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Abstract

This is an extensive comparative study of prenatal
development of the peripheral auditory system in
mammals. A wide range of ecologically different
species were studied, including terrestrial, semi-
aquatic, and aquatic species with auditory systems
that perceive low, middle, and high frequencies.
Structural peculiarities of the development of the
auditory system were determined for each species
studied in relation to its frequency range and to the
acoustic properties of the medium. The stages of
morphological adaptations found in terrestrial,
semi-aquatic, and aquatic species are described. The
data reveal general principles of development of
the peripheral auditory system in mammals with
different ecological specializations.
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Introduction

The mammalian auditory system is characterized by
great anatomical complexity. Studies on the periph-
eral auditory system have a long history. Over the
years, studies of auditory structure in terrestrial
mammals of different evolutionary lines produced
many publications on morphology, physiology and
biomechanics (Hensen, 1863; Doran, 1878; Denker,
1901; Bekesy, 1936; Pye, 1973).

Investigations into the auditory system of marine
mammals (Cetacea, Pinnipedia), which have a dis-
tinctive trend in the evolution of placental animals,
began over three centuries ago. These works were
largely anatomical (Denker, 1902; Eschricht, 1849;
Huber, 1934; Clarke, 1948; Reysenbach de Haan,
1957; Fraser & Purves, 1960; Fleischer, 1973;
Ramprashad, 1975; Ketten, 1992). This approach
made understanding the operation of the echo-

location apparatus more difficult and led inevitably
to misinterpretation of reception mechanisms for
acoustic signals underwater.

We previously studied the postnatal ontogenetic
structure of the outer, middle, and inner ear in
representatives of different ecological groups
(Bogoslovskaya & Solntseva, 1979), but we felt the
need to conduct a comparative embryological
analysis of prenatal development of all components
of the peripheral auditory system in terrestrial,
semi-aquatic, and aquatic mammals with high,
middle, and low frequency hearing. Thus, we have
been able to study in more detail the structural
features of the auditory organ in the species under
study, to understand how characteristic features of
its formation account for some structural adapta-
tions in aquatic species, and to determine their
formation stages.

Prenatal development of the ear in laboratory
animals and in humans has been described in a
number of papers (Kölliker, 1861; Alexander, 1900;
Brunner, 1934; Cooper, 1948, Titova, 1968).

There are abundant data on the development of
the auditory system in terrestrial forms, but infor-
mation on embryos of Cetacea and Pinnipedia is
scarce. Developmental studies on marine mammals
were primarily concerned with the anatomy of
single auditory structures at one of the stages of
later embryogenesis or fetal period (Kükenthal,
1889–1893). The complete absence of data on the
development of the auditory system of Cetacea and
Pinnipedia in early developmental stages made
it difficult to establish the development of the
peripheral auditory system in mammals.

We have performed a comparative embryological
study of the auditory system in the terrestrial,
subterranean, semi-aquatic, and aquatic species in
the early embryogenesis (as defined by Schmidt,
1968); i.e., beginning at the formation of the
auditory vesicle (the stage of the forelimb bud) to
the complete formation of primary auditory struc-
tures. This study showed certain differences and
similarities at developmental stages.
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It should be noted that in developmental studies
of various organs, auditory organs included, most
investigators rely on the length of the different

embryos, which is a poor basis for comparison in a
comparative series. The term of pregnancy and
length of embryos at similar stages vary greatly

Figure 1. Dorso-ventral sections of the head showing the auditory organ of embryos: A- Balaenoptera
acutorostrata, stage 13. Development of the acoustic vesicle (the forelimb bud); B- Balaenoptera
acutorostrata, stage 14–15; C- Rattus norvegicus, stage 14–15. The division of the acoustic vesicle into lower
(cochlear canal) and upper (vestibular apparatus) parts. The rudiments of the auditory ossicles are seen as
independent formations; D- Cavia porcellus, stage 16. Formation of the basal turn of the cochlea. Labels
for all figures: W- cerebrum; X- acoustic vesicle; C- cochlea; P- vestibular apparatus; Y- auditory capsula;
B- pinna; A- external auditory meatus; m- malleus; i- incus; s-stapes; venous sinus; f- tympanum; g- basal
turn; e- middle turn; n- apical turn; F- acoustic nerve; U-cochlear nerve; Z- vestibular nerve; k- m.
stapedius; h- m. tensor tympani; q- cavernous plexus; J- fibrous ligament; T- tympanic membrane; N-
vestibular scala; G- tympanic scala; d- cochlear canal; r- Reissner’s membrane; H- tympanic bulla; R-
peribullar sinus; Sk- stria vascularis; Q- spiral ligament; 1s- primary osseous spiral lamina; 2s- secondary
osseous spiral lamina; we- inner hair cells; ne- outer hair cells; D- columnar cells; E- cuboidal epithelium.
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among different species. However, in experimental
embryology there is a widely used concept of
equivalent stages of an animal’s development (Otis
& Brent, 1954).

