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Abstract In this paper we studied three related aspects of the
ontogeny of the vertebral centrum of cetaceans and terrestrial
mammals in an evolutionary context. We determined patterns
of ontogenetic fusion of the vertebral epiphyses in bowhead
wha le (Balaena mys t i ce tus ) and be luga wha le
(Delphinapterus leucas), comparing those to terrestrial mam-
mals and Eocene cetaceans. We found that epiphyseal fusion
is initiated in the neck and the sacral region of terrestrial
mammals, while in recent aquatic mammals epiphyseal fusion
is initiated in the neck and caudal regions, suggesting loco-
motor pattern and environment affect fusion pattern. We also
studied bony fusion of the sacrum and evaluated criteria used
to homologize cetacean vertebrae with the fused sacrum of
terrestrial mammals. We found that the initial ossification of
the vertebral pedicles in the fetus may be a reliable indicator of
sacral homology in modern cetaceans. Finally, we also studied
fusion of the centra of cervical vertebrae in B. mysticetus and
found that it is not completed until after sexual maturity, and
after 20 years of age.
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Vertebra

Introduction

The vertebral column provides support for the body and
allows for flexibility and mobility (Gegenbaur and Bell
1878; Hristova et al. 2011; Bruggeman et al. 2012). To
achieve this mobility, individual vertebrae articulate with each
other through cartilaginous intervertebral joints between the
centra and synovial joints between the pre- and post-
zygapophyses. The mobility of each vertebral joint varies
greatly between species as well as along the vertebral column
within a single species. Vertebral column mobility greatly
impacts locomotor style, whether the animal is terrestrial or
aquatic. In aquatic Cetacea, buoyancy counteracts gravity, and
the tail is the main propulsive organ (Fish 1996; Fish et al.
2000). As a result, vertebral column design in cetaceans is
very different from that of terrestrial mammals (Slijper 1936;
Buchholtz 1998, 2010). Since cetaceans are derived from
terrestrial mammals, evolutionary changes occurred in their
vertebral column, and these changes are recorded in modern
adult morphologies as well as ontogeny. In this paper we
compare aspects of vertebral centrum joint ontogeny between
cetaceans and terrestrial mammals to understand the similar-
ities among mammalian morphologies in the vertebral col-
umn, regardless of habitat; and follow vertebral column mor-
phologies as they change during cetacean evolution.

Our first objective is to document ontogenetic epiphyseal
fusion patterns in cetaceans and compare them to those of
some terrestrial mammals. Epiphyseal fusion of the vertebral
centrum is epiphyseal (or growth) plate closure, an ossifica-
tion event that results in cessation of longitudinal growth.
Vertebral epiphyses fuse over an extended postnatal period,
and in some species, such as Balaena mysticetus, some epiph-
yses fuse long after sexual maturity. Epiphyseal fusion pat-
terns have been studied in terrestrial mammals (Dawson 1925;
Purdue 1983; Roach et al. 2003; Munro et al. 2009), as well as
some cetaceans (Moore 1968; Ito and Miyazaki 1990; Mead
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and Potter 1990; Yoshida et al. 1994; Galatius 2010; Wheeler
1930; Kato 1988, Kemper and Leppard 1999; Best and
Lockyer 2002), but little comparative work has been done.

Our second objective is to study the fusion of the sacral
vertebrae in ontogeny and evolution and the absence of this
process in modern cetaceans. The sacrum is the area of least
mobility in most mammalian vertebral columns since it is the
site where the weight-bearing hind limb is anchored to the
axial skeleton. In terrestrial mammals, the process of sacral
fusion, i.e., the ossification of the intervertebral disc, occurs
well after birth, affecting the stability of the pelvis in immature
animals. In modern cetaceans and sirenians, there is no weight
bearing hind limb and the sacral vertebrae remain unfused
(Eschricht et al. 1866; Slijper 1936; Buchholtz 2001, 2007;
Buchholtz et al. 2005). Because of this, it is difficult to
distinguish cetacean sacral vertebrae from adjacent lumbar
and anterior caudal vertebrae, causing different authors to
use different criteria to homologize cetacean vertebrae.

There is no consensus on criteria to distinguish sacral
vertebrae in cetaceans and we compare different methods of
distinguishing and homologizing sacral vertebrae in terrestrial
mammals and cetaceans, and evaluate them against observa-
tions on cetacean fetuses. Many marine mammal anatomists
avoid the issue altogether and use the term lumbar vertebrae
for all vertebrae between the last rib-bearing vertebra and the
first hemal-arch-bearing vertebra (e.g., Buchholtz 2001,
2010). Lumbar, in this definition, includes traditionally de-
fined lumbar vertebrae plus unfused sacral, and even anterior
caudal vertebrae since the first hemal arch is often not present
on the first caudal vertebra in animals that have a sacrum
(Eschricht et al. 1866; Slijper 1936; Evans 1993; Buchholtz
2010). Slijper (1936) proposed that the modern cetacean sa-
crum could be recognized on the basis of the location of the
pudendal nerve as it exits the intervertebral foramen; the first
root of this nerve passes through the foramen between S1 and
S2 (Slijper 1936).

