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ABSTRACT
The macroscopic morphology of structures involved in sound generation in
the Indian Ocean humpback dolphin (Sousa plumbea) were described for the
first time using computed tomography imaging and standard gross dis-
section techniques. The Indian Ocean humpback dolphin may represent a
useful comparative model to the bottlenose dolphin (Tursiops sp.) to provide
insights into the functional anatomy of the sound production in dolphins,
since these coastal dolphins exhibit similar body size and share similarities
on acoustic behavior. The general arrangement of sound generating struc-
tures, that is, air sacs and muscles, was similar in both the bottlenose dol-
phin and the Indian Ocean humpback dolphin. The main difference between
the two species existed in a small left posterior branch of the melon in the
Indian Ocean humpback dolphin, which was not found in the bottlenose dol-
phin and might reflect an adaptation of directionality for high frequency com-
munication sounds as seen in some other delphinids (e.g., Lagenorhynchus
sp., Grampus griseus). Thus, this may be the main reason for the asymmetry
of the sound production structures in dolphins. Additionally, the longer ros-
trum in Indian Ocean humpback dolphins might suggest a more directional
echolocation beam compared to the Lahille’s bottlenose dolphin. Anat Rec,
302:849–860, 2019. © 2018 Wiley Periodicals, Inc.
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Humpback dolphins, genus Sousa Grey 1866 (Odontoceti:
Delphinidae), are a poorly known genus of cetaceans divided
into four species and restricted to tropical and subtropical
near-shore coastal waters of the Eastern Atlantic (S. teutzi),
Indian (S. plumbea), and western Pacific (S. chinensis,
S. sahulensis) Oceans (Ross et al., 1994; Jefferson and
Karczmarski, 2001; Parra and Ross, 2009; Rice, 2009;
Mendez et al., 2013). They are adapted to live in bay and
estuarine habitats, hunting mainly reef-associated, estua-
rine and demersal fishes (Barros and Cockcroft, 1991; Ross
et al., 1994).

Indian Ocean humpback dolphins off South Africa,
S. plumbea, measure between 97 and 108 cm at birth and
reach 280 cm total length in adult males (Ross et al.,
1994; Plön et al., 2015), which makes them the largest of
all Sousa species (Jefferson and Rosenbaum, 2014). Their
comparatively small organ weights indicate that hump-
back dolphins are shallow divers and relative slow mov-
ing delphinids (Plön et al., 2012). Although, they are
commonly sighted solitary or in groups with a mean size
of only seven individuals (Guissamulo and Cockcroft,
2004), recent studies demonstrated a significant decrease
in both mean and maximum group size in South African
waters (Plön et al., 2015; Koper et al., 2016). The main
threat for this species is the accidental entanglement in
shark nets (Atkins et al., 2013, 2016), which is the main
catalyst for this work as it seems to indicate that these
animals cannot sense these nets.

In the present study, the general morphology of the
main structures involved in echolocation and social sound
generation of the poorly known humpback dolphin is
investigated. The detailed descriptions of the main acous-
tic fat bodies of the Indian Ocean humpback dolphin with
additional comparisons to bottlenose dolphin (Tursiops
sp.) (see Mead, 1975) were useful in interpreting its func-
tion, especially regarding social sounds in dolphins.