To compare embryos of different species,
several investigators (Dyban, Puchkov, Baranov,
Samoshina & Chebotar, 1975) have studied the
normal development of some laboratory animals.
These authors categorized developmental stages
according to characters common to different
species.

In order to compare formation of the peripheral
auditory system in different mammal species, we
compared outer, middle, and inner ear structures at
similar developmental stages using tables of normal
development for laboratory animals (Dyban et al.,
1975). Most mammals follow a similar sequence of
development of outer, middle, and inner ear
structures. Therefore, for the sake of description,
we used known developmental stages for some
terrestrial forms (as defined by Dyban et al., 1975).

A comparison was made also of the developmen-
tal level of outer, middle, and inner ear structures
with stages at which the mesenchymous tissue is
replaced by embryonic cartilage.

Material and methods

The following species of mammals were used in
the study: Insectivora—mole (Talpa europaea);
Microchiroptera—lesser horseshoe bat (Rhinolo-
phus hipposideros), greater horseshoe (Rhinolophus
ferrumequinum), great (Nyctalis noctula), mouse-
eared bat (Myotis myotis); Rodentia—rat (Rattus
norvegicus), guinea pig (Cavia porcellus);
Cetacea—Odontoceti: spotted dolphin (Stenella
attenuata), common dolphin, (Delphinus delphis),
bottle-nosed dolphin (Tursiops truncatus); harbor
porpoise (Phocaena phocaena); beluga (Delphina-
pterus leucas); Mysticeti: Minke whale (Balaenop-
tera acutorostrata); Artiodactyla—pig (Sus scrofa
domestica); Pinnipedia-Otariidae: eared seal (Eume-
topias jubatus); Phocidae: ringed seal (Pusa hispida),
bearded seal (Erignathus barbatus); Odobenidae:
walrus (Odobenus rosmarus divergens).

Specimens were fixed in 10% buffered formalin
and Wittmaak fixative then dehydrated and treated
in an increasing series of ethanols, embedded in
celloidin and sectioned at 10–15 micron thickness in
a dorso-ventral plane. The sections were stained
with hematoxylin-eosin according to the methods
of Mallory and Kulchitsky, and impregnated with
silver nitrate.

Results

The results of the comparative embryological study
show that in all the species studied the peripheral

auditory system develops in the early embryo-
genesis; i.e., in the period from the formation of the
auditory vesicle (stage 13) to the completion of the
main structures of the peripheral auditory system
(stage 20) during the formation of the cartilaginous
skeleton (Solntseva, 1983; 1985a; 1985b; 1986; 1987;
1988a; 1988b; 1990; 1992; 1993).

In the early embryogenesis (stages 13–16) a simi-
larity was found in the formation of the outer,
middle, and inner ear structures. The paired rudi-
ments of the membranous labyrinth are observed at
the stage of 2–3 pairs of somites (Wilson, 1914).
Later, at the stage of 6–9 pairs of somites, the
auditory placode is formed (Kappers, 1941). At the
stage of 14–15 pairs of somites, the auditory pit is
visible, from which the auditory vesicle develops
later at the stage of 20 somite pairs (forelimb bud,
stage 13) (Titova, 1968) (Fig. 1A). In all species
studied, at stage 13, the rudiment of the ossicles
(in the form of condensed mesenchyme) is found.
Subdivision of the auditory vesicle into the upper
and lower parts is noted at stages 14–15 (Figs. 1B
and C). The cochlear canal is formed from the
lower part and from the upper part, the vestibular
apparatus. The basal cochlea canal is formed by
the columnar epithelium and consist of cuboidal
epithelium are differentiated (stage 16). At this
stage, the cochlea canal begins twisting into a spiral
shape to form the basal turn of the cochlea (Fig.
1D). The capsule surrounding the cochlea consists
of condensed mesenchyme.

At stage 16, a depression surrounded by small
tuberculae is formed from the first branchial cleft.
In the early embryogenesis the auditory meatus is

Figure 2. Dorso-ventral sections of the head showing the
auditory organ of Erignathus barbatus, stage 16. The
basals turn of the cochlea is formed. Labels as in Fig. 1.
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patent in all species. The middle ear is formed as a
protrusion of the first pharyngeal pouch. As already
mentioned, the rudiment of the ossicles in all species
studied appears at stage 13 as a condensed mesen-

chyme. At stage 16, the contours of the rudiment of
the auditory ossicles are clearly distinguished,
appearing as separate components (Fig. 2). At this
stage the middle ear cavity is a narrow blind

Figure 3. Dorso-ventral sections of the head showing the auditory organ in embryos. stage 17. A- Rattus norvegicus. Clear
contours of the pinna are shown; B- Erignathus barbatus; C- Balaenoptera acutorostrata; D- Stenella attenuata. Rigid joint
between the malleus and incus (at right angles) is shown. The middle turn of the cochlea is formed. Labels as in Fig. 1.
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canal running under the rudiment of the auditory
ossicles. The rudiment of the tympanic membrane
is visible.