Ontogenetic fusion of sacral vertebrae is of special interest
in fossil cetaceans. Cetaceans originated from terrestrial mam-
mals (Thewissen et al. 2007, 2009), and early cetaceans
possessed fused sacra (Gingerich et al. 2001; Thewissen
et al. 2001) and were able to locomote on land (Thewissen
et al. 1996, 2001; Madar et al. 2002). The origin of cetaceans
is well documented by fossils and vertebral columns are
known for many of these (Fraas 1904; Kellogg 1936;
Thewissen et al. 1996; Uhen 1999; Gingerich et al. 2001;
Madar et al. 2002; Uhen 2004; Thewissen and Bajpai 2009;
Bebej et al. 2012). For many Eocene fossil cetaceans, there is
no ambiguity about the homology of the sacrum because
multiple vertebrae are fused together and this vertebral region
articulates with the illium. However, for some of these spec-
imens, only a single fossil sacrum has been found, and the
ontogenetic age of these fossil cetaceans is unknown. Given
the slow pace of sacral centrum fusion after birth, low sample

sizes complicate determination of the number of vertebrae that
eventually make up the sacrum in fossils.

Our third objective is to document the fusion of cervical
vertebrae in B. mysticetus. Unlike most mammals,
B. mysticetus and some other cetaceans undergo intervertebral
fusion of their cervical vertebrae centra (Eschricht et al. 1866;
Wheeler 1930; Slijper 1936; Haldiman and Tarpley 1993;
Buchholtz 2001, 2007; Buchholtz et al. 2005, 2007). This
severely limits neck mobility in cetaceans, even though this
is the area of greatest vertebral mobility in most other mam-
mals (Graf et al. 1995; Bebej 2011; Bebej et al. 2012). Just like
sacral fusion in terrestrial mammals, cervical fusion is a pro-
cess with a protracted ontogeny, but no age series of cetacean
necks with different levels of fusion have been described.

Materials and Methods

This study used an ontogenetic series of 20 mice (Mus
musculus); skeletal samples of nine pigs (Sus scrofa); anatom-
ical specimens of eight bowhead whales (Balaena mysticetus)
and nine beluga whales (Delphinapterus leucas); two pan-
tropical spotted dolphin (Stenella attenuata) fetuses; one
B. mysticetus fetus; and skeletons of the Eocene cetaceans
Ambulocetus natans and Kutchicetus minimus. Techniques
used include computed tomography imaging, whole mount
clearing and staining, anatomical dissections, and osteological
study.

Epiphyseal Fusion

Epiphyseal fusion within a single vertebra and across the
vertebral column was illustrated in a diagram that we refer to
as a fusion map. Each vertebra is represented by a rectangle
and the degree of epiphyseal fusion is indicated in shades of
gray. To determine the epiphyseal fusion in the fossils, spec-
imens were scored based on the fusion scar along the epiph-
yses. If an epiphysis was missing, the joint was scored as
unfused (light gray). If a fusion scar was visible for part or the
entire circumference of the centrum, it was scored as partially
fused (dark gray). If no fusion scar was visible along any part
of the epiphysis, the joint was scored as fused (black). Scoring
is more difficult in fossil specimens than in our recent sam-
ples. In some fossils the entire circumference of a vertebra was
not visible because of damage to the specimen, or because it
was covered with sediment. In those cases, specimens were
scored on the basis of the visible segment. If the vertebra was
not recovered, it was scored as missing data (white). This
procedure is likely to have introduced some noise in our data
that is not present in the scores of the modern animals.
Vertebrae were identified using the descriptions for
A. natans (Thewissen et al. 1996; Madar et al. 2002) and
K. minimus (Thewissen and Bajpai 2009).

J Mammal Evol



Fusion data for M. musculus were collected from the
cleared and stained ontogenetic mouse series. This technique
provided clear visualization of the epiphyseal fusion pattern.
Fusion data in fossils were determined from inspection of the
external surface of each vertebra. The inability to inspect the
internal morphology of these vertebrae introduces a level of
variation that is not present in the other methods and is a likely
source of noise in our fossil data.

Modern Cetacean Osteological Samples

We recorded vertebral counts, intervertebral and epiphyseal
fusion patterns in B. mysticetus and D. leucas, during native
Alaskan subsistence hunts in Barrow and Point Lay, Alaska.
These samples were collected under permit NOAA-NMFS
814-1899-01 with permission from the Alaska Eskimo
Whaling Commission and local subsistence hunters. Sagittal
samples of vertebral centra, intervertebral discs, growth plates,
and epiphyses were cut using manual and power saws. Some
samples were skeletonized by cold water maceration. Balena
mysticetuswere aged using criteria based on baleen length and
body length (Lubetkin et al. 2012), but D. leucas could only
be relatively aged by comparing degrees of fusion and assum-
ing that more epiphyseal fusion is present in older individuals.
For D. leucas, a large number of partial vertebral columns
were available. Balena mysticetus and D. leucas specimens
provided data on epiphyseal fusion. Cervical fusion was stud-
ied in B. mysticetus only, because D. leucas do not fuse their
cervical vertebrae.

