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ABSTRACT Most mammals possess stamina because
their locomotor and respiratory (i.e., ventilatory) sys-
tems are mechanically coupled. These systems are
decoupled, however, in bottlenose dolphins (Tursiops
truncatus) as they swim on a breath hold. Locomotion
and ventilation are coupled only during their brief sur-
facing event, when they respire explosively (up to 90%
of total lung volume in approximately 0.3 s) (Ridgway
et al. [1969] Science 166:1651–1654). The predominantly
slow-twitch fiber profile of their diaphragm (Dearolf
[2003] J Morphol 256:79–88) suggests that this muscle
does not likely power their rapid ventilatory event.
Based on Bramble’s ([1989] Amer Zool 29:171–186) bio-
mechanical model of locomotor-respiratory coupling in
galloping mammals, it was hypothesized that locomotor
muscles function to power ventilation in bottlenose dol-
phins. It was further hypothesized that these muscles
would be composed predominantly of fast-twitch fibers
to facilitate the bottlenose dolphin’s rapid ventilation.
The gross morphology of craniocervical (scalenus, sterno-
cephalicus, sternohyoid), thoracic (intercostals, trans-
verse thoracis), and lumbopelvic (hypaxialis, rectus ab-
dominis, abdominal obliques) muscles (n 5 7) and the
fiber-type profiles (n 5 6) of selected muscles (scalenus,
sternocephalicus, sternohyoid, rectus abdominis) of bot-
tlenose dolphins were investigated. Physical manipula-
tions of excised thoracic units were carried out to inve-
stigate potential actions of these muscles. Results sug-
gest that the craniocervical muscles act to draw the
sternum and associated ribs craniodorsally, which flares
the ribs laterally, and increases the thoracic cavity vol-
ume required for inspiration. The lumbopelvic muscles
act to draw the sternum and caudal ribs caudally, which
decreases the volumes of the thoracic and abdominal
cavities required for expiration. All muscles investigated
were composed predominantly of fast-twitch fibers (range
61–88% by area) and appear histochemically poised for
rapid contraction. These combined results suggest that
dolphins utilize muscles, similar to those used by gallop-
ing mammals, to power their explosive ventilation.
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Many terrestrial mammals mechanically couple
their locomotion and respiration (i.e., ventilation)

(e.g., Bramble and Carrier, 1983; Bramble, 1989;
Alexander, 1993; Bramble and Jenkins, 1993).
Bramble (1989) hypothesized that in galloping
mammals, muscles located within the craniocervi-
cal and lumbopelvic units, which are typically
viewed as locomotor muscles, create the changes
in thoracic cavity shape required for inspiration
and expiration, respectively. In contrast to terres-
trial mammals, bottlenose dolphins (Tursiops trun-
catus) have decoupled locomotion and ventilation,
since they swim underwater on a breath hold.
Locomotor-respiratory (i.e., ventilatory) coupling
occurs only briefly at the surface during their ex-
plosive ventilatory event but to date, this mechani-
cal coupling has not been investigated. Using
Bramble’s (1989) terrestrial mammal locomotor-re-
spiratory model, this study investigated the gross
morphology and histochemical profiles of the
muscles within the craniocervical and lumbopelvic
units of the bottlenose dolphin, which are posi-
tioned to create the thoracic volume change
required for ventilation of the lungs.

Terrestrial mammals respire using a costal aspi-
ration pump and a diaphragm muscle (reviewed in
Brainerd, 1999). Lungs are ventilated by alternat-
ing changes in volume (and therefore pressure)
within the thoracic cavity. This explanation of ven-
tilation in resting mammals describes the diaphragm
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as the primary muscle of inspiration (reviewed in
Schmidt-Nielsen, 1997). The contraction and con-
sequent flattening of the diaphragm increases the
thoracic cavity volume, which decreases pressure
within the lungs, to drive inspiration. Based on
gross morphological and experimental studies,
other muscles that can contribute to inspiration
are those that can expand the thoracic cavity by
rotating the ribs cranially and laterally. These
muscles include the scalenus, sternocephalicus,
sternohyoid, cranial dorsal serratus, transverse
thoracic, external and internal intercostals, rectus
thoracis, and costal levators (e.g., Raper et al.,
1966; Duron, 1973; De Troyer and Kelly, 1984; Van
de Graaff et al., 1984; De Troyer et al., 1985; De
Troyer and Ninane, 1986; Nickel et al., 1986; De
Troyer, 1991; Whitelaw et al., 1992; Hermanson
and Evans, 1993; De Troyer et al., 1994; Carrier,
1996; Fournier and Lewis, 1996; Legrand et al.,
1997; De Troyer et al., 2005).

Expiration in terrestrial mammals at rest is
largely controlled by passive elastic recoil of the
lungs and musculoskeletal elements (reviewed in
Nickel et al., 1986; Schmidt-Nielsen, 1997). When
active expiration is required, muscles that can
rotate the ribs caudally and medially function to
decrease the volume within the thoracic and ab-
dominal cavities (Nickel et al., 1986). These
muscles include the external and internal intercos-
tals, rectus abdominis, external and internal ab-
dominal obliques, transverse abdominal, caudal
dorsal serratus, and rectus thoracis (e.g., De
Troyer et al., 1983, 1985; Nickel et al., 1986; De
Troyer and Ninane, 1987; Gilmartin et al., 1987;
De Troyer et al., 1989; Farkas and Schroeder,
1990; Hermanson and Evans, 1993; Deban and
Carrier, 2002). The intercostal muscles can con-
tribute to both inspiration and expiration; their

function is dependent on posture, locomotor activ-
ity, and lung volume (Carrier, 1996; Deban and
Carrier 2002; DeTroyer et al., 2005).

In contrast to mammals at rest, mechanical cou-
pling occurs between the locomotor and respiratory
systems in mammals that are actively moving. In
galloping mammals, this coupling occurs at a 1:1
ratio (i.e., one stride per breath) (Bramble and
Carrier, 1983; Bramble, 1989). This mechanical
coupling occurs because locomotor movements
facilitate ventilation via dorsal and ventral flexions
of the body, and craniocaudal movements of the
abdominal viscera (i.e., the visceral piston) (Bram-
ble and Carrier, 1983; Carrier, 1987). Dorsal body
flexion increases the thoracic cavity volume, which
decreases internal pressure and assists inspiration
(Fig. 1A). During dorsal flexion, which is associ-
ated with the aerial phase of the locomotor stride,
the abdominal viscera are also displaced caudally.
Conversely, ventral flexion decreases the thoracic
cavity volume, which increases internal pressure
to drive expiration (Fig. 1B). During ventral flex-
ion, which is associated with the ground phase of
the locomotor stride, the abdominal viscera is
thrusted cranially toward the diaphragm, which
further decreases the volume within the thoracic
cavity and aids expiration (Bramble and Carrier,
1983; Bramble, 1989; Alexander, 1993; Bramble
and Jenkins, 1993). Locomotor stamina, or endur-
ance, is achieved in many terrestrial mammals
because they are able to mechanically couple loco-
motion and ventilation of their lungs (Carrier,
1987).

Bramble (1989) described a biomechanical model
for the integration of the locomotor-respiratory
systems in galloping terrestrial mammals. The
model’s four principal mechanical components are
the thoracic unit, the craniocervical unit, the lum-
bopelvic unit, and the visceral piston (see Fig. 2).
This biomechanical model suggests that respira-

Fig. 1. Two stages of galloping in the dog showing (A) dorsal
flexion and (B) ventral flexion (modified from Bramble, 1989).

Fig. 2. Functional units of the biomechanical model of loco-
motor-respiratory coupling for a galloping mammal (modified
from Bramble, 1989).
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tion (i.e., ventilation) in galloping mammals is
powered by 1) alternate, rhythmic, and coordi-
nated muscle contractions of craniocervical and
lumbopelvic units, which both act on the thoracic
unit, and 2) the oscillatory motions of the visceral
piston (Bramble, 1989).

According to Bramble’s (1989) biomechanical
model, inspiration begins during the aerial phase
of locomotion and is initiated by muscles within
the craniocervical unit. These muscles simultane-
ously ventrally flex the craniocervical unit and
draw the sternum and ribs cranially, which
increases thoracic cavity volume. During this
phase, both forelimbs are off the ground and
extended cranially, and the lumbopelvic unit is
flexed dorsally, resulting in full expansion of the
thorax. The dorsal flexion of the body lowers intra-
abdominal pressure and causes a caudal displace-
ment of the abdominal viscera (i.e., visceral pis-
ton). This combination of movements causes an
increase in thoracic cavity volume and a decrease
in thoracic cavity pressure that draws air into the
lungs for inspiration (Bramble, 1989).