Sound generation in dolphins takes place in the center
of the epicranial (nasal) complex at the MLDB (monkey-
lips dorsal bursae) complex, a structure consisting of a
lip-like valve of the nasal passage (monkey lips) and
accompanying small fat bodies (posterior and anterior
dorsal bursae). Air pressure variation in the nasal cavity
promotes repeatedly opening and closing movements of
these lips, generating a single click each cycle due to
vibrations within the associated MLDB complexes
(Cranford et al., 1996, 2011). The sound beam seems to be
primarily formed by interactions of the MLDB with the
skull and the air sacs to form its directional nature
(Aroyan et al., 1992; Au et al., 2010; Wei et al., 2017).
Accordingly, the sound travels into a large rostral fat
body (melon) which acts as an acoustic wave guide by col-
limating the sound produced by each MLDB complex
anteriorly and contributing to narrow the resultant bioso-
nar beam (Wei et al., 2017). In addition, the heteroge-
neous composition of the fatty melon attenuates the
sound to effectively transmit it into the aquatic environ-
ment by impedance matching (Harper et al., 2008;
McKenna et al., 2012). In this respect, the shape of the
melon seems to play a significant role in refining and col-
limating the sound produced for echolocation (McKenna
et al., 2012; Wei et al., 2017).

Besides the echolocation clicks for hunting and naviga-
tion/orientation, dolphins commonly produce pulsed calls
(e.g., burst pulses and buzzes) (Henderson et al., 2011)
and tonal sounds (i.e., whistles) for communication (May-

Collado et al., 2007). Pulsed calls are sequences of clicks
characterized by the high repetition rate and low inter-
pulse interval and represent the primary mode of commu-
nication of some non-whistling odontocetes (e.g., of the
genus Physeter, Kogia, Platanista, Phocoena, Cephalor-
hynchus) and as common as whistles in dolphins that pro-
duce both (Au, 2000). These sounds are associated with
several behavioral contexts, such as socializing, aggres-
sion, male alliance, affiliative behaviors, play, social feed-
ing, courtship, and others (Herzing, 2000). Dolphin
whistles are narrow-band frequency-modulated signals
(Au, 2000) and seem to increase in complexity within Del-
phinoidea due to the evolution of social signals for group
cohesion (May-Collado et al., 2007). Both types of commu-
nication sounds are known to be made up of harmonics,
which may play a role in group navigation due to the
mixed-directionality of these sounds (Miller, 2002; Lam-
mers and Au, 2003).

Experimental studies have demonstrated singularities
on the sound emission of dolphins in which both echoloca-
tion and communication sounds are emitted simulta-
neously (Ridgway et al., 2015) and with specific source
locations: the echolocation signals were produced in the
right side of the epicranial complex, while the left side
was used for communication sounds, such as whistles and
pulsed calls (Madsen et al., 2013). Although, it has been
demonstrated that the biosonar beam originates more or
less at the center in T. truncatus (Moore et al., 2008; Fin-
neran et al., 2014), the source center of the right sound
beam may be adjusted by means of the mobility of the
nasal plugs by retraction of the nasal plug muscles during
vocalizing (Mead, 1975; Heyning and Mead, 1990).
Herein, we discuss this asymmetry comparing the bioso-
nar structures bauplan of two delphinids with additional
comparisons of anatomical and behavioral (acoustic) stud-
ies of selected odontocetes from the literature.

MATERIALS AND METHODS

Two Indian Ocean humpback dolphins (Port Eliza-
beth Museum accession number PEM N5094—female,
total length 198.8 cm, condylobasal length 51.50 cm, fro-
zen, carcass condition code 2 (Geraci and Lounsbury,
1993); and PEM N5096—male, total length 262.0 cm,
frozen, carcass condition code 3), incidentally caught in
shark nets off KwaZulu-Natal (KZN), South Africa, were
analyzed at the KwaZulu-Natal Sharks Board facilities,
Durban-KZN. It is noteworthy that the Indian Ocean
humpback dolphin is a rare and endangered species and
obtaining fresh samples from South African waters is
not easy due to the climatic conditions. Thus, the scien-
tific collaboration with the KwaZulu-Natal Sharks
Board represents a unique opportunity to access the
freshest material available. In this context, McKenna
et al. (2007) have demonstrated that the morphology of
the deep soft tissues of the epicranial complex in the
dolphin head remain without significant changes post-
mortem or due to freezing effects (i.e., live, fresh, or
thawed). However, superficial soft tissues could exhibit
a slight displacement forward due to disarticulation of
the head from the body (McKenna et al., 2007). Since
the arrangement of the sound emission apparatus
appears to have very minor morphological variations at
genus level (Mead, 1975; Cranford et al., 1996), we
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discuss our findings based on what is known about the
sound production in Sousa spp.