Ontogenetic Series of Mus Musculus

We collected an ontogenetic series ofM. musculus from birth
to 60 days postnatal every ten days, plus individuals over
one year old. Specimens were cleared and stained to show
only bone (Alizarin Red) and cartilage (Alcian Blue) struc-
tures, and all other tissues were chemically cleared, using a
protocol adapted from Wassersug (1976). This collection of-
fered details on the timing of bony epiphyseal and sacral
fusion in a terrestrial mammal.

Artiodactyl Osteological Collection

We used S. scrofa as a second modern comparative sample to
investigate epiphyseal and sacral fusion, because terrestrial
artiodactyls are the closest mammalian relative of cetaceans
(Thewissen and Madar 1999; Geisler et al. 2007; Thewissen
et al. 2007; Spaulding et al. 2009). Osteological specimens
were studied at the Field Museum of Natural History in
Chicago, IL, and the Carnegie Museum of Natural History
in Pittsburgh, PA. The S. scrofa studied were wild-caught or
domesticated individuals for which no exact ages were avail-
able. Instead, ages of the S. scrofa were estimated from tooth

eruption sequences and wear pattern (Getty 1975; Hillson
1986).

Modern Cetacean Fetuses

Stenella attenuata specimens were acquired from the Los
Angeles Natural History Museum (LACM), and pertain to
Carnegie Stage 21–23 (Thewissen and Heyning 2007). The
pelvic regions of S. attenuata LACM 94310 and B. mysticetus
2000B3F fetuses were dissected to identify the location of the
pudendal nerve before clearing-and-staining. LACM 94310 is
185 mm in total length (TL) and is from C21-22. The
B. mysticetus fetus 2000B3F is 403 mm in TL and from
C23. These specimens, along with LACM 94382 (TL=
225 mm), were cleared and stained to investigate the presence
of morphological traces of sacrum development.

Eocene Cetaceans

Two of the most basal cetaceans (Geisler and Uhen 2005;
Uhen et al. 2011) were chosen for study because nearly
complete vertebral columns are known for both A. natans
(Ambulocetidae, HGSP 18507; Thewissen et al. 1996;
Madar et al. 2002) and K. minimus (Remingtonocetidae,
IITR-SB 2647; Bajpai and Thewissen 2000; Thewissen and
Bajpai 2009).

Computed Tomography

Computed tomography (CT) scans of modern and fossil ceta-
cean specimens were completed at Loyola UniversityMedical
Center in Maywood, IL, using a Siemens Somatom Sensation
CT scanner that produced sequential slices at 0.6 mm thick-
ness and at NEOMED, Rootstown, OH, on a Norland Stratec
XCTBoneDensitometerμCTscanner yielding 0.25mm thick
slices. Sequential CT images were studied using Image J
(Rasband 2011).

Institutional Abbreviations

CM, Carnegie Museum of Natural History; FMNH, Field
Museum of Natural History; HGSP, Howard University-
Geological Survey of Pakistan, Quetta, Pakistan; IITR-SB,
Indian Institute of Technology, Roorkee, India- Sunil Bajpai
collection; LACM, Los Angeles Natural History Museum,
specimens deposited at Northeast Ohio Medical University
(NEOMED); LUMC, Loyola University Medical Center;
NOAA-NMFS, National Oceanic and Atmospheric
Administration- National Marine Fisheries Service.
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Results

Epiphyseal Fusion

The ontogenetic M. musculus series shows that, for
individual vertebrae, the cranial epiphysis always fuses
to the centrum before the caudal epiphysis (Fig. 1).
Epiphyseal fusion starts around ten days postnatal
(Fig. 1ii) in two regions: the neck and sacrum. Fusion
progresses caudally from the cervical and sacral regions
as ontogeny progresses (Fig. 1ii–vi). Epiphyses of the
seven cervical vertebrae and four sacral vertebrae are
completely fused at 20 days (Fig. 1iii). At that age,
cranial epiphyses of the thoracic vertebrae are complete-
ly fused, but the caudal epiphyses are not, and both
epiphyses of the lumbar and anterior caudal vertebrae
are partially fused. Epiphyseal fusion progresses to the
anterior thoracic and caudal vertebrae by 30 days
postnatal (Fig. 1iv). At 40 days postnatal, the cervical,
anterior thoracic, sacral, and anterior caudal vertebrae
are completely fused, as are the cranial epiphyses of the
thoracics and most of the posterior caudal vertebrae

(Fig. 1v). The posterior lumbar epiphyses are the last
to fuse (Fig. 1vi). Complete epiphyseal fusion is present
by 60 days postnatal (Fig. 1vii, viii), well after sexual
maturity.