Expiration is brought on by the ground reaction
forces on the forelimbs, which cause ipsilateral
external loading of the thorax and leads to com-
pression of this body cavity, resulting in the reduc-
tion of thoracic volume (Bramble, 1989). Addition-
ally, the impact of the forelimbs with the ground
results in a cranial displacement of the visceral
piston and the diaphragm, which further com-
presses the thorax and increases the intrathoracic
pressure. During this phase, the lumbopelvic unit
swings cranially due to the contraction of abdomi-
nal and hypaxial muscles. Contraction of these
muscles further reduces the abdominal volume
and raises the internal pressure to assist expira-
tion (Bramble, 1989; Young et al., 1992a). Thus,
locomotor movements of the body and concomitant
movements of the abdominal viscera facilitate
changes in thoracic cavity volume and pressure in
galloping terrestrial mammals.

Like terrestrial mammals, bottlenose dolphins
(Tursiops truncatus) demonstrate locomotor stam-
ina (reviewed in Costa and Williams, 1999); how-
ever, locomotor-ventilatory coupling in a dolphin is
dependent on its position within the water column.
The majority of a dolphin’s life is spent swimming
below the surface on a breath hold and as a result,
its locomotion is decoupled from ventilation. Only
during surfacing does locomotion and ventilation
appear to be mechanically coupled. At the surface,
bottlenose dolphins respire explosively and can
exchange up to 90% of their lung volume in
approximately 0.3 s (Irving et al., 1941; Ridgway
et al., 1969; Kooyman and Cornell, 1981; reviewed
in Wartzok, 2002). In comparison, a galloping
horse exchanges only 21% of its lung volume in
approximately half a second (Hörnicke et al., 1982;
Young et al., 1992a).

Although the diaphragm is the primary muscle
of inspiration in most mammals at rest (reviewed
in Brainerd, 1999), its ventilatory role in running
mammals is considerably diminished (Bramble,
1989; Alexander, 1993; Bramble and Jenkins,
1993). The diaphragm of bottlenose dolphins has
also been hypothesized to play a minor role in ven-
tilation (Dearolf, 2003). Histochemical analysis of
the bottlenose dolphin diaphragm revealed that
this muscle is composed predominantly of slow-
twitch fibers (Dearolf, 2003), suggesting that this
muscle may lack the contractile speed required to
power explosive ventilation.

Because dolphins live in an aquatic medium
they do not experience the abrupt decelerations
and reaccelerations of the body experienced by
running mammals due to ground reaction forces
on the limbs (e.g., Bramble and Jenkins, 1993).
Thus, it is unlikely that the visceral piston contrib-
utes to bottlenose dolphin ventilation as impor-
tantly as it does in terrestrial mammals. Dolphins
do, however, undergo cyclical dorsoventral body
flexions during swimming, homologous to the axial
body movements of galloping mammals (e.g., Fish,
1993; Pabst, 1993; Pabst et al., 1999). Bottlenose
dolphins swim by alternate actions of epaxial, and
hypaxial and abdominal muscles (e.g., Slijper,
1936; Arkowitz and Rommel, 1985; Bello et al.,
1985; Pabst, 1990, 1993; Pabst et al., 1999). These
dorsoventral body movements could, as they do in
running mammals, change thoracic and abdominal
cavity volumes and pressures.

The bottlenose dolphin’s thoracic cavity has
enhanced flexibility, relative to terrestrial mam-
mals (reviewed by Rommel, 1990), which may con-
tribute to the dolphin’s ability to achieve a rapid
ventilatory event. In contrast to most terrestrial
mammals, bottlenose dolphins possess bony ster-
nal ribs that articulate to the distal ends of verte-
bral ribs 1 through 7 via flexible joints (see Fig. 3).
This series of ‘‘extra’’ joints has been hypothesized
to enhance flexibility to accommodate thoracic
compression that occurs during diving (Ridgway
et al., 1969; Hui, 1975; Rommel, 1990; Rommel
and Reynolds, 2002). To date, the movement of the
skeletal elements within the thorax during ventila-
tion and the muscles that drive these skeletal
movements have not been investigated or
described.

There exist few anatomical descriptions of post-
cranial muscles in bottlenose dolphins: Pabst
(1990, 1993) described the axial locomotor muscles,
Reidenberg and Laitman (1994) described the
anatomy and musculature of the hyoid apparatus
(in Odontoceti, including Tursiops truncatus), and
Dearolf (2002) described the morphology of the dia-
phragm muscle. Although, a small number of ana-
tomical descriptions have been conducted on other
cetaceans [e.g., Balaenoptera acutorostrata (Carte
and Macalister, 1868), Grampus griseus (Murie,
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1871), Kogia breviceps (Schulte and Smith, 1918),
Neophocaena phocaenoides (Howell, 1927), Mono-
don monoceros (Howell, 1930), Phocoena phocoena
(Slijper, 1936; Smith et al., 1976), Pontoporia
blainvillei (Strickler, 1978)], these studies either
do not mention or do not describe in detail muscles
used for ventilation. To date, only Dearolf (2002,
2003) has examined a ventilatory muscle, the dia-
phragm, in a bottlenose dolphin.

Bramble’s (1989) biomechanical model illustrates
that the muscles within the craniocervical and

lumbopelvic units likely facilitate ventilation in
galloping mammals. Based on this model, this
study tested the hypothesis that these muscles
could also function to power ventilation in bottle-
nose dolphins. Thus, the goals of this study were
twofold. The first was to describe the gross mor-
phology and identify the potential actions of the
muscles located within the bottlenose dolphin’s
craniocervical unit (scalenus, sternocephalicus,
sternohyoid), thoracic unit (intercostals, transverse
thoracis), and lumbopelvic unit (hypaxialis, rectus
abdominis, abdominal obliques). Specifically, the
muscles located within the craniocervical unit
were hypothesized to act on the cranial ribs and
sternum to increase thoracic cavity volume and
create the shape change required for inspiration.
The muscles located within the lumbopelvic unit
were hypothesized to act on the caudal thoracic
cavity and sternum to decrease thoracic cavity vol-
ume and create the shape change required for ex-
piration. The second goal of this study was to
determine the fiber-type profile of a subset of these
muscles (scalenus, sternocephalicus, sternohyoid,
and rectus abdominis). These muscles were
hypothesized to be composed of predominantly
fast-twitch fibers to support the bottlenose dol-
phin’s rapid ventilatory event.

MATERIALS AND METHODS
Specimens

Bottlenose dolphins (Tursiops truncatus) (Cetacea: Delphini-
dae) that either stranded or were incidentally killed in fishing
operations were utilized in this study (Table 1). All specimens
were collected by the Marine Mammal Stranding Program at
the University of North Carolina, Wilmington, the Cetacean

TABLE 1. Bottlenose dolphin (Tursiops truncatus) specimens utilized in this study

Identification number Total length (cm) Life history category Sex Code

CALO 0173a 109.0 Neonate F 2
WAM 606a,b 109.0 Neonate M 2
WAM 610a,b 124.5 Neonate M 3
VAQS 20061008a,b,c 175.1 Subadult M 3
BRF 090a,b,e 182.0 Subadult M 3
WAM 627c,e 194.0 Subadult M 2
VMSM 20041079d 195.0 Subadult F 2
VAQS 20051086b,c 195.4 Subadult M 2
WAM 591d 222.8 Adult M 2
CJH 003d 229.5 Adult F 2
VMSM 20041040d 234.5 Adult M 2
WAM 579d 237.0 Adult M 2
BRF 098c 245.0 Adult F 2
WAM 628c,f 246.0 Adult F 3
AJW 001d 274.0 Adult M 2
BRF 061a,b,c,e 275.0 Adult M 2
WAM 631a 275.0 Adult F 2

aGross morphology.
bPhysical manipulations.
cHistochemistry (sternohyoid, sternocephalicus, rectus abdominis).
dHistochemistry (scalenus).
eJoint morphology.
fRegional variation in histochemical profiles.

Fig. 3. Skeletal elements of the thoracic cavity in bottlenose
dolphins (Tursiops truncatus), including thoracic vertebrae, ver-
tebral and sternal ribs, and the sternum (including its first ele-
ment, the manubrium). Bones of the skull, hyoid complex, and
of the cervical and lumbar vertebrae are also shown (modified
from Rommel, 1990). Skeletal elements positioned by Rommel
(1990) in an assumed ‘‘neutral’’ posture.
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and Sea Turtle Team at the National Marine Fisheries Service
Laboratory in Beaufort, North Carolina, and the Virginia
Aquarium Stranding Response Program. Specimens were placed
into life-history categories as defined by Dearolf et al. (2000)
and Struntz et al. (2004) and ranged in size from 109 to 275 cm
(Table 1). Two of the smallest specimens (i.e., WAM 606 and
WAM 610) were used for preliminary, exploratory dissections;
ontogenetic variation was not investigated in this study. Gross
dissections were performed on specimens that were in fresh or
moderate condition (Smithsonian Institution Code 2 or 3; Geraci
and Lounsbury, 2005). Muscle samples used for histochemical
analyses were in fresh condition.