At stage 17, in the inner ear, the middle turn of
the cochlea is formed (Figs. 3A, B, C and D). In the
outer ear, a single mesenchymal rudiment of the
pinna is formed as a result of fusion of the tuber-
culae surrounding the poroid (Fig. 3A). In the
middle ear each of the rudiments of the auditory
ossicles is an independent formation consisting
mainly of immature cartilaginous tissue. In all
species, the tympanic membrane is thick and soft.
The middle ear cavity is enlarged. The distal part of
the auditory meatus is filled with epithelial cells
(Fig. 4).

At stage 18, formation of the cochlea is complete
in most of the species. The apical turn is complete
(Figs. 5A, B, C. D and E). The ear capsule becomes
cartilaginous. The cell elements of the Organ of
Corti are at the same stage of cell differentiation in
all cochlea turns. At this stage the columnar epi-
thelium looks as if it has been drawn apart, with
two thickenings, axial and lateral. In the outer ear,
the Pinna acquires more distinct contours and a

small curl appears. At this stage, in some Phocidae
(Pusa hispida) (Solntseva, 1988), the pinna does not
develop in the fetal period and is absent in adults
(Fig. 6). The cartilaginous part of the external
auditory meatus in all species studied is a straight,
short canal. Its osseous part is formed later. The
osseous part of the external auditory meatus is
formed early in the mature born species (Cetacea,
Pinnipedia, Artiodactyla), before birth. In the
immature born species (rats, bats) its osseous part is
formed in the early postnatal ontogenesis. In the
middle ear, the structural elements of the auditory
ossicles are formed within the middle ear cavity
(Figs. 7A and B). The malleal head, neck and
manubrium are clear, as are the body and two arms
(short and long) of the incus. The stapes is subdi-
vided into footplate and crus. The auditory ossicles
consist mainly of the mature cartilaginous tissue
by embryonic hyaline cartilage. This process is
uneven, it begins in the centre of each rudiment of
the auditory ossicles and gradually extends to
the periphery. The ossicles are surrounded by
mesenchyme consisting of small, flat cells, or chon-
droblasts. Owing to the presence of mesenchyme,

Figure 4. Dorso-ventral sections of the head showing the auditory organ of Balaenoptera acutorostrata, stage
18. The external auditory meatus has been formed, but is open. Labels as in Fig. 1.
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Figure 5 A–D.

140 G. N. Solntseva



the junctures of the auditory ossicles are clearly
distinguishable. At stage 18, the features appear
which are determined by relative positions of the
auditory ossicles. The ossicles have changed their
position and turned around the sagittal and frontal
body axes (Fig. 7C). The stapes is caudal relative to
the malleus and incus. After the turn, the footplate
stapes is found caudal. The tympanic membrane is
thin, consists of three layers, and rests on the lateral
side of the middle ear cavity. In Odontoceti and
Mysticeti the tympanic membrane follows similar
developmental stages (Figs. 8A, B and C); in the
fetal period their structure acquires species-specific
features.

At stage 19, the elements of the cochlear canal
and the cells of the Organ of Corti are differenti-
ated. Differentiation of the elements of the cochlear
canal and cells of the Organ of Corti begins in the
basal turn of the cochlea. Then the process gradu-
ally extends to the higher turns (Fig. 9A, B, C and
D). As a result, one observes different stages of the
anatomical and cell differentiation in the turns of
the cochlea. The cuboidal epithelial cells flatten and
the adjacent connective tissue loosens. Here begins
formation of the vestibular and tympanic scalae.
The cells of the Organ of Corti are differentiated
from the columnar cells, which look as if they were
forced apart. By the end of the stage 19, the lateral
part of the external auditory meatus is filled with

epithelial cells. In Cetacea and Pinnipedia, species-
specific features are formed in the outer ear. In
Pinnipedia, the cartilaginous part of the external
auditory meatus is noticeably narrowed in the distal
part. In Odontoceti, Phocidae and Odobenidae the
auditory meatus is considerably elongated, and
assumes an S-shape. The cartilage is formed around
the auditory meatus. In the middle ear formation of
the middle ear cavity continues and the auditory
ossicles become cartilaginous. The substitution of
the immature cartilaginous tissue by the primary
cartilaginous tissue one does not occur simul-
taneously in the various species. For example, in
Rattus norvegicus, the auditory ossicles at this stage
still consist mainly of precartilaginous tissue. In
Cavia porcellus, the malleus is wholly cartilaginous,
whereas in the incus and stapes, the substitution
process is only beginning. In Sus scrofa only the
malleus is cartilaginous. In bats, just as in rats, the
ossicles consist of the precartilaginous tissue. In
Pinnipedia, the maturation of auditory ossicles
occurs at different times. The first to mature are the
malleus and the body of the incus, whereas, the
lenticular arm of the incus and stapes consists of
mature cartilaginous tissue. Conversely, in Cetacea,
the incus and stapes are the first to become carti-
laginous; in the malleus formation of cartilage has
only begun. However, in the mature born species,
replacement of the precartilaginous tissue by
embryonic cartilage is completed by stage 20.