In S. scrofa, epiphyseal fusion starts after the erup-
tion of the third molar (M3), when the animal is ap-
proximately 18–20 months old (Getty 1975), and the
pattern is similar to that of M. musculus in that the
cranial epiphysis fuses to the centrum before the caudal
epiphysis (Fig. 2). Similar to M. musculus, epiphyseal
fusion progresses caudally through the vertebral column,
beginning in two different regions (Fig. 2i–v). In both
species, the anterior center of fusion is in the cervical
region. However, the posterior ossification center in
S. scrofa is located in the anterior caudal vertebrae,
rather than in the sacrum as in M. musculus .
Epiphyseal fusion progresses cranially and caudally
from this posterior ossification center (Fig. 2v, vi).
The anterior thoracic vertebral epiphyses fuse last
(Fig. 2viii, ix).

Epiphyseal fusion in B. mysticetus and D. leucas starts
from the cervical and the caudal regions; fusion continues

Fig. 1 Mus musculus postnatal fusion maps. i, 1 day (M81); ii, 10 day
(M54); iii, 20 day (M82); iv, 30 day (M78); v, 40 day (M143); vi, 50 day
(M83); vii, 60 day (M84); viii, 230 day (M85). Blocks with two colors
show different amounts of fusion within a single vertebra. Arrows show

direction of epiphyseal fusion. C2, second cervical vertebra; T1, first
thoracic vertebra; L1, first lumbar vertebra; S1, first sacral vertebra;
Ca1, first caudal vertebra. Light gray, no epiphyseal fusion; dark gray,
partial epiphyseal fusion; black, complete fusion
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towards mid-column from both these end regions (Fig. 3). The
anterior edge of the caudal ossification center in B. mysticetus
is located at vertebra 36 (post-cervical 29 or post-thoracic 15)
in one specimen (Fig. 3i) and four vertebral levels caudal to
that in another specimen (Fig. 3iv). Epiphyses of anterior
thoracic vertebrae are starting to fuse by five to ten years old
in B. mysticetus (Fig. 3ii). Cervical epiphyseal fusion is not
complete in a one year old B. mysticetus (Fig. 3i) but is
complete in the 40 year old B. mysticetus. The thoracic and
lumbar vertebral epiphyses remain unfused through 20 years
of age (Fig. 3iv).Delphinapterus leucas demonstrate the same
epiphyseal fusion pattern as B. mysticetus (Fig. 3v–xiii).
Posterior thoracics are the last vertebrae to fuse in D. leucas.
The posterior caudal vertebrae are not preserved in these wild
caught specimens and therefore fusion pattern is unknown.

As in modern mammals, including cetaceans, in gen-
eral, cranial epiphyses fuse before caudal epiphyses, and
in both A. natans and K. minimus there is an area near

the sacrum where fusion is completed before other areas
(Fig. 4). A cervical center of fusion occurs in
K. minimus, whereas the A. natans specimen appears
to be younger and lack this center (or possibly cervical
vertebrae are too incompletely preserved to detect it). In
both fossil cetaceans, mid-caudal vertebrae have firmly
fused epiphyses and there is the suggestion that fusion
here does not start at the sacral center, but instead that
it commences at a separate, mid-caudal center (Fig. 4).

Sacral Centrum Fusion and Sacral Homology

Intervertebral sacral joints fuse in a cranial to caudal direction
in M. musculus. Intervertebral fusion causes sacral discs to
decrease in width and eventually be replaced by bone
(Fig. 5i–iii). At 20 days postnatal all intervertebral discs
are intact, and the nucleus pulposus is present in each
sacral joint (Fig. 5i). By 40 days postnatal, the S1/S2

Fig. 2 Sus scrofa postnatal fusion maps. i, FMNH 49844; ii, CM 59541;
iii, FMNH 42440; iv, FMNH 42439; v, CM 16; vi, CM 30427; vii,
FMNH 97884; viii, FMNH 92908; ix, FMNH 92907. Arrows show

direction of epiphyseal fusion. Light gray, no epiphyseal fusion; dark
gray, partial epiphyseal fusion; black, complete fusion; white, missing
vertebra
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and S2/S3 intervertebral discs are ossified (Fig. 5ii), and
the S3/S4 joint is maintained with the nucleus pulposus
still intact (Fig. 5ii). At 60 days all three sacral joints
are fused (Fig. 5iii). Residual growth plates are present
as thin strips of cartilage (Fig. 5ii, iii). This indicates
that full sacral fusion in M. musculus occurs around or
just after sexual maturity.

In S. scrofa, the S1/S2 joint is the first to fuse and fusion
progresses caudally to the last sacral joint (S3/S4), similar to
M. musculus (Fig. 5iv–vi). At six to eight months of age,
sacral intervertebral fusion is present in the S1/S2 and S2/S3
joints, but not in the S3/S4 joint (Fig. 5iv). By 18–20 months,
the sacral centra are fusing (Fig. 5v), although at this age the
growth plates are still present. This implies that sacral

Fig. 3 Balaena mysticetus and Delphinapterus leucas fusion maps. i–iv,
B. mysticetus specimens: i, 1 year (09B11); ii, 5 years (11B8); iii, 5–
10 years (09B5); iv, 20 years (11B9). The ages of these individuals are
determined based on methods described by Lubetkin et al. (2012). v–xiii,
D. leucas specimens. Individual belugas are ranked according to

epiphyseal fusion; ages are unknown as they were hunted, wild-caught
individuals. Arrows show direction of epiphyseal fusion. Light gray, no
epiphyseal fusion; dark gray, partial epiphyseal fusion; black, complete
fusion; white, missing data
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intervertebral fusion occurs before epiphyseal fusion in
S. scrofa. In S. scrofa older than 20 months all sacral joints
are fused (Fig. 5vi).