Gross Morphology and Physical
Manipulations

The muscles that act on the thorax were exposed using a rou-
tine dissection procedure (outlined in McLellan et al., 2002).
The muscles of interest were carefully exposed and separated
along muscle boundaries and/or fascial planes from surrounding
musculature. The gross morphological description of each mus-
cle included a description of its origin, insertion, fiber orienta-
tion, muscle shape, and relationships to other structures.
Scaled, digital images (Nikon D50, JPEG image files) were
taken throughout each dissection.
Muscles photographed in situ were imported into the com-

puter engineering drafting program Easy CAD (Evolution
Computing, Phoenix, Arizona) to create representative illus-
trations of each muscle. To maintain uniformity across all
illustrations, each digital image was scaled similarly in Easy
CAD and superimposed on a preexisting, anatomically accu-
rate illustration of a Tursiops truncatus skeleton (modified
from Rommel, 1990).
Physical manipulations of the thorax were conducted in situ

(n 5 6) and on excised thoracic cavity units (n 5 3). In situ
manipulations were conducted on partially dissected specimens
and the skeletal elements were manually moved in ways in an
attempt to simulate the action of each muscle on the thoracic
cavity. Excised thoracic units included skeletal elements (cervi-
cal and thoracic vertebrae, vertebral and sternal ribs, and ster-
num) and muscles of the thoracic wall (intercostals, transverse
thoracic, and cranial portions of the hypaxialis and rectus ab-
dominis). Muscles and connective tissues were kept moist
throughout manipulations. Excised thoracic units were mounted
on a stable frame, via multiple attachments to the vertebral col-
umn, thus permitting the thoracic unit to be temporarily fixed
in extreme cranial and extreme caudal postures (representing
inspiration and expiration, respectively). In these cases, hi-test
monofilament fishing lines were attached to the cranial (first
vertebral rib, first sternal rib, manubrium) and caudal (caudal
sternebrae, caudal vertebral ribs) skeletal elements. These lines
were manually pulled along trajectories that represented the
muscle fiber orientations of the muscles being investigated. A
5 kg spring scale (Pensola1, Baar, Switzerland) was used to
ensure that repeatable manipulations were achieved by impos-
ing a constant load. Examination of these postures revealed
how the muscles located within the craniocervical and lumbo-
pelvic units could create thoracic shape change. Scaled, digital
images were taken during physical manipulations to be ana-
lyzed in Easy CAD to examine the changes of skeletal element
positions in the two extreme postures. Postural changes of the
vertebral column were not investigated because this portion of
the axial skeleton was used to fix the excised thoracic unit onto
the stable frame. Thoracic skeletal element movement has
never been measured in a living bottlenose dolphin; thus, the
postures resulting from these manipulations may underesti-
mate or, more likely, overestimate thoracic shape change that
occurs in vivo. The manipulations probably do, though, accu-
rately illustrate the direction of skeletal element movements
that would occur due to the actions of the muscles investigated
here.

Muscle Histochemistry

The histochemical profiles of the scalenus (n 5 6), sternoce-
phalicus (n 5 5), sternohyoid (n 5 6), and rectus abdominis
(n 5 6) were investigated (Table 1). Myosin ATPase was used to
distinguish between fast and slow contracting muscle fibers.
Succinic dehydrogenase (SDH) was used to determine relative
oxidative capacity of the muscle fibers. An approximately 3.0
cm thick cross-section was sampled from the mid-belly of each
muscle. Because of its extreme length, three cross-sectional
samples were collected from the rectus abdominis: 1) at a posi-
tion midway between the origin and the umbilicus (i.e., rectus
abdominis-cranial), 2) at the umbilicus (i.e., rectus abdominis-
umbilicus), and 3) at a position midway between the umbilicus
and its insertion (i.e., rectus abdominis-caudal). For specimens
utilized for both physical manipulations and histochemical
assays (see Table 1), these muscles were removed prior to physi-
cal manipulations to preserve their quality. Cross-sectional sam-
ples were wrapped in multiple layers of SaranTM Premium
Wrap, placed in Ziploc1 Freezer bags and frozen flat at 2208C
until further analysis (following the methods of Dearolf et al.,
2000; Dearolf, 2003; Etnier et al., 2004).

One small trapezoidal block (<1 cm3) was cut from the center
of each frozen cross-section and permitted to thaw to room tem-
perature (approximately 10 min). Regional variation in fiber-
type profile across the cross-sectional face of the sternocephali-
cus, sternohyoid, and rectus abdominis was investigated in one
adult specimen. For these muscles, samples were obtained from
a site on either side of the central sample. Regional variation
across the scalenus was not investigated. Once the muscle
blocks were thawed, they were placed on a microtome chuck,
covered with Optimal Cutting Temperature medium (Sakura
Finetek, Torrance, CA) and flash frozen in liquid nitrogen.
These frozen muscle blocks were then stored in the microtome
(Leica Cryocut 1800, Bunton Instrument Company, Mt. Airy,
MD) at 2198C for at least 2 h before cutting, to permit them to
warm to a temperature appropriate for thin sectioning. Muscle
blocks were serially sectioned (10 lm thickness) in the cryostat
and mounted on ‘‘Plus’’ glass slides (Fisher Scientific).

Muscle sections were then stained for myosin ATPase follow-
ing the methods of Brooke and Kaiser (1970) as modified by
Dearolf (2003). Muscle fibers were either classified as Type I
(slow-twitch) or Type II (fast-twitch) based on the myosin
ATPase acidic and alkaline preincubation protocols described in
Brooke and Kaiser (1970) and Gauthier (1986).

Additional serial sections were stained for succinate dehydro-
genase to determine relative oxidative potential following the
methods of Dearolf et al. (2000). This method permitted the
muscle fibers to be further subdivided into slow oxidative (Type
I), fast-twitch oxidative glycolytic (Type IIa), and fast-twitch
glycolytic (Type IIb) based on the intensity of the color stain,
which is indicative of their SDH activity.

Tissue sections were viewed using an Olympus B360 light
microscope at a magnification of 203 for image analysis. Images
were captured using a RT KE SPOT camera (Diagnostic Instru-
ments, version 3.5.6, Sterling Heights, MI) and stored as
uncompressed images (tagged image format file).

Muscle Fiber Analysis

Two methods were used to quantify the muscle fiber profiles.
The first method was a stereological approach that determined
the area percent occupied by each muscle fiber type (using a
Mertz-curvilinear test system) (Bozzola and Russell, 1999; Russ
and Dehoff, 2000). This method provided a more accurate fiber-
type profile than the second method because it accounts for the
differences in size between fibers of different type. The second
method was a more traditionally reported count of the number
of each fiber type as a percent of the total number of fibers
within a prescribed area (Bozzola and Russell, 1999). This
method permitted a broader comparison of fiber-type profiles for
other species reported in the literature.
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The Mertz-curvilinear test system was overlaid on a digital
micrograph that was projected on a computer screen and the
number of ‘‘points’’ residing in each fiber type was counted, fol-
lowing the methods of Dearolf et al. (2000). This process was
repeated for each muscle until a minimum of 500 total fibers
were counted. Fiber area percentages were calculated for all
three treatments (acid and alkaline preincubation, and SDH)
for each muscle. The precision of percent area values, based on
five repeated measures for each treatment, was 62.6%.
The number of fibers of each type, expressed as a percent of

the total number of fibers within a prescribed area, was deter-
mined by overlaying a 15 3 15 cm2 grid onto a digital micro-
graph that was projected on a computer screen following the
methods of Dearolf et al. (2000). The number of each fiber type
within the grid was counted and this process was repeated until
a minimum of 150 total fibers were counted for all three treat-
ments (acid and alkaline preincubation and SDH). To compen-
sate for partial muscle fibers that intersect the borders of the
grid, only the partial muscle fibers at two of the four borders
were counted (Howard and Reed, 1998). The precision of the
count percent values, based on five repeated measures for each
treatment, was at most 61.3%.
Alkaline myosin ATPase-stained tissue was used to determine

the mean cross-sectional area and mean diameter of individual
muscle fibers of 10 fibers of each type (fast and slow-twitch)
from each muscle. Fibers chosen for analysis had uniform circu-
lar cross-sections and were similar in size to surrounding fibers.
These fibers were outlined in Photoshop (Adobe Systems, ver-
sion 5.0.2), saved as a tagged image format file, and analyzed
using an imaging analysis software program, Image-Pro1 Plus
(Media Cybernetics, version 4.5.0.19, Silver Spring, MD).