At stage 20, in the inner ear of cetaceans and
bats, the cochlea is greatly enlarged as compared
to the vestibular apparatus (almost two-fold). In
all the species studied, in the cochlear canal,
differentiation of the spiral limbus, stria vascularis
and Reissner’s membrane begins (Fig. 9D). The

Figure 5. E.

Figure 5. Dorso-ventral sections of the head showing the
auditory organ in embryos, stage 18. A- Sus scrofa.
Number of the cochlear turns-3, 0; B- Erignathus barbatus.
Number of the cochlear turns- 2, 5; C- Odobenus
rosmarus. Number of the cochlear turns-2, 5; D- Stenella
attenuata. Number of cochlear turns-2, 0; formation of the
cavernous plexus; E- Balaenoptera acutorostrata. Number
of the cochlear turns- 2, 5. Anatomical formation of the
cochlea is completed. The formed structures of the outer,
middle and inner ears are shown. Labels as in Fig. 1.

Figure 6. Dorso-ventral sections of the head showing the
auditory organ of Pusa hispida, stage 18–19. The rudimen-
tary pinna, which does not develop in the fetal period and
is absent in adults. Labels as in Fig. 1.
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stria vascularis is formed by undifferentiated epi-
thelium. The prospective spiral notch consists of
stratified tall columnar epithelium. The cochlear
and vestibular branches of the auditory nerve
are well distinguished. Differentiation of the ele-
ments of the cochlear canal and of the Organ
of Corti continues. In Odontoceti, Phocidae, and
Odobenidae, in the outer ear, the auditory meatus
widens proximally. Increase of the size of the

auditory meatus in mature born mammals is
proportional to the growth of the embryos. At
this stage the main formation process in the
outer ear is completed. In the middle ear of the
Odontoceti, the cavernous plexus is formed (Fig.
5D). In the osseous part of the auditory meatus the
venous sinuses are formed (in the Cetacea and
Pinnipedia) (Fig. 3D, 5B, D and 7A) and peribullar
sinuses are found between the cranial wall and the

Figure 7. Dorso-ventral sections of the head showing the
auditory organ in embryos, stage 18. A- Eumetopias
jubatus; B- Erignathus barbatus; C- Balaenoptera acuto-
rostrata. The tympanum and auditory ossicles in the
middle ear already have turned around the sagittal and
frontal axes of the early embryogenesis body; the long arm
of the malleus is grown together with tympanic bulla. The
auditory ossicles have been formed, and connections
between them and location in respect of one another
acquire features characteristic of adult animals. Labels as
in Fig. 1.
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cochlear capsule (only in Cetacea) (Figs. 3C, 4 and
7C). In Odontoceti, the tympanic bulla is separated
from the cranium. Stage 20 marks the end of the
early embryogenesis of the peripheral auditory
system. The main process of the formation of
the outer, middle, and inner ears of completed.
The auditory meatus is filled with epithelial cells
(Fig. 10). These epithelial cells are known to resorb
in the mature born species by the moment of the
birth, whereas in the immature born mammals

the resorbtion is delayed until early postnatal
development.

For the first time, we have ascertained the source
of the epithelium filling in the distal part of
the auditory meatus in some Delphinidae. In
Odontoceti, the structure of the auditory meatus
differs from that of all other mammalian species
studied. In Odontoceti, the auditory meatus has a
distinct S-shape. At some distance from the open-
ing, the cavity of the auditory meatus gets filled, so

Figure 8. Dorso-ventral sections of the head showing the
auditory organ in embryos, stage 18. A- Balaenoptera
acutorostrata; B- Stenella attenuata; C- Delphinapterus
leucas. Similarity is observed in the structure and forma-
tion of the tympanic membrane which already in the
fetal period acquires species-specific features. Labels as in
Fig. 1.
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that two parts (distal and proximal) are formed. As
it has been already mentioned, at stage 20 the
auditory meatus is filled with epithelial cells
throughout. In Odontoceti, the epithelial cells in the
proximal part are completely resorbed before birth,
whereas in the distal part, a part of this embryonic
plug persists and later serves as a basis for the
formation of the epthelial tissue of an adult canal

which was reported earlier (Belkovich & Solntseva,
1970).

