3.9/4.1 09.0/9.2
 2593, male, 35 kg, > 12 months# 14.4/15.2 08.3/8.5 3.8/4.3 09.5/9.6
 2621, male, 33 kg, > 12 months# 15.7/16.2 10.7/10.4  – 12.4/12.6
 2585, female, 21 kg, 4 months 06.8/6.5 05.5/5.8 4.2/3.9 06.9/6.8
 2616, male, 18 kg, 4.5 months 06.6/6.5 05.2/5.0 4.2/3.9 06.8/7.0
 2615, female, 14 kg, 4.5 months 03.9/4.2 03.9/3.3 1.2/1.2 05.1/4.9
Baltic ringed seals
 459, female, 46 kg, > 12 months# 15.6/14.9 09.7/9.4 3.6/3.3 10.5/9.6
 458*, female, 23 kg, < 12 months# 05.7/– 04.3/– 2.3/– 04.2/–

# age was estimated, * only right side.
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caspica 7/1968, 8/1968; The California Acad-
emy of Sciences in San Francisco, USA: marine 
(from Alaska) Phoca hispida 21103, 10166 and 
Phoca vitulina: 23257, 23752, 23796, 28482, 
28483, 28545, 28751,28674, 28751, 29232, 
29233, 29234, 29284, 29431, 29442, 29865, 
29871, 29885, 30022 30089, 30091, 30094, 
30096, 30100.

Results

The temporomandibular joint of the Saimaa and 
the Baltic ringed seals was situated approxi-
mately at the level of the occlusal plane, with 
the canine and incisive teeth slightly dorsal in 
relation to the joint. The location of the tympanic 
bulla in relation to the articular surface (facies 
articularis) of the temporomandibular joint was 
more medial in the Saimaa ringed seal than in 
the Baltic ringed seal (Fig. 1) as well as in Pusa 
sibirica (Fig. 1), Pusa hispida ladogensis, Pusa 
caspica, and Phoca vitulina (not shown).

The mass (g) of the individual jaw muscles 
is presented in Table 1. The contributions of 
individual jaw-closing muscles to the combined 
muscle mass in Saimaa ringed seals was cal-
culated using the data from the three young 
individuals (2563, 2593, 2670) for which the 

complete weight data were available. The tem-
poralis muscle, the masseter and the pterygoids 
contributed 54.0%–55.9% (mean = 54.2%), 
29.6%–32.6% (mean = 31.1%) and 13.3%–
14.9% (mean = 14.1%) to the total jaw-closing 
muscle mass, respectively. The contribution of 
the sole jaw-opening muscle, digastricus, to the 
total mass of the muscles of mastication varied 
between 23.9% and 27.3% (mean = 24.7%). 
For the Baltic ringed seals, the contribution 
of individual jaw-closing muscles to the total 
jaw-closing muscle mass was calculated using 
the data from just one, adult individual (459) 
for which the complete muscle weight data were 
available. The temporalis muscle, the masseter 
and the pterygoids contributed 54.0%, 33.8% 
and 12.2% to the total jaw-closing muscle mass, 
respectively. The contribution of the digastricus 
to the total mastication muscle mass was 26.2%.

The masticatory muscles showed a change 
in weight proportions depending on the body 
size of the seals (Fig. 2). Compared with the 
other jaw muscles, the digastricus was relatively 
heavier in small (young) individuals after which 
its’ growth slowed down, while the temporalis 
became proportionally larger (Fig. 2). The trends 
in the proportional mass of each muscle related 
the total body weight were not statistically sig-
nificant when tested with a standard non-para-

Fig. 1. Ventral aspect of the skull of adult 
(a) Saimaa, (b) Baltic, and (c) Baikal ringed 
seals showing the location of the lateral 
edge of the tympanic bulla in relation to the 
articular surface of the temporomandibular 
joint (the vertical lines). The dashed line 
indicates the medial edge of attachment 
of the digastricus muscle. All animals were 
one-year-old. Scale bar = 1 cm.
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metric test, but when a priori ordering of samples 
according to the body weight was used (Jonck-
heere-Terpstra test), the trends became signifi-
cant for temporalis (p = 0.016) and digastricus 
(p = 0.001) but not for masseter (p = 0.753; 
Fig. 2d). The removal of the one large individual 
(as an outlier) slightly altered the p values (not 
shown) but it did not change the overall result.