RESULTS
Gross Morphology and Physical
Manipulations

Each of the following morphological descriptions
includes the origin and insertion of the muscle, its
relations to other muscles, its description, and its
hypothesized action(s) during ventilation. Because
both the origin and insertion of most muscles
investigated in this study are moveable, the origin
was defined as the cranial end of a muscle. For
muscles that are predominantly transversely ori-
ented (transverse thoracis and abdominal obli-
ques), the origin was defined as either the ventral-
most or dorsal-most element (sensu Schaller, 1992;
Nomina Anatomica Veterinaria, 1994). The outline
of each muscle and its predominant muscle fiber
orientations are illustrated in the Easy CAD
figures, which are noted after the name of each
muscle.

Muscles of the Craniocervical Unit
Dorsal scalenus muscle1 (Figs. 4A and

5A,C). Origin. Fleshy, off the transverse processes
of cervical vertebrae 1–7.

Insertion. Fleshy, broadly along the lateral edge
of the first vertebral rib via two distinct portions.
The dorsal-most portion inserts on the entire rib

neck, spanning from the capitulum to the tubercu-
lum. The ventral portion inserts more ventrally
along the entire length of the rib, spanning from
the angle to just dorsal to the vertebral rib-sternal
rib joint.

Relations. The dorsal scalenus lies deep to the
scapula and its intrinsic musculature and superfi-
cial to the dorsal portion of the ventral scalenus.
At its dorsal margin, it lies just ventral to the
longissimus capitis.

Description. The dorsal-most portion is trapezoi-
dal-shaped and its fibers run predominantly longi-
tudinally. The ventral portion is broadly fan-
shaped and its fibers run laterally and caudally to
ventrocaudally to insert along the length of first
vertebral rib.

Fig. 4. Lateral view of the (A) dorsal scalenus, (B) ventral
scalenus, and (C) both sternocephalicus and sternohyoid in bot-
tlenose dolphins (Tursiops truncatus).

1Bottlenose dolphins possess only two scalenus muscles, named
here as dorsal and ventral (sensu Howell, 1928). The brachial
plexus emerges between the dorsal and ventral scalenus.
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Action. Contraction of the dorsal scalenus would
draw the first vertebral rib cranially. Physical
manipulations of the thorax reveal that this move-
ment causes the first vertebral rib to pivot crani-
ally relative to the thoracic vertebrae, in two body
planes (Fig. 5A,C). The first vertebral rib swings
cranially along its length and becomes more per-
pendicularly oriented, relative to the long axis of
its body. It also pivots craniolaterally, which causes
it to flare laterally within the transverse body
plane. These movements of the first vertebral rib
increase thoracic cavity height and width and
therefore thoracic cavity volume, which is required
for inspiration.

Ventral scalenus muscle (Figs. 4B and
5A,C). Origin. Mostly fleshy, with short tendons at
its ventrolateral margin, off the ventrolateral bor-
der of the exoccipital bone.

Insertion. As long, thin tendons along the medial
edge of the first vertebral rib spanning from the
angle to just dorsal to the vertebral rib-sternal rib
joint; fleshy, onto a narrow region that spans
across the vertebral rib-sternal rib joint and just
onto the sternal rib.

Relations. At its origin, the ventral scalenus lies
caudal to the tympanic bulla and dorsal to the sty-

lohyal articulation with the paroccipital process
(Rommel, 1990) of the exoccipital of the skull. The
entire muscle lies deep to the scapula and its asso-
ciated musculature. Its dorsal portion lies deep to
the dorsal scalenus. Deep to the caudal end of the
ventral scalenus lies the cranial-most portion of
the lung.

Description. The ventral scalenus is a broad,
fan-shaped muscle, whose fibers radiate from the
origin and run dorsocaudally to ventrocaudally
along its insertion.

Action. The action of the ventral scalenus
depends on which skeletal element is stabilized
because both its origin and insertion are moveable.
If the first rib were stabilized, bilateral contraction
of the ventral scalenus would draw the skull ven-
trally relative to the atlanto-occipital joint; unilat-
eral contraction would draw the skull laterally.
Alternatively, if the skull were stabilized, contrac-
tion of the ventral scalenus would cause movements
of the first vertebral ribs similar to that of the dor-
sal scalenus (Fig. 5A,C). Because its insertion
crosses the first vertebral rib-sternal rib joint, con-
traction of the ventral scalenus would also directly
cause the first sternal rib to pivot cranially. These
movements would increase thoracic volume.

Fig. 5. Positions of the vertebral ribs, sternal ribs, and sternum observed during physical manipulations of excised thoracic
units in bottlenose dolphins (Tursiops truncatus): (A) frontal view of extreme cranial posture, (B) frontal view of extreme caudal
posture, (C) lateral view of extreme cranial posture, and (D) lateral view of extreme caudal posture. Note that the outline of the
dolphin body does not change and extreme cranial and extreme caudal postures represent inspiration and expiration, respectively.
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Sternocephalicus muscle2 (Figs. 4C, 5A,C,
and 6). Origin. As a discrete, cylindrically shaped
tendon off the lateral border of the squamosal, just
rostral to the tympano-periotic process.

Insertion. As a fan-shaped tendon along entire
lateral edge of the ventral face of manubrium. The
tendon also extends caudally to the midline of the
second sternebra.

Relations. At its origin, the sternocephalicus lies
just ventral and deep to the origins of the brachio-
cephalicus3 and longissimus capitis. The muscle
belly lies just ventral and deep to the thinner bra-
chiocephalicus and just superficial to the ventral
scalenus.

Description. The sternocephalicus is a strap-like
muscle, with an elliptical cross-section that tapers
at both ends. Its fibers run ventrocaudally from its
origin.

Action. The action of the sternocephalicus
depends on which skeletal element is stabilized. If
the sternum were stabilized, bilateral contraction
of the sternocephalicus would draw the skull ven-
trally relative to the atlanto-occipital joint; unilat-
eral contraction would draw the skull laterally. If
the skull were stabilized, bilateral contraction of
the sternocephalicus would cause movements simi-
lar to the sternohyoid (see full description later)
and therefore aid in inspiration (Fig. 5A,C).

Sternohyoid muscle (Figs. 4C, 5A,C, and 6).
Origin. Fleshy, off the ventral surfaces of basihyal
and thyrohyals.

Insertion. Fleshy, onto entire ventral face of
manubrium; lateral-most fibers blend with those of
the sternocephalicus.

Relations. Just deep to blubber.
Description. The sternohyoid is a trapezoidal-

shaped muscle that originates broadly and tapers

to its more narrow insertion. Its fibers run cau-
dally from its origin and, near its insertion, blend
with those of the sternocephalicus.

Action. The action of the sternohyoid depends on
which skeletal element is stabilized. If the ster-
num were stabilized, the sternohyoid would draw
the hyoid apparatus ventrocaudally. This move-
ment has been hypothesized to function during
suction feeding by drawing the tongue ventrally
and caudally (e.g., Reidenberg and Laitman, 1994;
Heyning and Mead, 1996; Werth, 2000). Alterna-
tively, if the hyoid apparatus were stabilized, the
sternohyoid would draw the sternum dorsocrani-
ally. Physical manipulations of the thorax reveal
that this movement draws the articulated sternal
and vertebral ribs cranially, and causes the verte-
bral ribs to pivot cranially, relative to the thoracic
vertebrae, in two body planes (Fig. 5A,C). The ver-
tebral ribs swing cranially along their length and
become more perpendicularly oriented, relative to
the long axis of the body. These ribs also pivot cra-
niolaterally, which causes a lateral flaring of the
ribs, within the transverse body plane. These com-
bined movements of the sternum and the vertebral
and sternal ribs increase thoracic cavity volume.

Muscles of the Thoracic Unit
External intercostal muscle (Fig. 7A).

Origin. Fleshy, off the entire caudo-lateral border
of each vertebral rib.

Insertion. Fleshy, and with thin superficial ten-
dons, onto the craniolateral margin of each cau-
dally adjacent vertebral rib.

Relations. The external intercostals lie superfi-
cial to the internal intercostals along the length of
intercostal space. The ventral portions of the exter-
nal intercostals lie deep to the external abdominal
oblique muscle.

Description. The external intercostals, which
connect all serially adjacent vertebral ribs, form
the outer muscular layer of the thoracic wall.
Between each pair of vertebral ribs, its muscle

Fig. 6. Ventral view of the left and right sternocephalicus, sternohyoid, and the rectus ab-
dominis in bottlenose dolphins (Tursiops truncatus). Thin black lines represent tendons of the
sternocephalicus, that insert onto second sternebra; tendons of the rectus abdominis that insert
onto caudal vertebrae; and the linea alba.