Discussion and conclusions

The results of the comparative study have shown
that in different ecological groups, the formation of
the outer, middle, and inner ear structures in the

Figure 9. Dorso-ventral sections of the head showing the
auditory organ of Rhinolophus hipposideros, stage 19–20.
A- Cochlea. Differentiation of the elements of the Organ
of Corti begins in the basal turn of the cochlea, and then
the process gradually extends to the higher turns; B- The
apical turn of the cochlea. The base of the cochlear canal
formed by the columnar cells and the roof consisting of
the cuboidal epithelial are distinguished; C- The middle
turn of the cochlea. The columnar cells looks as if it has
been drawn apart, with two thickenings, axial and lateral,
being formed; formation of the tympanic scala; D- The
basal turn of the cochlea. Differentiation of the vestibular
scala, Reissner’s membrane, spiral ligament, stria vascu-
larris, outer and inner hair cells. Labels as in Fig. 1.
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early developmental stages proceeds with a similar
sequence and roughly at the same developmental
stages. The greatest similarity in the formation of
the peripheral auditory system is noted in the first
half of the early embryogenesis. The species-specific
features of the structural organization of the audi-
tory organ appear in the second half of the early
embryogenesis. The process of the cell differentia-
tion of the Organ of Corti and resorption of the
epithelial cells of the auditory meatus in the mature
born species is practically completed by the moment
of the birth. In the immature born species differen-
tiation of the elements of the cochlear canal, of the
cells of the Organ of Corti, and resorption of the
epthelial cells of the aiditory meatus is not com-
pleted until the 20th day of early postnatal onto-
genesis. In bats it is completed by the 25–30th day
(Airapetyants & Konstantinov, 1974). In echolocat-
ing forms (bats, dolphins), belonging to different
taxonomic and ecological groups, common features
in the development of the middle and inner ears
appeared through parallel evolution in the course
of which conditions were created for intra-
specific acoustic communication in specific habitat
unfavorable for eyesight.

The results obtained revealed the following
general regularities in the development of the
peripheral auditory system in the representatives of
the different ecological groups:

1. In the first half of the early embryogenesis of
the peripheral auditory system (stages 13–16) most
mammals share common structural features;

2. In the structural organization or the periph-
eral aiditory system, species-specific features are
formed in the second half of the early embryogen-
esis (stages 18–20), depending on ecological
specialization of the species;

3. The morphological features of the periphearal
auditory system in mammals, which are formed
in the early developmental stages, continue to de-
velop in the later embryogenesis, fetal, and early
postnatal periods.

One of the aims of the comparative embryologi-
cal study of the peripheral auditory system in
Cetacea and Pinnipedia was to reveal their phy-
logeny. From the viewpoint of the proponents of
monophyletic origins, the present-day groups of
Cetacea and Pinnipedia, each had a common ances-
tor (Kellogg, 1922; Romer, 1933; Slijper, 1936;
Tomilin, 1957; Van Valen, 1968; Borisov, 1969a).
According to the adherents of diphyletic origin of
Cetacea, evolution of two suborders proceeded by
convergence rather than by divergence and it would
be more correct to consider them as two indepen-
dent orders (Gregori, 1910; Kleinenberg, 1958;
Andersen, 1967; Rice & Scheffer, 1968).

The idea of monophyletic origin of Pinnipedia
was the outcome of ecological-climatological
(Weber, 1928; Matthew, 1939; Davies, 1958;
Scheffer, 1958) and biochemical studies (Borisov,
1969b; Sarich, 1969; Seak, Erikson, Siniff &
Hofman, 1970), of the comparative analysis of
Karyotypes (Fay, Fausch & Felts, 1967; Duffield
Kulu, 1972; Anbinder, 1980) and of the compara-
tive embryological study of the formation pattern
of the external adaptive features in Otariidae and
Phocidae in the prenatal period (Kuzin, 1970).

The hypothesis of a polyphyletic origin was ad-
vanced after the discovery of serious morphological
differences among Otariidae, Phocidae and Odobe-
nidae and in view of the pecularities of their areas
(Chapsky, 1970; Howell, 1929; McLaren, 1960;
Ray, 1976; Repenning, 1979).

Our comparative morphological and compara-
tive embryological study of the peripheral auditory
system revealed differences in ear structure between
representatives of two suborders of Cetacea and
within the order Pinnipedia—between Otariidae, on
the one hand, Phocidae and Odobenidae, on the
other. The results seem to favor the hypothesis of
diphyletic rather than monophyletic origin of
these divisions. However, in the developmental
study of the ear it was shown that in Mysticeti

Figure 10. Dorso-ventral sections of the head showing the
auditory organ of Sus scrofa, stage 19–20. The external
auditory meatus is filled with epithelial cells. Labels as in
Fig. 1.
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and Odontoceti at similar developmental stages
in the early prenatal period there is a similarity
in the structure of the tympanic membrane, whereas
in the fetal period it acquires species-specific
features.