Individual muscles were considered as fol-
lows:

Digastricus: This muscle pulls the jaw ventrally 
and to a lesser degree, caudally. The larger of 
the two digastricus bellies (venter caudalis) 
originated from the jugular process. In both 
the Saimaa and the Baltic ringed seals, this 
caudal part of the digastricus also attached 
laterally and caudally around the tympanic 
bulla before inserting to the tendinous inter-
section of the rostral part of this muscle 
(Fig. 3). The rostral part of the digastricus 
(venter rostralis) originated from the tendi-
nous intersection between the two parts of 

this muscle before inserting mainly to the 
ventro-lateral side of the mandibular body 
(Fig. 3). In one Saimaa ringed seal individ-
ual, the rostral part of this muscle inserted 
partly also to the medial side of the mandible. 
The muscle fibers ran caudo-rostrally parallel 
to the mandible.

Masseter: This muscle, which pulls the man-
dible dorsally, lay on the lateral surface of 
the ramus mandible. It originated from the 
zygomatic arch, and inserted into the ven-
tral and caudal borders of the mandible. It 
was partly covered by a strong aponeurosis, 
and tendinous muscle fibers were intermin-
gled throughout the muscle, although only 
a superficial and a deep part could be easily 
distinguished. The muscle fibers of the super-
ficial part ran caudo-ventrally, and those of 
the deep part ran dorso-ventrally. The deep 
part originated from the zygomatic arch with 
a strong tendon, intermingled with the ten-
dons of the temporalis muscle, and inserted 
into the masseteric fossa. The deep part of the 
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muscle was smaller than the superficial part, 
and the muscle fibers run more vertically 
from the zygomatic arch to the masseteric 
fossa than those of the superficial part.

teMporalis: This muscle pulls the jaw directly 
upwards and to a lesser degree, backwards. 
The temporalis muscle originated from the 
large temporal fossa, extending over most of 
the latero-dorsal surface of the skull behind 
the orbit, as well as on the shelf-like caudal 
part of the arcus zygomaticus. The muscle 
inserted into both sides of the coronoid pro-
cess of the mandible, although the attachment 
on the medial side was larger. The fibers of 
the temporalis, which ran ventro-rostrally, 
converged on a tendon that ran through the 
middle of the muscle. The temporalis muscle 
was separated from the orbit by the orbital 
ligament and a fascia that protected the eye, 
from the caudal side. There was also a con-
siderable amount of orbital fat in this area 

in both ringed seal species. The superficial 
part of the temporalis muscle accounted for 
approximately two thirds of the thickness of 
this muscle. A thin white tendon separated 
the superficial part from the thinner deep 
part. The muscle was weighed as one entity 
because the two parts could not be separated 
cleanly (Table 1).

pterygoiDs: The medial muscle originated from 
the lateral area of the pterygoid and sphenoid 
bones, and inserted into the medio-caudal 
surface of the mandible caudal to the masse-
ter, extending rostrally just over the angular 
process. The lateral muscle, which was dif-
ficult to distinguish from the medial muscle, 
arose from the sphenoid bone, and appeared 
to be medially attached to the capsula articu-
laris of the jaw joint just ventral to the artic-
ular surface. The fibers of both muscles ran 
ventro-laterally.

Discussion

Our data show that the masticatory muscle anat-
omy of the Saimaa and Baltic ringed seals is 
largely similar to that reported in the Baikal and 
Caspian seals (Endo et al. 1998, 2002). Never-
theless, the origin of the jaw-opening digastricus 
muscle did not cover the entire medial side of the 
tympanic bulla in the Saimaa and Baltic ringed 
seals as it appears to do in the Baikal and Cas-
pian seals (Endo et al. 1998, 2002). In addition, 
the digastricus of the ringed seals examined in 
this study had a partly lateral insertion on the 
mandible while Endo et al. (2002) reported that 
the rostral belly of digastricus inserted partly 
to the ventro-medial surface of the mandibular 
body. We found a similar ventro-medial inser-
tion only in one Saimaa ringed seal individual. 
Whether these differences are partly age-de-
pended is not known because the age of the 
Baikal and Caspian seals was not reported (Endo 
et al. 1998, 2002). Also, it remains to be studied 
whether these differences significantly affect the 
function of the temporomandibular joint.

The mammalian postnatal development of 
the jaw is characterized by a transformation 
of the orofacial system from a suckling into a 
masticatory apparatus. The growth rate of the 