2This muscle is identified as the sternomastoid by Howell (1928,
1931) and Schulte and Smith (1918).

3This muscle is identified as the mastohumeralis by Howell
(1928, 1931) and Schulte and Smith (1918).
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fibers extend from the tuberculum to the vertebral
rib-sternal rib joint. At the dorsal-most portion of
the external intercostals (i.e., spanning from the
tuberculum to the angle of the rib), muscle fibers
run longitudinally from their origin. The muscle
fibers spanning from the angle of the vertebral rib
to its ventral margin run caudo-ventrally from
their origin.

Action. The action of the external intercostals
depends on which skeletal elements are stabilized.
The muscle fiber orientation suggests that if the
cranial ribs were stabilized, contraction of the
external intercostals would draw the caudal ribs
dorsocranially. In contrast, if the caudal ribs were
stabilized, contraction of this muscle would draw
the cranial ribs ventro-caudally. If these muscles

contract synchronously with the internal intercos-
tals (see later) then they could decrease the inter-
costal space. Physical manipulations suggested the
importance of the external intercostals in mechani-
cally linking the ribs together to create a single
functional unit.

Internal intercostal muscle (Fig. 7B). Origin.
As thin, flat tendons along the entire length of the
caudo-medialmargin of all vertebral and sternal ribs.

Insertion. Fleshy, onto the craniomedial margin
of each caudally adjacent vertebral and sternal rib.

Relations. The internal intercostals lie deep to
the external intercostals along the length of the
vertebral ribs and superficial to the transverse tho-
racic muscle in the ventral thoracic cavity. The cra-
nioventral portion of the internal intercostals
(between sternal ribs 1 and 6) lies deep to the exter-
nal abdominal obliques. Caudal to rib 6, the ventral
portion of the internal intercostals lies deep to both
the internal and external abdominal obliques.

Description. The internal intercostals, which
connect all serially adjacent vertebral and sternal
ribs, form the deep muscular layer of the lateral
thoracic wall and the superficial layer of the ven-
tral wall of the thorax. Between each pair of ribs,
muscle fibers extend from the angle of the verte-
bral rib to the distal end of all vertebral and ster-
nal ribs. Muscle fibers run dorsocaudally from
their origin. The tendons of origin extend approxi-
mately halfway across the intercostal space before
the muscle becomes fleshy and inserts onto the
caudal adjacent rib.

Action. The action of the internal intercostals
depends on which skeletal elements are stabilized.
The muscle fiber orientation suggests that if the
cranial ribs were stabilized, contraction of the in-
ternal intercostals would draw the caudal ribs ven-
tro-cranially. In contrast, if the caudal ribs were
stabilized, contraction of this muscle would draw
the cranial ribs dorsocaudally. If these muscles
contract synchronously with the external intercos-
tals (see previous) then they could decrease the in-
tercostal space. Similar to the external intercos-
tals, physical manipulations suggested the impor-
tance of the internal intercostals in mechanically
linking the ribs together.

Transverse thoracis muscle (Fig. 7C).
Origin. As thin tendons off the entire lateral bor-
der of the sternum that span dorsally to a position
half-way along the length of each sternal rib
before the muscle becomes fleshy. Its cranial-most
margin is along the caudal margin of the first ster-
nal rib and its caudal-most margin is along the
cranial margin of the sixth sternal rib.

Insertion. Fleshy, onto the caudo-medial surface
of vertebral ribs 1–6 dorsal to vertebral rib-sternal
rib joint. Between these ribs, the muscle fibers
also insert into the deep surface of the internal in-
tercostal muscle.

Relations. Deep to the internal intercostals.

Fig. 7. Lateral view of the (A) external intercostals, (B) in-
ternal intercostals, and (C) transverse thoracis in bottlenose
dolphins (Tursiops truncatus).
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Description. The transverse thoracis is a thin
muscle that forms the deepest muscular layer of
the ventral thoracic wall. The tendon and muscle
fibers run predominantly in the transverse plane,
but near the insertion, the fibers turn to run
slightly dorsocranially.

Action. The muscle fiber orientation suggests
that if the transverse thoracis contracts it would
decrease the angle of the vertebral rib-sternal rib
joints and aid in dorsoventral compression of the
thoracic cavity for expiration.

Muscles of the Lumbopelvic Unit4

Hypaxialis muscle (Figs. 5B,D and 8A).
Origin. Fleshy, off the medial surface of vertebral

ribs 9–13 and the ventral surface of vertebral bodies
from thoracic vertebra 9 to caudal vertebra 18.

Insertion. As flattened tendons into the subder-
mal connective tissue sheath (Pabst, 1990) and
onto the ventral aspects of vertebrae from mid-
lumbar to caudal vertebra 25, including all caudal
chevrons.

Relations. The hypaxialis lies deep to ribs 9–13
and ventral to the transverse processes of thoracic
9–13, lumbar, and caudal vertebrae.

Description. The long and robust hypaxialis orig-
inates as a dorsoventrally flattened muscle and
increases in thickness along its length. At its cra-
nial-most origin (thoracic vertebrae 9 and 10), the
hypaxialis spans from the ventral surface of the
vertebral body to the vertebra-vertebral rib joints.
Between vertebral ribs 11 and 12, the hypaxialis
widens laterally and spans across the proximal
third of the caudal-most vertebral ribs. Its fibers
run longitudinally from its origin.

Action. The action of the hypaxialis depends on
which skeletal element is stabilized. If the caudal

Fig. 8. Lateral view of the (A) hypaxialis, (B) external abdominal obliques and rectus abdominis, and (C) internal abdominal
obliques and rectus abdominis in bottlenose dolphins (Tursiops truncatus). Thin black lines represent the tendons of origin of the
abdominal oblique muscles and the tendons of the rectus abdominis that insert onto caudal vertebrae.

4Unlike terrestrial mammals, in bottlenose dolphins the muscles
described later insert not only upon the reduced pelvic element
(Rommel, 1990) but also on the caudal vertebrae. To maintain con-
sistency with Bramble (1989), the term lumbopelvic unit is main-
tained.
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tailstock were stabilized, contraction of the hypax-
ialis would draw vertebral ribs 9–13 dorsocaudally
(Fig. 5D). Physical manipulations of the thorax
revealed that these movements would decrease the
volume of the thoracic cavity and, thus, aid expira-
tion. If vertebral ribs 9–13 were stabilized, con-
traction of the hypaxialis would draw the tailstock
ventro-cranially (Pabst, 1990). This movement
would compress the abdominal cavity and there-
fore could assist expiration.

Rectus abdominis muscle (Figs. 5D, 6, and
8B,C). Origin. As thin, flat tendons spanning from
the distal half of sternal ribs 1 through 4 to their
respective sternal rib-sternum joint and onto the
lateral border of the sternum. Caudal to sternal
rib 4, it becomes fleshy and also originates off the
ventral surface of the caudal-most sternebra.

Insertion. Deeply, as a cylindrical tendon onto
the cranial margin of the pelvic bone. Superficially,
as a fan-shaped tendon that crosses the lateral
surface of the pelvic bone to join the subdermal
connective tissue sheath before ultimately insert-
ing broadly onto the transverse processes of caudal
vertebrae 2 through 7/8.

Relations. The rectus abdominis lies just deep to
the blubber layer. At its cranial margin, this mus-
cle lies superficial to the sternum, sternal ribs,
and internal intercostals. At its craniolateral bor-
der, the rectus abdominis lies deep to the pectora-
lis muscle. Along its length, its lateral edge abuts
the ventral margins of the external and internal
abdominal obliques. Its superficial and deep surfa-
ces are covered respectively by the external and
internal laminae of the rectus sheath. These lami-
nae are formed by the ventral aponeurotic tendons
of the abdominal muscles (see descriptions later).

Description. The rectus abdominis is a long and
robust muscle (with no tendinous intersections), and
with right and left bellies separated by the linea
alba. Each belly is deep, broad, and tear-drop shaped
in cross-section. From its origin, the muscle progres-
sively deepens and broadens to the level of the um-
bilicus and then slowly tapers toward its insertion.
At its terminal insertion, the bellies separate, and
each tapers to a cone before becoming tendinous.

Action. The action of the rectus abdominis
depends on which skeletal elements are stabilized.
If the sternum and sternal ribs were stabilized,
contraction of the rectus abdominis would draw
the pelvic bone and caudal vertebrae (via the sub-
dermal sheath) ventro-cranially (Arkowitz and
Rommel, 1985; Pabst et al., 1999). This movement
would compress the abdominal cavity and there-
fore could assist expiration. If the caudal vertebrae
were stabilized, contraction of the rectus abdomi-
nis would draw the sternal ribs and sternum cau-
dally (Fig. 5D). Physical manipulations of the
thorax reveal that this movement would also
decrease the volume within the thoracic cavity to
assist with expiration.