It can be inferred from the structure of the
peripheral auditory system in adult cetaceans, that
Mysticeti are the most ancient group of cetaceans
and retain the same structural features typical for
terrestrial forms (Bogoslovskaya & Solntseva,
1979). This is especially clearly seen in the structure
of the auditory meatus, in the growing together of
the tympanic bulla and cranial bones, and in the
number of turns in the cochlea.

Odontoceti should be considered an evolutionary
more advanced group, their auditory organ having
acquired new adaptations related to the appear-
ance of a special means of orientation, namely
echolocation.

Among Pinnipedia, Otariidae have the most simi-
lar peripheral auditory system in comparison to
terrestrial forms, whereas Phocidae and Odobeni-
dae are more advanced groups of mammals, with
the auditory organ better adapted for functioning
underwater (Ramprashad, 1975; Bogoslovskaya &
Solntseva, 1979).

In the developmental study of the auditory organ
of Pinnipedia certain similarities have been found in
its structure betweens the representatives of Otarii-
dae and those of Phocidae (Pusa hispida). They are
seen in the formation of the pinna which in Pusa
hispida does not develop in the fetal period and is
absent in adults.

From the data obtained, it can be supposed that
the most ancient group of Pinnipedia is the Otarii-
dae which later gave rise to Phocidae and Odobe-
nidae, and this is a further indication in favor of the
monophyletic origin of Pinnipedia.

Thus, our data favor the earlier advanced hy-
pothesis of the monophyletic origin of Cetacea.
This hypothesis is also supported by the results of
immunological study (Borisov, 1969a), by the
method of molecular DNA-DNA hybridization
(Mednikov & Shubina, 1977) and by the compara-
tive analysis of karyotypes (Anbinder, 1980).
Our results also support the hypothesis of the
monophyletic origin of Pinnipedia and are con-
firmed by the evidence of immunological study
(Borisov, 1969b) and by the comparative analysis of
karyotypes (Anbinder, 1980).

Acknowledgements

Embryos of semi-aquatic and aquatic mammals
were obtained from colleagues in several Institutes
of the Russian Ministry of Fish Industry (Moscow,
Russia) and from Dr. W. Perrin (La Jolla, USA).
Embryos of laboratory animals were provided by

colleagues from an Institute of Developmental
Biology and Institute of Evolutionary Morphology
and Ecology of Animals, Russian Academy of
Sciences (Moscow, Russia). Chiroptera embryos
were obtained from colleagues at the Institute of
Zoology of the Ukrainian Academy of Sciences
(Kiev, Ukraina). I am grateful to all colleagues for
giving for present investigation the embryological
material.

References

Airapetyants, Eh. Sh. & Konstantinov, A. I. (1974) Echo-
location in Nature. pp. 205–208. Nauka: Moscow (in
Russian).

Alexander, C. G. (1900) Beitrage zur Morphologie des
Ohrlabyrinths. Zent-ralbl. f. Physiol. 14, 604.

Anbinder, E. M. (1980) Karylogy and Evolution of
Pinnipedia. Nauka: Moscow. 152 pp (in Russian).

Andersen, H. T. (1967) Cardiovascular adaptations in
diving mammals. Amer. Heart. J. 74(3), 295–298.

Belkovich, B. M. & Solntseva, G. N. (1970) Morpho-
functional features of the auditory organ in dolphins.
Zool. Zhurnal 49(2), 275–282 (in Russian).

Bekesy, G. J. (1956) Current status of theories of hearing.
Science 123, 779.

Boettcher, A. (1869) Ueber Entwicklung an Bau des
Gehörlabyrinths nach Untersuchungen an Säugetieren.
Dresden.

Bogoslovskaya, L. S. & Solntseva, G. N. (1979) The
Auditory System of Mammals. Nauka: Moscow.
238 pp (in Russian).

Borisov, V. I. (1969a) Comparative analysis of serum
albumins of Cetacea and some terrestrial mammals. In:
Marine Mammals. pp. 308–312. Nauka: Moscow.

Borisov, V. I. (1969b) On the use of precipitation reaction
for the study of phylogeny and systematic of Pinnipedia
and Carnivora. Zool. Zhurnal 48, 248–255 (in Russian).

Brunner, H. (1869) Die Entwicklung an Bau des Gehör-
labyrinths nach Untersuchungen an Säugetieren.
Dresden.

Chapsky, K. K. (1970) The concept of the arctic origin of
Pinnipedia and other ways of solving the problem. In:
A. I. Tolmachov (ed.) The Arctic Ocean and its coast in
Cenozoic. pp. 166–173. Gidrometeoizdat: Leningrad (in
Russian).

Clarke, R. (1948) Hearing in Cetacea. Nature. London
161, 979–980.