The analyses of the anatomical topography of the
biosonar-related structures were based on a transverse
computed tomography scan (CT-scan) of the female´s
head (N5094) using Toshiba Aquilion (120 KV, 225 mAs).
The head was aligned longitudinally with the bed of the
CT-scan and dorsoventrally at 90o to avoid distortions
promoted by gravity during scanning. The CT-scan gen-
erated a sequence of images (1 mm slice thickness,
0.724 mm pixel edge length) in all three planes
(i.e., coronal, sagittal, and axial) that were analyzed
using 3D-Slicer (http://slicer.org/). The main biosonar-
related components were identified using the segmenta-
tion technique (Cranford et al., 2008). In short, images
were analyzed and edited voxel by voxel on the three
planes accomplished with a threshold assistance tool.
Then, a 3D model of each fat and bone structure was gen-
erated, and the respective volumes and dimensions were
calculated. The size of the brain was characterized by the
height of the cranial vault for comparative purposes
(Huggenberger et al., 2010). Both heads were dissected,
removing tissues layer by layer following the procedure
of Schenkkan (1972). Photos of the dorsal view from the
female (N5094) were taken to measure and demonstrate
the surface area of the air sacs (i.e., vestibular, nasofron-
tal, and premaxillary) using ImageJ (https://imagej.nih.
gov/ij) and Photoshop (www.adobe.com), respectively.
The air sacs were collapsed during dissection and, there-
fore, do not represent the shape of this dynamic structure
while in vivo. However, the data provided here address a
comparative approach with other odontocetes whose air

sac morphology has been investigated using gross dis-
section technique (Schenkkan, 1973).

In addition, one existing CT-scan series (1 mm slice
thickness, 0.912 mm pixel edge length) of a male Lahille’s
bottlenose-dolphin, Tursiops gephyreus, (Grupo de Estu-
dos de Mamíferos Aquáticos do Rio Grande do Sul acces-
sion number GEMARS 1447, total length 248.0 cm,
condylobasal length: 51.13 cm, frozen, carcass condition
code 2) was used to compare the head morphology of the
Indian Ocean humpback dolphin with this well described
delphinid (Schenkkan, 1973; Mead, 1975; Rodionov and
Markov, 1992; Cranford et al., 1996). Terminology follows
Mead (1975) and Huggenberger et al. (2014) for soft tis-
sues and Mead and Fordyce (2009), adapted to Nomina
Anatomica Veterinaria (2017), for the skull (see the list of
abbreviations in Table 1). In this contribution, we
assumed the terminology “posterior branch” for all fat
bodies between the main body of the melon (connected to
it or not) and the dorsal bursae complexes to address a
comparative approach.

RESULTS

In general, the epicranial complex of the Indian Ocean
humpback dolphin specimens (Figs. 1 and 2) exhibited a
similar arrangement to that of other delphinids (see
Schenkkan, 1973; Mead, 1975), such as the Lahille’s bot-
tlenose dolphin (Fig. 2). However, specific features
regarding the position, shape, and asymmetry of the spe-
cialized fat bodies in the epicranial complex of the Indian
Ocean humpback dolphin were remarkably distinct and
will be described in detail.