External abdominal oblique muscle (Fig.
8B). Origin. Serially, as separate slips off the
caudo-lateral border of all vertebral ribs, and occa-
sionally off the superficial surface of the external
intercostals. Its caudal-most origin is off the last
vertebral rib and the subdermal connective tissue
sheath just caudal to it. The external abdominal
oblique arises broadly off the distal-half of the first
vertebral rib via robust, flat tendons and via fleshy
slips off the proximal first sternal rib. For verte-
bral ribs 2–6, slips originate via broad flat tendons
off the distal one-third of the rib. From vertebral
rib 7 caudally, the muscle arises as fleshy slips off
the distal portions of the ribs.

Insertion. As an aponeurotic tendon contributing
to the external lamina of the rectus sheath. This
aponeurosis extends over the superficial surface of
the rectus abdominis and joins with the aponeuro-
sis from the opposite side at the linea alba. These
tendons span from the second sternal rib to the
level of the caudal-most lumbar vertebrae.

Relations. Across the thoracic wall, the cranio-
dorsal most portion of the external abdominal
oblique lies superficial to the external intercostals;
the cranioventral most portions are superficial to
the internal intercostals. Caudal to vertebral rib 7,
it lies superficial to the internal abdominal oblique
muscle (see later). At vertebral ribs 2 through 4,
the slips of the external abdominal oblique interdi-
gitate with those of the serratus ventralis.

Description. The external abdominal oblique is
an expansive sheet that covers the ventral portion
of the thoracic wall and forms the outer layer of
the abdominal wall. Its fibers run ventro-caudally
from each slip of its origin. Spanning from ribs 1
through 5, a fascial plane exists between the deep
surface of this muscle and the superficial surfaces
of the sternal ribs and the internal intercostals;
this fascial plane appears to permit separate move-
ment of these layers. Caudal to vertebral rib 5, su-
perficial tendons span across the surface of the
muscle and the deep surface is tightly adherent to
the underlying internal abdominal oblique (i.e., no
fascial plane exists). Caudal to vertebral rib 10,
the superficial tendon fibers replace muscle fibers
for much of the length of the external abdominal
oblique from its origin to insertion. The muscle
originates as fleshy slips but grades into interven-
ing superficial tendons. Just lateral to the rectus
abdominis, the muscle becomes fleshy again before
its tendons form the external lamina of the rectus
sheath. Thus, much of the external layer of the ab-
dominal wall is formed by aponeurosis rather than
muscle belly.

Action. If the rectus sheath was stabilized, then
the fiber orientation suggests that this muscle
would draw the vertebral and sternal ribs ventro-
caudally. The distinct fascial plane that exists
between the external abdominal oblique and the
surface of sternal ribs 1 though 5 suggest that con-
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traction of the external abdominal oblique muscle
would decrease the angle of these vertebral rib-
sternal rib joints. Physical manipulations of the
thorax reveal that the external abdominal oblique
can decrease the angle of the vertebral rib-sternal
rib joints and aid in rotating the vertebral and
sternal ribs caudally. These movements would
decrease thoracic and abdominal cavity volume
and assist expiration. The tightly adherent connec-
tions between the external and internal obliques
caudal to rib 6 suggest that no such independent
movement of the underlying skeletal elements
likely occurs. Simultaneous contractions of both
the external and internal abdominal obliques are
hypothesized to aid in compression of the thoracic
and abdominal cavities.

Internal abdominal oblique muscle (Fig.
8C). Origin. Fleshy, off the craniolateral surface of
the distal one-third of vertebral ribs 7–12/13 and
the subdermal connective tissue sheath just caudal
to the caudal-most rib.

Insertion. Serially, as long, discrete, flattened
tendons into the external and internal laminae of
the rectus sheath. These aponeurotic tendons
extend over the superficial and deep surface of the
rectus abdominis and join with the aponeurosis
from the opposite side at the linea alba. These apo-
neurotic tendons span from the level of the sixth
sternal rib to the cranial pole of the pelvic bone
and to the level of cranial-most caudal vertebrae.

Relations. Across the thoracic wall, the internal
abdominal oblique lies superficial to the external
intercostals between the vertebral ribs, and inter-
nal intercostals between the caudal-most sternal
ribs. Across the abdominal wall, it lies deep to the
external abdominal oblique.

Description. The internal abdominal oblique is
an expansive sheet that is completely covered,
except at its caudal-most margin, by the external
abdominal oblique. Its fibers run ventro-cranially
from their origins and cross under those of the
external abdominal oblique at approximately right
angles. Unlike the external abdominal oblique,
muscle fibers traverse most of the distance
between its origin and insertion. The superficial
surface of this muscle is tightly adherent to the
deep surface of the external abdominal obliques.

Action. If the rectus sheath is stabilized, the
fiber orientation suggests that the cranial portion
of this muscle could draw the vertebral and ster-
nal ribs ventro-cranially. Alternatively, if the sub-
dermal connective tissue sheath is stabilized, the
caudal portion of this muscle would draw the ver-
tebral ribs dorsocaudally. The tightly adherent
connections between the external and internal ab-
dominal obliques caudal to rib 6 suggest that these
muscles act simultaneously to form a functional
unit. Because of the approximate perpendicular
fiber orientations of the external and internal ab-
dominal obliques, simultaneous contractions of
these muscles are hypothesized to aid in the com-
pression of thoracic and abdominal cavities. Physi-
cal manipulations of the thorax revealed that
the internal abdominal obliques could decrease the
angle of the vertebral rib-sternal ribs joints of the
caudal-most ribs. These combined movements
would decrease thoracic and abdominal cavity vol-
ume to aid expiration.

Muscle Histochemistry

The alkaline myosin ATPase assay demonstrated
that the scalenus, sternocephalicus, sternohyoid,
and rectus abdominis each possess a predomi-
nantly fast fiber-type profile (range 61.2–88.5% by
area) (Table 2; Fig. 9A,B). For the sternocephali-
cus, sternohyoid, and rectus abdominis, the SDH
assay demonstrated three fiber-type populations
based on the staining intensity of the fibers:
darkly staining fibers Type I (slow oxidative), in-
termediate staining fibers Type IIa (fast oxidative
glycolytic), and lightly staining fibers Type IIb
(fast glycolytic) (Fig. 9C). The SDH assay demon-
strated that these muscles each possess a predomi-
nantly fast-glycolytic profile (Table 3). In contrast,
the scalenus muscle fibers could not be classified
into the same three distinct fiber-type populations
because they displayed highly variable staining
intensities. For this reason, the oxidative profile of
the scalenus is not reported here.

For the myosin ATPase assays, the percent fast-
twitch (Type II) fibers resulting from the stereolog-
ical approach (i.e., Mertz-curvilinear test system)

TABLE 2. Mean (6S.E.) percent Type II fibers as determined by stereological methods (area) and by direct count, and ratio of Type
II to Type I mean fiber diameters and cross-sectional areas for respiratory muscles of bottlenose dolphins (Tursiops truncatus)

Muscle % Type II fibers by area % Type II fibers by count Diameter II:I Cross-sectional area II:I

Scalenus 61.2 6 2.1 57.6 6 1.6 1.1 1.3
Sternohyoid 88.5 6 1.3 78.9 6 2.0 1.4 1.8
Sternocephalicus 72.8 6 2.2 57.5 6 1.7 1.4 2.0
Rectus abdominis-cranial 77.4 6 3.7 63.0 6 4.9 1.5 2.1
Rectus abdominis-umbilicus 75.6 6 1.9 58.2 6 3.5 1.5 2.3
Rectus abdominis-caudal 74.3 6 2.0 60.8 6 2.2 1.3 1.7

Values are reported for alkaline myosin ATPase.
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was always higher (by 4–17%) than that resulting
from direct counts (Table 2). Similarly, for the
SDH assay, the percent Type IIb fibers resulting
from the stereological approach was higher (by
6–12%) than that resulting from direct counts
(Table 3). The Mertz-curvilinear test system was a
more accurate method than that of the direct fiber
counts because it accounts for the differences in
size between different fiber types (Bozzola and
Russell, 1999; Russ and Dehoff, 2000). Type II
fibers were approximately 1.5 times larger in di-

ameter and two times larger in cross-sectional
area than Type I fibers (Table 2).