Cooper, E. R. A. (1948) The development of human
auditory pathway from the cochlear ganglion to the
medial geniculate body. Acta. Anat. 5, 99.

Davies, J. L. (1958) The Pinnipedia: an essay in Zoogeog-
raphy. Georg. Rev. 48(4), 474–493.

Denker, A. (1902) Zur Anatomie des Gehörorgans der
Cetacea. Anat. Hefte 19, 424–448.

Doran, A. M. G. (1878) Morphology of the mammalian
ossicula auditus. Trans. Linn. Soc. London. Zool. 1,
371–498.

Duffield Kulu, D. (1972) Evolution and cytogenetics. In:
S. H. Ridgway (ed.) Mammals of the Sea. pp. 503–527.
Publ. Ch. C. Thomas: Springfield, Illinois.

Dyban, A. P., Puchkov, V. F., Baranov, V. S., Samoshina,
N. A. & Chebotar, N. A. (1975) The laboratory mam-

146 G. N. Solntseva



mals: Mus musculus, Rattus norvegicus, Oryctolagus
cuniculus, Cricetus griseous. In: Subjects of Developmen-
tal Biology. pp. 505–563. Nauka: Moscow (in Russian).

Eschricht, D. F. (1849) Zoologisch. pp. 1–206.
Anatomische-physiologische Untersuchungen uber die
nordischen Waltiere: Leipzig.

Fay, F. H., Rausch, V. R. & Felts, E. T. (1967) Cyto-
genetical comparison of some pinnipeds (Mammalia:
Eutheria). Can. J. Zool 45(5), 773–778.

Fleischer, G. (1973) Studien am Skelett des Gehörorgans
der Säugetiere einschliesslich des Menschen. Säugetierk.
Mitt 21, 2–3, 131–239.

Fraser, F. C. & Purves, P. E. (1960) Hearing in the
cetaceans. Bull. Brit. Museum Natur. Hist. Zool. 7(1),
1–140.

Gregori, W. K. (1910) The Orders of Mammals. Bull.
Amer. Museum Natur. History 27, 1–524.

Hensen, V. (1863) Zur Morphologie Schnecke des Men-
schen und Säugetiere. Z. Wissensch. Zool. 13, 481.

Howell, A. B. (1929) Contribution to the comparative
anatomy of the eared and earless seals (genera Zalo-
phus and Phoca). Proc. US. Nat. Mus. 73(15), 1–142.

Huber, E. (1934) Anatomical notes on Pinnipedia und
Cetacea. Publ. carnegie Inst. Wash 447, 105–136.

Ichichara, T. (1964) Prenatal development of ear plug in
baleen whale. Scient Repts. Whales Res. Inst. 18, 29–48.

Kappers, A. (1941) Kopfplacoden bei Wirbeltieren.
Ergebn. Anat. und Entwicklungsgeschichtliche 33, 370.

Kellogg, R. (1922) Pinnipeds from Miocene and Plesi-
tocene deposits of California. Univ. Calif. Bull. Dept.
Geol. Sci. 13(4), 23–132.

Ketten, D. R. (1992) The Cetacean Ear: Form, Frequency
and Evolution. In: J. A. Thomas, R. A. Kastelein &
A. Ya. Supin (eds) Marine Mammals Sensory Systems.
pp. 53–75. Plenum Press: New York.

Kleinenberg, S. Ye. (1958) On the problem of the origin of
Cetacea. Papers of the USSR Acad. of Sci. 122(5),
950–952 (in Russian).

Kolliker, A. (1861) Der embryonate Schnecken-Kanal
und Beziehungen zu den Theilen der fertigen Cochlea.
Wurzburger naturwissenschaft. Zeitschrift. 2, 1.

Kukenthal, W. (1889–1893) Vergleichend-anatomische
und Entwicklungsge-schichtliche Untersuchungen an
Waltieren. Jena, I–II, pp. 1–220; 220–448.

Kuzin, A. E. (1970) Morphological characteristic Cal-
lorhinus ursinus (features of growth and development
in prenatal period). Autoref. kand. diss. biol. pp. 1–28.
Inst Biology of Sea: Nauk, Vladivostok (in Russian).

Matthew, W. D. (1939) Climate and Evolution. 2nd ed.
Spec. Publ., N. Y. Acad. Sci. 1, 1–233.

McLaren, I. A. (1960) Are the Pinnipedia biphyletic? Syst.
Zool. 9(1), 18–28.

Mednikov, B. M. & Shubina, E. A. About phylogeny of
cetaceans. Priroda 7, 47–48 (in Russian).

Otis, E. M. & Brent, R. (1954) Equivalent ages in mouse
and human embryos. Anat. Rec. 120, 33–63.

Pye, A. (1973) The structure of the cochlea in Chiroptera
from Africa. Period. Biol. 73, 83–87.