Fig. 3. — a: Latero-ventral aspect of the Saimaa 
ringed seal skull showing the digastricus muscle (DM) 
removed from the lateral and ventral side of the tym-
panic bulla (TB) and mandible (M); scale bar = 1 cm. 
— b: Ventral aspect of the skull of a Baltic ringed seal 
specimen showing the intact digastricus muscle (DM) 
partly covering the tympanic bulla. The tendinous inter-
section between the two parts of this muscle is indi-
cated by the arrowhead; scale bar = 2 cm.
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individual muscles of mastication may be part of 
this transition as differences in growth rates have 
been reported from several species (Müller 1933, 
Cachel 1984, Herring & Wineski 1986, Hurov et 
al. 1988, Langenbach & Weijs 1990). A general 
trend in mammals seems to be the early growth 
of jaw openers and the ventral muscles of the 
mouth as these muscles are involved in suckling 
(Herring 1985). Similarly to other mammalians 
(Müller 1933, Cachel 1984, Hurov et al. 1988, 
Langenbach & Weijs 1990), the contribution of 
the digastricus of the Saimaa and Baltic ringed 
seals to the total jaw muscle weight decreased 
with increased body size (age) (Fig. 2). This is 
intriguing as these muscles are also involved 
in suction feeding utilized by many pinnipeds. 
Also in the Saimaa ringed seal, the temporalis 
had a strong positive allometric growth (Fig. 2). 
In terrestrial carnivores, this muscle is import-
ant in producing the killing bite force. Of the 
other masticatory muscles, the contribution of 
the masseter to the total muscle weight increases 
with age in many herbivores and omnivores 
(Müller 1933, Herring & Wineski 1986, Hurov 
et al. 1988, Langenbach & Weijs 1990), pos-
sibly because of the importance of this muscle 
(together with the pterygoids) in lateral move-
ments of the jaw (Herring & Wineski 1986). In 
the Saimaa ringed seal, no significant trend was 
evident in the proportional mass of this muscle 
with increasing body weight (Fig. 2). However, 
more data on mastication muscles of adult indi-
viduals are needed to confirm the growth pat-
terns documented in this study.

In interpreting the variable growth patterns 
of masticatory muscles, it should be noted that 
the cranial growth itself, as well as the space 
needed by the brain and eyes may limit the avail-
able space and attachment of areas for mastica-
tory muscles and thereby determine differential 
growth. It should be also noted, that adipose 
tissue can form a significant proportion of the 
body mass in seals. Although the muscles of the 
individuals examined in this study may have lost 
some of their mass due to storage in the freezer 
after death, the mass of the muscles of masti-
cation in ringed seals appears to be remarkably 
low compared to that of similar-sized terrestrial 
mammals (Hartstone-Rose et al. 2012). This 
indicates that the bite force of ringed seals is 

relatively low but information on fiber length 
and physiological cross-sectional areas of the 
muscles is needed to confirm this.

The feeding kinematics of the Saimaa and 
Baltic ringed seals has not been studied in detail. 
The temporomandibular joint of the Saimaa and 
Baltic ringed seals was situated approximately 
at the level of the occlusal plane with the canine 
and incisor teeth slightly dorsal of the joint, 
indicating that there is little need for lateral 
movement of the jaw (Dyce et al. 2010). This is 
supported by the lack of any trend in the propor-
tional mass of the masseter muscle with increas-
ing body weight in the Saimaa ringed seal. The 
skull of these subspecies is apparently not under 
significant cranial strain from any muscles of 
mastication, because they prey on small-sized 
fish (Sinisalo et al. 2008, Kunnasranta et al. 
1999, Auttila et al. 2015). Moreover, similar to 
other ringed seals (Stirling 1977), they do not 
use their teeth for scraping ice to form breathing 
holes; rather, they mainly rely on their claws for 
this. Finally, they do not demonstrate extreme 
combative behaviors typical of some other pinni-
peds (Jones et al. 2013). Nevertheless, the differ-
ence in the location of the tympanic bulla in rela-
tion to the temporo-mandibular joint between the 
Saimaa and Baltic ringed seals (Fig. 1) reported 
here is interesting because it may affect the range 
of motion of the digastricus muscle. Previous 
studies (Hyvärinen & Nieminen 1990, Endo et 
al. 1998, 2002) suggest that the zygomatic arch 
provides space for the enlarged eyeball in the 
orbit of ringed seals, but the shape of the zygo-
matic arch also affects the location and shape of 
the articular surface of the temporo-mandibular 
joint. Detailed comparative studies with data sets 
of computer scanned skulls covering all ages are 
warranted to investigate how exactly the dor-
so-ventral diameter of the tympanic bulla varies 
according to the age of the seal, and whether 
there are any differences between subspecies in 
this respect.

Research on the feeding kinematics of a 
closely related species, the harbor seal (Phoca 
vitulina, Marshall et al. 2014), showed that their 
diet includes larger sized prey than those con-
sumed by the Saimaa and Baltic ringed seals 
(Härkönen 1987, Olsen & Bjørge 1995). Addi-
tionally, they have a wide repertoire of opportu-
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nistic feeding strategies (see also Kienle & Berta 
2016) such as suction and hydraulic jetting, 
which in addition to action of the mastication 
muscles, involve movements of the tongue of 
these secondarily aquatic carnivores (see also 
Churchill & Clementz 2015).
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