For the sternocephalicus, sternohyoid, and rec-
tus abdominis, the myosin ATPase assay using the
alkaline preincubation medium resulted in a
slightly faster muscle fiber profile (by 1–8%) than
the acidic preincubation medium. For the scale-
nus muscle, the alkaline preincubation medium
resulted in a slightly slower muscle fiber profile
(by 6%) than the acidic preincubation medium
(Table 4). Samples taken at multiple positions

Fig. 9. Micrographs of representative cross-sections of the rectus abdominis muscle of the bottlenose dolphin (Tursiops trunca-
tus) after histochemical staining: (A) myosin ATPase in acidic preincubation solution, (B) myosin ATPase in alkaline preincubation
solution, and (C) succinic dehydrogenase. Muscle fiber types are categorized as: I, slow-twitch; II, fast-twitch; IIa, fast-twitch oxida-
tive-glycolytic; IIb, fast-twitch glycolytic.
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across the muscle’s cross-sectional face yielded
fiber-type profiles that were similar (differences
ranged between 1 and 7%) to those at the mid-
belly (Table 5).

DISCUSSION

Many terrestrial mammals mechanically couple
their locomotion and respiration (i.e., ventilation),
which occurs in part because locomotor muscles
within the craniocervical and lumbopelvic units
act on the thoracic unit to facilitate ventilation
(Bramble and Carrier, 1983; Bramble, 1989; Bram-
ble and Jenkins, 1993). Using Bramble’s (1989)
biomechanical model of the integration of locomo-
tor and ventilatory systems in galloping terrestrial
mammals, this study investigated the gross mor-
phology and histochemistry of muscles within the
craniocervical and lumbopelvic units in bottlenose
dolphins (Tursiops truncatus) (see Fig. 10). The
hypotheses that these muscles 1) act on the thorax
to change its internal volume, and thus pressure,
to assist with ventilation and 2) are composed of
predominantly fast-twitch fibers, to support the
dolphin’s rapid ventilation, were tested.

Gross Morphology and Physical
Manipulations

Physical manipulations revealed that the bottle-
nose dolphin’s thorax can undergo dramatic shape
changes (see Fig. 5). The enhanced flexibility of
the dolphin thorax has been attributed to the pres-

ence of mobile joints between the vertebrae and
vertebral ribs and the vertebral and sternal ribs
(Rommel, 1990; Rommel and Reynolds, 2002). This
study demonstrates that the sternal rib-sternum
joints are also mobile, which likely further enhan-
ces thoracic cavity shape change.

The muscles investigated within the cranio-cer-
vical unit of the bottlenose dolphin are in a posi-
tion to increase thoracic cavity volume, which is
required for inspiration (Figs. 5A,C and 10). Physi-
cal manipulations revealed that the sternocephali-
cus and sternohyoid can draw the sternum dorsoc-
ranially, causing the articulated sternal and verte-
bral ribs to swing cranially and become more
perpendicular relative to the long axis of the body.
Contractions of these muscles, and of the scalenus,
may pivot the first vertebral and sternal rib cra-
niolaterally, which also causes lateral flaring of the
ribs. Therefore, muscles within the craniocervical
unit can likely increase thoracic cavity volume by
expanding both its dorsoventral height and lateral
width.

The muscles investigated within the lumbopelvic
unit of bottlenose dolphins are in a position to
decrease thoracic cavity volume, which is required
for expiration (Figs. 5B,D and 10). Physical manip-
ulations revealed that the hypaxialis draws the
ribs caudally, decreasing the dorsoventral height,
and therefore the volume, of the thoracic cavity.
The rectus abdominis draws the sternum, sternal
ribs, and the vertebral ribs—via their bony articu-
lations with the sternal ribs—caudally, also
decreasing thoracic cavity dorsoventral height and
volume.

Thus, the results of this study support the hy-
pothesis that muscles within the craniocervical
and lumbopelvic units of the bottlenose dolphin
can facilitate inspiration and expiration, respec-
tively. The explosive ventilation of a bottlenose dol-
phin occurs so rapidly, though, that it is unlikely
that a complete locomotor sequence can be
mechanically coupled to this event. The tail-beat
frequency of a dolphin swimming at approximately
2 m/s, a typical swimming speed for this species
(Williams, 1999), is approximately 1 Hz (Videler
and Kamermans, 1985). A full locomotor sequence
(downstroke and upstroke), therefore, requires at
least 1 s, but a ventilatory event can be completed

TABLE 3. Mean (6S.E.) percent fiber types determined by stereological methods (area) and direct count, using the succinic
dehydrogenase assay for respiratory muscles of bottlenose dolphins (Tursiops truncatus)

Muscle

% Type I % Type IIa % Type IIb

Area Count Area Count Area Count

Sternohyoid 28.7 6 3.0 34.1 6 1.8 19.9 6 2.0 20.7 6 2.0 51.4 6 2.0 45.2 6 1.3
Sternocephalicus 30.8 6 4.7 37.5 6 3.9 17.6 6 2.8 23.0 6 2.8 51.6 6 2.3 39.5 6 1.8
Rectus abdominis-cranial 29.2 6 1.3 35.1 6 1.3 16.1 6 1.8 19.7 6 1.8 54.7 6 1.5 45.2 6 1.5
Rectus abdominis-umbilicus 24.3 6 4.4 32.5 6 4.4 16.7 6 2.2 19.7 6 2.2 59.1 6 2.9 47.8 6 2.9
Rectus abdominis-caudal 28.7 6 3.3 40.2 6 3.3 13.2 6 2.1 13.2 6 2.1 58.1 6 3.7 46.6 6 3.7

TABLE 4. Mean (6S.E.) percent Type II fibers as determined
by stereological methods using alkaline and acidic
preincubation media for respiratory muscles of

bottlenose dolphins (Tursiops truncatus)

Muscle

% Type II fibers by area

Alkaline Acid

Scalenus 61.2 6 2.1 67.4 6 1.0
Sternohyoid 88.5 6 1.3 87.5 6 2.0
Sternocephalicus 72.8 6 2.2 68.6 6 2.4
Rectus abdominis-cranial 77.4 6 3.7 69.5 6 4.7
Rectus abdominis-umbilicus 75.6 6 1.9 69.2 6 3.5
Rectus abdominis-caudal 74.3 6 2.0 66.2 6 2.4
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in only 0.3 s (Irving et al., 1941; Ridgway et al.,
1969; Kooyman and Cornell, 1981; reviewed in
Wartzok, 2002). Therefore, unlike galloping mam-
mals with a 1:1 ratio of breaths per stride, bottle-
nose dolphins do not require a full locomotor
sequence to complete their ventilatory event.

A typical bottlenose dolphin’s locomotor sequ-
ence entails a series of downstrokes and upstrokes
(Arkowitz and Rommel, 1985; Pabst, 1990; Fish,
1993; Pabst, 1993; Pabst et al., 1999). The down-
stroke sequence has the following two portions: 1)
the head flexes ventrally via muscles within the
craniocervical unit (Reidenberg, 2006) and 2) the
tail-stock flexes ventrally via the muscles within
the lumbopelvic unit. The upstroke sequence also
has the following two portions: 1) the head flexes
dorsally via cranial epaxial muscles and 2) the tail-
stock flexes dorsally via caudal epaxial muscles.

The locomotor muscles within the lumbopelvic
unit that power the downstroke (Arkowitz and
Rommel, 1985; Pabst, 1990; Pabst et al., 1999) also
function to decrease thoracic and abdominal cavity

volumes (Figs. 5B,D and 10). Thus, expiration is
likely mechanically coupled to the downstroke.
The morphological results of this study suggest
that the ensuing rapid inspiration likely occurs
due to simultaneous contractions of the cranial
epaxial muscles (the muscles that initiate the
upstroke) and the craniocervical muscles. The
muscles in the craniocervical unit can either 1)
draw the sternum and ribs dorsocranially to
increase thoracic cavity volume required for inspi-
ration or 2) ventrally flex the head to initiate the
downstroke. To create the movements of the tho-
racic cavity required for inspiration, the dolphin
head must be stabilized. The cranial epaxial
muscles could function to stabilize the head so
that simultaneous contractions of the craniocervi-
cal unit muscles could act to increase thoracic cav-
ity volume for inspiration. Therefore, it is hypothe-
sized that in a bottlenose dolphin, a ventilatory
event begins during the terminal portion of the
downstroke via lumbopelvic muscles (expiration),
and the subsequent initial portion of the upstroke,

TABLE 5. Mean (6S.E.) percent Type II fibers as determined by stereological methods (area) for variation across the respiratory
muscle’s cross-sectional face of bottlenose dolphins (Tursiops truncatus)

Muscle

% Type II fibers by area

Sample site

Peripheral A Central Peripheral B

Sternohyoid 87.7 6 0.6 88.5 6 1.3 90.7 6 0.1
Sternocephalicus 73.5 6 0.1 72.8 6 2.2 70.3 6 0.1
Rectus abdominis-cranial 78.3 6 0.1 77.4 6 3.7 80.4 6 1.0
Rectus abdominis-umbilicus 82.7 6 0.8 75.6 6 2.0 77.7 6 0.8
Rectus abdominis-caudal 73.7 6 0.8 74.3 6 2.0 75.5 6 1.0

For rectus abdominis samples, peripheral site A was a lateral position, and peripheral site B was a medial position. Values are
reported for alkaline myosin ATPase.