Lacking intervertebral fusion in the sacrum of cetaceans
makes homologizing these vertebrae difficult. We evaluated
Slijper’s (1936) pudendal nerve location as a criterion for

sacral homology. Dissection of the pudendal nerve of
S. attenuata (Fig. 6i, ii) shows that it receives ventral rami
from three spinal nerves. The first root of the pudendal nerve
exits the intervertebral foramen between the 10th and 11th
post-thoracic vertebrae (Fig. 6i, ii). These nerves join and
descend through the abdominal wall to the genital region

Fig. 4 Ambulocetus natans and Kutchicetus minimus fusion maps. i, A. natans (HGSP 18507). ii, K. minimus (IITR-SB 2647). Specimen numbers are
listed for each vertebra. Light gray, no epiphyseal fusion; dark gray, partial epiphyseal fusion; black, complete fusion; white, missing data

Fig. 5 Terrestrial mammal sacra. i–iii, Cleared and stained mice
(M. musculus) sacra, ventral view. i, 20 days; ii, 40 days; iii, 60 days
postnatal. iv–vi, Skeletonized S. scrofa sacra. iv, 6–8 months (FMNH

49844); v, 18–20 months (FMNH 42439); vi, greater than18–20 months
(CM 30427) postnatal. S1 S2 S3 S4, sacral vertebrae 1–4; gp, growth
plate; np, nucleus pulposus; tp, transverse process; uf, unfused
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where they innervate the external anal sphincter and genitals
(Fig. 6i, ii). This fetus (LACM 94310) and several
others were subsequently cleared and stained (Fig. 7i),
and show that centers of ossification are present in most
of the cartilaginous vertebral centra and vertebral arches
(Fig. 7).

LACM 94310 has a total of 79 vertebrae, seven
cervical, 12 rib-bearing thoracics, and 56 post-thoracics
(Fig. 7i). Sixty-nine of these vertebrae are partly ossi-
fied, and the last ten caudal vertebrae are cartilaginous.
As is normal among mammals, independent ossification
cores occur in the centrum, vertebral arch, and spinous
process. Unusually though, the pedicle ossifications are
larger in post-thoracic vertebrae 13–17 (Fig. 7i), with
those of post-thoracic vertebra 13 and 17 smaller than
those of 14–16. This pattern is similar to that in an
older S. attenuata fetus (LACM 94382, Fig. 7ii). This
fetus also has 79 total vertebrae, but the larger sacral
ossifications are present in post-thoracic vertebrae 15–18

(Fig. 7ii). The larger spinous process ossifications cor-
respond to the location of the sacrum as identified by
the pudendal nerve dissection in both individuals
(Fig. 7).

Dissection of the B. mysticetus fetus (2000B3F) showed
that the first root for the pudendal nerve passes through
the intervertebral foramen between the 7th and 8th post-
thoracic vertebrae (Fig. 6iii, iv). This fetus has a total of
55 vertebrae. Laminae and pedicles of the vertebrae are
ossified for most of the column, but larger ossifications
are present at post-thoracic vertebrae 3–7 (Fig. 7iii). These
larger ossifications are more anteriorly located within the
vertebral column than those in S. attenuata, and are ante-
rior to the exit location of the pudendal nerve, which is
also unlike that in S. attenuata.

CT scans of the four vertebrae A. natans sacrum
(HGSP 18507.834) indicate complete fusion of the S1/S2
and S2/S3 joints (Fig. 8i, ii). The S3/S4 joint is fused at
the periphery of the joint, but an oval-shaped radiolucent

Fig. 6 Pudendal nerve of modern cetaceans. i, S. attenuata fetus,
stage C21/22 (LACM 94268); ii, black and white line drawing of
S. attenuata pudendal nerve; iii, B. mysticetus fetus, stage C23
(2000B3F); iv, black and white line drawing of B. mysticetus
pudendal nerve. cc, crus of corpus cavernosum; dn, dorsal nerve

of the penis; ep, epididymus; pe, penis; pn, pudendal nerve; ri,
right innominate; S1/Pt10, first sacral vertebra according to Slijper
or post-thoracic vertebra 10; sp, spinous process; te, testis; ti,
tibia; tp, transverse process; vr, ventral ramus
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space is visible in the joint on the CT scan (Fig. 8i, ii).
This may be where the nucleus pulposus once resided.
There is also a thin radio-opaque line visible on the CT
scans between S3 and S4 extending from the edges of this
oval space (Fig. 8i). This white line is a narrow extension
of the air-filled space between S3 and S4 that was infil-
trated by mineral.

The four vertebrae of the sacrum (IITR-SB 2647.13) of
K. minimus were incompletely fused and broken after death,
resulting in individual sacral vertebrae that are still distinct on
the CT scans (Fig. 8iii). Thewissen and Bajpai (2009) pro-
posed that this specimen of K. minimus was immature
(Fig. 8iii, iv); sacral centrum fusion pattern remains unknown.