Ramprashad, F. (1975) Aquatic adaptations in the ear of
the harp seal Pagophilus groenlandicus (Erxleben, 1777).
Rapp. et proc. -verb. reun. Cons. intern. explor. mer.
169, 102–111.

Ray, C. E. (1976) Geography of phocid evolution. Syst.
Zool. 25(4), 391–406.

Repenning, C. A. (1976) Adaptive Evolution of Sea lions
and Walruses. Syst. Zool. 25(4), 375–390.

Reysenbach de Haan, F. W. (1957) Hearing in Whales.
Acta otolaryngol. 134, 1–114.

Rice, D. W. & Scheffer, V. B. (1968) A list of the marine
mammals of the world. US. Fish and Wildlife Service
Spec. Scient rept. Fischeries 579, 1–16.

Romer, A. Sh. (1939) Paleontology of Vertebrates. pp. 1–
414. Moscow-Leningrad (in Russian).

Sarich, V. M. (1969) Pinniped phylogeny. Syst. Zool.
18(4), 416–422.

Scheffer, V. B. (1958) Seals, Sea Lions and Walruses. A
review of the Pinnipedia. pp. 1–179. Stanford Univ.
Press (Calif.).

Seal, U. S., Erickson, A. W., Siniff, D. B. & Hofman, R. J.
(1970) Biochemical, population genetic, phylogenetic
and cytological studies of Antarctic sea species. In:
Symposium of Antarctic Ice and Water masses. pp. 77–
95. Tokyo.

Shmidt, G. A. (1968) Types of embryogenesis and their
adaptive role. Nauka: Moscow. 231 pp.

Slijper, E. J. (1936) Die Cetacean. Capita zool. 7, 1–2,
1–591.

Solntseva, G. N. (1983) Early embryogenesis of the
peripheral part of the auditory analyzer of a represen-
tative of the toothed whales, Stenella attenuata.
Ontogenesis 14(3), 312–318 (in Russian).

Solntseva, G. N. (1985a) Early embryogenesis of the
peripheral part of the auditory analyzer of baleen
whales, Balaenoptera acutirostrata. Papers of the USSR
Acad. of Sci. 280(6), 1428–1432 (in Russian).

Solntseva, G. N. (1985b) Formation of the peripheral part
of the auditory analyzer of a representative of true
seals, Erignathus barbatus. Papers of the USSR Acad.
Sci. 285(6), 1504–1508 (in Russian).

Solntseva, G. N. (1986) Early embryogenesis of the
peripheral part of the auditory analyzer of the walrus.
Odobaenus rosmarus divergens. Papers of the USSR
Acad. Sci. 288(4), 984–988 (in Russian).

Solntseva, G. N. (1987) A direction of evolutionary trans-
formations of the peripheral part of the auditory ana-
lyzer of mammals with different ecology. J. General
Biology 158(3), 403–410 (in Russian).

Solntseva, G. N. (1988a) Formation of the peripheral part
of the auditory analyzer of a representative of true
seals, Pusa hispida. Papers of the USSR Acad. of Sci.
302(6), 1489–1493 (in Russian).

Solntseva, G. N. (1988b) Morphological adaptations
of the peripheral part of the auditory analyzer in
echolocating cetaceans in pre- and postnatal develop-
ment. Papers of the USSR Acad. of Sci. 298(1), 219–
224 (in Russian).

Solntseva, G. N. (1990) Formation of an adaptive
structure of the peripheral part of the auditory analyzer
in aquatic, echolocating mammals during onto-
genesis. In: J. A. Thomas & R. Kastelein (eds) Sensory
abilities of cetaceans. pp. 363–383. Plenum Press: New
York.

Solntseva, G. N. (1992) Prenatal development of the
peripheral part of the auditory system in mammals of
different ecology. In: J. A. Thomas, R. Kastelein &
A. Supin (eds). Marine Mammal Sensory Systems.
pp. 179–195. Plenum Press: New York.

147Development of the auditory organ



Solntseva, G. N. (1993) A comparative-morphological
analysis of development of the auditory organ in mam-
mals. Ontogenesis 24(5), 62–79 (in Russian).

Titova, L. K. (1968) Development of the receptor struc-
tures of the inner ear in vertebrates. Nauka: Leningrad.
176 pp (in Russian).

Tomilin, A. G. (1957) Animals of the USSR and of the
neigbouring countries. 9. Cetacea. pp. 14–756. Nauk
SSSR: Moscow, Izdatelstvo Akad (in Russian).

Van Valen, L. (1968) Monophyly or diphyly in the origin
of whales. Evolution 22(1), 36–41.

Weber, M. (1928) Die Säugetiere. Unterordung Carnivora
Pinnipedia. Jena, Gustav Fischer 2, 342–354.

Wilson, J. T. (1914) Observations upon young human
embryos. J. Anat. Physiol. 48, 315.

148 G. N. Solntseva