Fig. 10. Lateral view of the respiratory muscles within the craniocervical and lumbopelvic
units in bottlenose dolphins (Tursiops truncatus).
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via cranial epaxial muscles. This typical locomotor
sequence has superimposed on it contractions of
the craniocervical unit (inspiration) simultane-
ously to those of the cranial epaxial muscles (head
stabilization).

In the only published kinematic analysis of sur-
facing behavior in any cetacean, a wild harbor por-
poise (Phocoena phocoena) was observed to
approach the surface at an oblique angle and
simultaneously ventrally flex its caudal tailstock
and dorsally flex its head prior to expiration
(Smith et al., 1976). Once the head was above the
surface of the water, it was immediately flexed
ventrally and inspiration occurred (Smith et al.,
1976). Although these rare kinematic data lend
partial support for the sequence of muscle activity
hypothesized above, they are insufficient to
address the ventilatory mechanisms used by ceta-
ceans. Kinematic studies of swimming and respir-
ing bottlenose dolphins are required to provide
insight into the distinct portions of their locomotor
sequence that may be mechanically coupled to
their ventilatory event.

While swimming, bottlenose dolphins undergo
dorsoventral flexions of the body (similar to gallop-
ing terrestrial mammals), which must affect tho-
racic cavity volume and pressure; yet, they do so
on an extended breath hold. The mechanism that
permits bottlenose dolphins to selectively couple
and uncouple their locomotion and ventilation
remains unknown. However, the results of this
study suggest that bottlenose dolphins must be
able to differentially stabilize their thoracic unit
during swimming versus surfacing. While swim-
ming on a breath-hold, the thoracic unit must be
relatively more stable, or immoveable, to resist
shape changes imposed on it by contractions of
muscles within the craniocervical and lumbopelvic
units. In contrast, when a dolphin surfaces for a
ventilatory event, the thoracic unit must be
dynamic to undergo shape changes required for
ventilation.

Results from the physical manipulations of the
thoracic unit support the hypothesis that the vari-
able stability of the thoracic cavity can be achieved
by differential actions of the intercostal muscles.
When swimming, the intercostal muscles may act
as antagonists to the muscles within the cranio-
cervical and lumbopelvic units. For example, if
the intercostal muscles contract to draw the ribs
caudally, the thoracic unit would resist deforma-
tion imposed on it by muscles in the craniocervi-
cal unit. In contrast, when surfacing, the intercos-
tal muscles may act as synergists to the muscles
within the craniocervical and lumbopelvic units.
That is, if the intercostal muscles contract to
draw the ribs cranially, they could facilitate the
change in thoracic cavity shape caused by the cra-
niocervical muscles. Consequently, the action of
the intercostal muscles could be threefold, which

are as follows: 1) aid in cranial movement of the
thorax during contractions of the craniocervical
muscles, to assist inspiration, 2) aid in caudal
movement of the thorax during contractions of
the lumbopelvic muscles, to assist expiration, and
3) enhance the stability of the whole thoracic
unit, when the dolphin is swimming on a breath
hold.

There exist experimental data from terrestrial
mammals that support the hypothesis that the in-
tercostal muscles may function differently during
ventilation and locomotion (Carrier, 1996, Deban
and Carrier, 2002). In trotting dogs, when loco-
motion and ventilation were mechanically
coupled, the intercostal muscles were active dur-
ing inspiration and expiration (Carrier, 1996). In
contrast, during brief episodes of uncoupled loco-
motion, intercostal muscle activity was coupled to
footfall patterns, not to ventilatory events. Thus,
during these periods of decoupled locomotion and
ventilation, the intercostal muscles functioned
primarily as locomotor muscles that stabilized
the thoracic cavity (Carrier, 1996). These compar-
ative results lend support to the hypothesis that
the intercostal muscles of bottlenose dolphins
may function differently during swimming and
breathing.

The bottlenose dolphin’s diaphragm muscle may
also contribute to its ability to selectively uncouple
locomotion and ventilation. Dearolf (2002)
hypothesized that connections between the dolphin
diaphragm and the robust ventral connective tis-
sue sheath on the ventral surface of the hypaxialis
muscle (Pabst, 1990) prevent the diaphragm from
being displaced too far cranially. By limiting the
cranial movement of the diaphragm, the cranial
movement of the abdominal organs, which likely
would occur during ventral flexions of the body,
would also be prevented (Dearolf, 2002). Thus, the
diaphragm may play an active postural role during
locomotion. Dearolf (2002) also hypothesized that
during a ventilatory event, the bottlenose dolphin’s
diaphragm may function as an elastic strain
energy storage system. The cranial face of the dia-
phragm is covered by long tendons that if
stretched during expiration, may be able to recoil
elastically to assist with the inspiratory phase.
Future studies that investigate the mechanical
properties of the tendons within the diaphragm of
bottlenose dolphins may provide insight into its
potential role as an inspiratory spring (Dearolf,
2002).

No study to date has investigated the activity of
the craniocervical or lumbopelvic muscles in any
cetacean to determine which muscles may be
active during ventilation. Kinematic and electro-
myographic studies, coupled with studies that
measure intrathoracic pressure pulses in swim-
ming and respiring dolphins, would be of value to
address these hypotheses.
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Muscle Histochemistry

The myosin ATPase assay demonstrated that all
muscles investigated within the craniocervical and
lumbopelvic units of bottlenose dolphins were com-
posed predominantly of fast-twitch fibers (Table 2).
These fiber-type profiles suggest that each of these
muscles is poised for the rapid contractions likely
required for their explosive ventilatory event.
Interestingly, these dolphin fiber-type profiles are
also within the range reported for several terres-
trial mammal species that differ in size and loco-
motor style (Table 6). This shared pattern in fiber-
type profiles is likely influenced by a number of
factors.

For example, the fast muscle fiber profiles
observed in smaller species may support their rela-
tively high ventilatory frequencies (Young et al.,
1992b). These muscles also play functional roles in
multiple body systems. In several families of odon-
tocetes (Kogiidae, Physeteridae, and Ziphiidae),
the sternohyoid is hypothesized to be the main
contributor to suction feeding (Reidenberg and
Laitman, 1994; Heyning and Mead, 1996) and
would likely have a fast fiber-type profile to sup-
port this rapid kinematic event (Werth, 2000;
Bloodworth and Marshall, 2005). However, bottle-
nose dolphins are primarily ram-based feeders
(Bloodworth and Marshall, 2005). This observation
suggests that the fast fiber-type profile of the ster-
nohyoid in bottlenose dolphins may more likely
contribute to their rapid ventilation than to their
feeding strategy.

In addition, muscles located within the cranio-
cervical and lumbopelvic units have traditionally
been categorized as locomotor muscles. Fast fiber-
type profiles of these muscles may reflect their
locomotor as well as ventilatory roles. The dual
roles of muscles within the craniocervical and lum-
bopelvic units suggest that their profiles should be
similar to those of other locomotor muscles. In bot-
tlenose dolphins, two epaxial locomotor muscles,

the dorsal intertransversarius and the extensor
caudal lateralis, are also composed predominantly
of fast-twitch fibers (73.3 and 74.1% by area,
respectively) (Dearolf et al., 2000; Etnier et al.,
2004). Thus, dolphin locomotor and ventilatory
muscles have similar fiber-type profiles.

CONCLUSIONS

This study revealed that muscles located within
the bottlenose dolphin’s craniocervical unit could
create shape changes of the thoracic unit that
facilitate inspiration and that muscles within the
lumbopelvic unit could create shape changes of the
thoracic unit that facilitate expiration. The fast
fiber-type profile of these muscles suggests they
are poised to support the dolphin’s explosive venti-
latory cycle. This study also suggests that the typi-
cal dolphin locomotor sequence is likely altered
during their brief ventilatory event. Expiration is
hypothesized to be mechanically coupled to the ter-
minal phase of the downstroke, because locomotor
muscles within the lumbopelvic unit power the
downstroke and function to decrease thoracic and
abdominal cavity volumes. The ensuing rapid in-
spiration is hypothesized to occur due to simulta-
neous contractions of the cranial epaxial muscles,
which initiate the upstroke, and the craniocervical
muscles, which function to increase the volume of
the thoracic cavity. It is further hypothesized that
the intercostal muscles provide variable stability
to the thorax during locomotion versus ventilation.
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