Cervical Intervertebral Fusion

InB. mysticetus, the seven cervical vertebrae fuse together and
are remodeled to form a solid, immobile bony block (Fig. 9).

Our postnatal series of B. mysticetus skeletal specimens shows
intervertebral fusion in a 1 year old individual (dark gray in
Fig. 9i). Bony intervertebral fusion (black) is present at the
center of the cervical vertebrae and progresses peripherally
(Fig. 9i–iv). By the age of 20, most cervical vertebrae have
fused, with the exception of the most caudal cervical joints
(Fig. 9v, vi). By 40 years of age, all seven cervical vertebrae
and all growth plates are completely fused and the individual
centra cannot be recognized (Fig. 9vii).

Discussion

Epiphyseal Fusion

InM. musculus, epiphyseal fusion starts in cervical and sacral
vertebrae and simultaneously progresses from those two re-
gions caudally (Fig. 1). These two fusion centers are present in

Fig. 7 Cleared and stained
modern fetal cetaceans. i,
S. attenuata LACM 94310; ii,
S. attenuata LACM 94382; iii
B. mysticetus 2000B3F. The black
ovals surround the larger vertebral
ossifications that correspond to
the location of the sacrum as
identified by pudendal nerve
dissection in S. attenuata (i, ii). In
B. mysticetus (iii) the larger
vertebral ossifications are located
anterior to the sacrum as
identified through pudendal nerve
location
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S. scrofa too, but epiphyseal fusion progresses cranially in
addition to caudally from the sacral region (Fig. 2). This
cranially directed fusion is absent inM.musculus, or, possibly,
greatly delayed. The last vertebrae to fuse their epiphyses are
the lumbar vertebrae inM. musculus, and the anterior thoracic
vertebrae in S. scrofa (Figs. 1 and 2).

In B. mysticetus, epiphyseal fusion is greatly delayed to
the point where, around the age of 20, only cervical verte-
brae and some anterior thoracic vertebrae have fused epiph-
yses (Fig. 3). Epiphyseal fusion therefore occurs well after
sexual maturity (Chitt leborough 1955). Like in
B. mysticetus, epiphyseal fusion in D. leucas starts in two
regions: it progresses caudally from the cervical vertebrae
and cranially from the caudal region (Fig. 4), a pattern
consistent with other cetacean species (Balaenoptera
physalus , Wheeler 1930; Ohsumi et al . 1958;
Balaenoptera acutorostrata, Kato 1988; Stenella
coeruleoalba, Ito and Miyazaki 1990; Galatius 2010;
Neophocaena phocaenoides, Yoshida et al. 1994;
Balaenoptera borealis, Best and Lockyer 2002; Phocoena
phocoena, Galatius and Kinze 2003). Within a single ver-
tebra, dolphins fuse the cranial epiphyses first followed by
the caudal epiphyses (Ito and Miyazaki 1990) and our
results confirm this occurs in B. mysticetus and D. leucas.
This epiphyseal fusion pattern is also present in terrestrial
mammals. Based on our limited evidence of two Eocene
fossil vertebral columns, it is difficult to make generaliza-
tions, but the data appear consistent with the epiphyseal
fusion pattern of modern cetaceans.

Sacral Centrum Fusion and Sacral Homology

Developmental findings can help in establishing sacral ho-
mology. The sacrum is formed by two independent develop-
mental processes. The first is the regionalization of the
paraxial mesoderm into sections that will eventually be neck,
thorax, lumbus, and sacrum. Well after regionalization is
finalized, somites are formed by a clock-and-wave function
that cuts the paraxial mesoderm into somites (Pourquié 2007).
Narita and Kuratani (2005) found remarkable stability in the
presence of approximately 26 pre-sacral vertebrae across a
large diversity of vertebrates and considered this developmen-
tally constrained. Minor heterochrony in the axial expression
of Hox genes can lead to shifts in the location of the sacrum
(Gérard et al. 1997; Zákány et al. 1997). The regulatory
factors controlling Hox expression are highly conserved
across species, although some variation in this expression
may occur in baleen whales (Shashikant et al. 1998).
Signaling related to the formation of regional territories
in the axial skeleton occurs before the formation of so-
mites, but overall, the pattern is constrained, allowing for
only minor heterochronic variations. This should be taken
into account when evaluating criteria for homologizing
sacral vertebrae of modern cetaceans where there is no
fused sacrum.

Data from terrestrial artiodactyls (including basal taxa such
as Messelobunodon) and fossil cetaceans (Rodhocetus,
Maiacetus) are consistent with the view that pre-sacral verte-
bral numbers only allowminor variations: pre-sacral vertebrae

Fig. 8 Archaic cetacean sacra. i, ii, CTscans of A. natans sacrum (HGSP 18507); i, horizontal; ii, sagittal; iii–iv,K. minimus sacrum (IITR-SB 2647); iii,
ventral photograph, scale is 1 cm; iv, coronal CT scan. gp, growth plate; sp, air-filled space; uf, unfused
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in these taxa vary between 26 and 28 (Table 1; Lessertisseur
and Saban 1967). However, this developmental constraint was
released at least once early in the cetacean lineage, as even the
Eocene cetacean A. natans has 31 pre-sacral vertebrae, and it
is likely that such constraints are released in modern

cetaceans, where most homology criteria show vastly different
numbers of pre-sacral vertebrae (Table 1).

A common practice among cetologists is to use the location
of the first hemal arch to indicate the first caudal vertebrae in
modern cetaceans. In modern terrestrial artiodactyls and

Fig. 9 Balaena mysticetus cervical specimen photographs and cervical
fusion maps. On the left, photographs of skeletonized bowhead cervical
samples, sagittal view. Scale bar: 1 cm for i–vi. Scale bar: 5 cm for vii. On
the right, corresponding fusion maps for each specimen. i, 1 year old
(09B11); ii, 2 years old (10B16); iii, 5 years old (11B8); iv, 5–10 years old

(09B9); v, 20 years old (10B15); vi, 20 years old (11B9); vii, 40 years old
(11B3). The vertebrae are black boxes separated by the cartilaginous
intervertebral disc (i–vi). Growth plates are depicted as zigzag lines.
C1–C7, cervical vertebrae 1–7
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Eocene cetaceans, hemal arches indeed occur at the caudal
end of the first caudal vertebra (Zhou et al. 1992; Buchholtz
2007), although this is by no means a common feature of
mammals, e.g., dogs lack hemal arches on the anterior caudal
vertebrae (Nickel et al. 1954; Evans 1993). If hemal arch
location is an indicator of sacral position (by way of identify-
ing the first caudal vertebra) in cetaceans, the number of pre-
sacral vertebrae varies much more than in other mammal
orders (Table 1; Narita and Kuratani 2005; Buchholtz 2001,
2007; Buchholtz et al. 2005). In late fetal S. scrofa, the first
and second caudal vertebra lack hemal arches, while they are
present in more posterior vertebrae (personal observation).

Slijper (1936) suggested that the location of the first
spinal root of the pudendal nerve can be used as a marker
for the first sacral vertebra (S1). This feature cannot be
checked in fossils, but comparison of three modern ceta-
cean species indicates that this criterion correlates very
poorly with the presence of the first hemal arch (Table 1).
This holds true in M. musculus as well (Table 1), suggest-
ing the location of the first spinal root of the pudendal
nerve appears to be variable among mammals. The position
of the hind limb bud would appear to be a robust way to
determine the homology of sacral vertebrae in cetaceans,
because the hind limb is initiated early in embryology by
axial signaling, and is initially intact in cetaceans
(Thewissen et al. 2009). Interestingly, the position of the
hind limb bud in S. attenuata matches that of the first
hemal arch, consistent with views by different authors, that
these indicate sacrum position. However, there are no data
on the location of the hind limb bud with regard to the
somites in any other cetacean. In M. musculus embryos, the
hind limb bud shifts position greatly during ontogeny
(Table 1). More data on cetaceans are needed before

assumptions about the location of their hind limb bud can
be assumed to be stable.

The vertebral pedicle in some modern cetaceans (Table 1)
shows an area of early ossification that could indicate the
presence of sacral vertebrae. Indeed, the first sacral vertebra
in M. musculus fetuses at E18.5 also indicates stronger ossi-
fication in the pedicle (McIntyre et al. 2007). Moreover, the
identical location of this area of ossification in two distantly
related modern cetaceans (B. mysticetus and S. attenuata,
Table 1) could be taken to suggest that some developmental
signaling of sacral formation has been retained, but that their
initiation has been shifted to a more caudal somite position.
Study of terrestrial artiodactyls fetuses could be used to test
the hypothesis that the first signs of ossification in the pedicle
indicate the location of the sacral region.

Sacral Fusion

Figure 10 summarizes sacrum evolution in cetaceans based on
a phylogenetic framework presented by Geisler et al. (2007),
Geisler and Theodor (2009), and Spaulding et al. (2009).
Archaic artiodactyls, including the sister group to cetaceans
(Thewissen et al. 2007; Geisler et al. 2007), had three or four
vertebrae in their sacrum. Only a few fossil sacra are available
for dichobunid artiodactyls (Rose 1985; Thewissen and
Hussain 1990), raoellid artiodactyls, and pakicetid cetaceans
(Cooper et al. 2012); all have three fused sacral vertebrae.
Since full sacral fusion occurs late in postnatal ontogeny, it is
possible that some of these are young animals and not all
sacral vertebrae had fused yet. Usually, in Eocene cetaceans,
there are four firmly fused vertebrae with a well-developed
ilio-sacral joint on S1. The only specimen of A. natans has a
four-vertebra sacrum (Fig. 8), even though the number of

Table 1 Interspecies comparison of vertebral column morphological landmarks

# of presacral vertebrae, as
based on fused sacrum

1st hemal arch (Ca1) 1st root of pudendal
nerve (S1)

1st vertebral pedicle with
fetal sacral ossification

Fetal hind limb bud
location

Mus musculus (Mouse) 27 31 25 27 15–20 shifts to 25–30

Artiodactyla

Sus scrofa (Pig) 26–28 x 30–31 x 18

Messelobunodon 26 x x x x

Modern Cetacea

Balaena mysticetus
(Bowhead)

x 33 27 33 x

Delphinapterus leucas
(Beluga)

x 29 22 x x

Stenella attenuata
(Dolphin)

x 46 30 33 45

Eocene Cetacea

Ambulocetus natans 31 x x x x

Rodhocetus kasrani 26 31 x x x

Maiacetus inuus 26 31 x x x
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unfused vertebrae suggests that is not skeletally mature
(Figs. 4 and 8).

In cetaceans, the loss of fusion in the sacrum and the loss of
ilio-sacral contact occur within the family Protocetidae
(Fig. 10). The protocetid Rodhocetus was described as having
an ilio-sacral contact, but having unfused sacral vertebrae
(Gingerich et al. 1994). It is possible that, with age, some of
the sacral centra of Rodhocetus would fuse. Qaisracetus arifi

(Gingerich et al. 2001) and Takracetus simus (Gingerich et al.
2001) retain a fused joint between S1 and S2, but the latter has
lost any ilio-sacral joint contact (Fig. 10).

Cervical Intervertebral Fusion

In B. mysticetus, cervical intervertebral fusion starts in the
center of each of the intervertebral discs and progresses

Fig. 10 Cetacean phylogeny of sacral fusion. Notice the evolutionary loss of sacral intervertebral fusion through cetacean evolution. The loss of
vertebral articulation with the pelvis can also be traced evolutionarily. ?- questionable articulation and fusion
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Fig. 11 Phylogeny of cervical fusion related as to neck length. 0 fused
cervical vertebrae, white, 2–4 fused cervical vertebrae, grey; 6–7 fused
cervical vertebrae, black. Phylogeny based on Messenger and McGuire
(1998) strict consensus phylogeny, cervical fusion counts (Wheeler 1930;

Slijper 1936; Haldiman and Tarpley 1993; Buchholtz 2001, 2007, 2010;
Buchholtz et al. 2005), Remingtonocetus (Bebej et al. 2012), Dorudon
(Uhen 2004)
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peripherally: the first region to ossify is the nucleus pulposus
(Fig. 9). Cervical intervertebral fusion in B. mysticetus is
gradual with complete fusion occurring after 20 years of age
(Fig. 9). This fusion pattern is different from the intervertebral
fusion pattern in the sacrum of M. musculus and S. scrofa,
which starts in the periphery of the disc (annulus fibrosus) and
progresses towards the nucleus pulposus (Fig. 5). This central
fusion in B. mysticetus cervical region causes ossification in
the intervertebral discs and also in the vertebral growth plates
(Fig. 9). With larger sample sizes it could be possible to use
the ossification pattern of the neck to determine the age of
B. mysticetus, a subject of interest in managing these popula-
tions (Lubetkin et al. 2012).

Fusion of cervical vertebrae limits neck mobility and full
fusion makes movement impossible. Neck length and cervical
vertebrae width also limit neck mobility (Buchholtz 1998;
Bebej 2011; Bebej et al. 2012). Figure 11 summarizes neck
length and cervical fusion in cetaceans in a phylogenetic
context. This figure shows that cervical fusion was lost or
acquired independently a number of times, and that there is a
broad, but imperfect relation between neck shortening and
cervical fusion.

Movements of the neck are partly determined by the
vestibulocollic reflex (Sipla and Spoor 2008), and this reflex
must be lessened or absent in animals lacking a mobile neck
(Spoor et al. 2002). Cetacean semicircular canals are unusu-
ally small for mammals (Spoor et al. 2002; Spoor and
Thewissen 2008; Kandel and Hullar 2010). Among cetaceans,
B. mysticetus have some of the largest semicircular canals
(Spoor and Thewissen 2008). Given that cervical vertebrae
fuse later in life, it is possible that the vestibulocollic reflex is
operational, to some extent, in young B. mysticetus.

Conclusion

We studied three aspects of bony fusion in the vertebral
columns of pre- and postnatal cetaceans in order to understand
the dramatic changes that the cetacean vertebral column
underwent as cetaceans became an obligate aquatic taxa. In
some respects, cetaceans retained terrestrial mammal patterns.
For instance, epiphyseal fusion patterns that start from two
areas, the neck and the sacro-caudal regions, are similar in
cetaceans and terrestrial mammals. The evolution of some of
the vertebral fusion patterns was gradual, exemplified by the
loss of fused vertebrae in the sacrum. In other aspects, highly
derived morphologies evolved multiple times in the cetacean
order, as demonstrated by the pattern of cervical vertebrae
fusion in B. mysticetus. Taken as a whole, we view the
cetacean vertebral column as more plastic than that of other
mammals. Embryological study can elucidate developmental
constraints that may have been released in the evolution of the
cetacean vertebral column (Thewissen et al. 2012). This view

is consistent with previous authors who studied the cetacean
vertebral column (Slijper 1936; Buchholtz 2001, 2010).
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