TABLE 1. List of anatomical abbreviations including the old/usage nomenclature (when applied), the current
terminology and the reference used

Abbreviation Old/usage nomenclature Current nomenclature Reference

Bl Left branch of the melon Corpus adiposum nasalis
terminalis

Cranford et al. (1996), Huggenberger et al. (2014)

Br Right branch of the melon Corpus adiposum nasalis
terminalis

Cranford et al. (1996), Huggenberger et al. (2014)

Cana Anterior dorsal bursae Corpus adiposum nasalis
anterior

Cranford et al. (1996), Huggenberger et al. (2014)

Canp Posterior dorsal bursae Corpus adiposum nasalis
posterior

Cranford et al. (1996), Huggenberger et al. (2014)

melon Melon Corpus adiposum nasalis
terminalis

Mead (1975), Huggenberger et al. (2014)

M Maxillary bone Maxilla Mead and Fordyce (2009), Nomina Anatomica
Veterinaria (2017)

MLDB Monkey lips dorsal bursae
complex

- Cranford et al. (1996)

Mm - Musculus
maxillonasolabialis

Huber (1934), Huggenberger et al. (2009)

OI Premaxillary bone Os incisivum Mead and Fordyce (2009), Nomina Anatomica
Veterinaria (2017)

ON Nasal bone Os nasale Mead and Fordyce (2009), Nomina Anatomica
Veterinaria (2017)

Snn Nasofrontal air sacs Saccus nasalis nasofrontalis Murie (1874), Huggenberger et al. (2014)
Snp Premaxillary air sacs Saccus nasalis

praemaxillaris
Murie (1874), Huggenberger et al. (2014)

Snv Vestibular air sacs Saccus nasalis vestibularis Lawrence and Schevill (1956), Huggenberger et al.
(2014)

Vnd Lip of blowhole Valva nasalis dorsalis Rodionov and Markov (1992), Huggenberger et al.
(2014)

Vni Monkey lips Valva nasalis intermedia Cranford et al. (1996), Huggenberger et al. (2014)
Vnv Nasal plugs Valva nasalis ventralis Cranford et al. (1996), Rodionov and Markov (1992)
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Monkey lips (Valva nasalis intermedia, Vni)—These
flat lips characterized by small wrinkles on the anterior
and posterior side of the epithelium of the nasal passage
were placed below the ventral opening of the vestibular
air sacs (Snv, Saccus nasalis vestibularis, see below) and
aligned with the dorsal bursae (Cana, Corpus adiposum
nasalis anterior and Canp, Corpus adiposum nasalis pos-
terior, see below). The wrinkles were surrounded by a
thin and light pale pigmentation on both the left- and
right-hand side which delimits the structure. On the right
Vni, the pigmentation was more intense than on the left
side (Fig. 3). In both Indian Ocean humpback dolphin
specimens, the right Vni exhibited deeper and clear wrin-
kles compared to the left structures where the wrinkles
were not clear to the naked eye without shifting the
tissue.

Posterior dorsal bursae (Corpus adiposum nasalis pos-
terior, Canp)—This pair of small ellipsoid fat bodies were
situated posteriorly to each nasal passage and aligned
axially 16.03 mm and 14.41 mm in front to the right and
left distal-most mesethmoid margin of the nasal bone
(ON, Os nasale), respectively (Fig. 2). The right and left

Canp were not aligned symmetrically from the mid-
sagittal plane, since the left Canp was shifted (“skewed”)
to the right (Figs. 1 and 2). The right Canp, instead, was
aligned perpendicularly to the mid-sagittal plane and
exhibited larger dimensions than the left one (right Canp
maximum width: 12.84 mm, height: 6.48 mm, axial
length: 3.10 mm; left Canp max. width: 10.50 mm, height:
3.26 mm, axial length: 2.14 mm). The same size asymme-
try between the right and left Canp was more evident in
the Lahille’s bottlenose dolphin (Fig. 2).

Anterior dorsal bursae (Corpus adiposum nasalis ante-
rior, Cana)—This second pair of ellipsoid fat bodies were
placed anteriorly to each nasal passage just in front of
the respective right and left Canp. Both Cana were
aligned to the corresponding Canp. The right Cana also
exhibited larger dimensions than the left one (right Cana
maximum width: 9.30 mm, height: 3.28 mm, axial length:
2.54 mm; left Cana max. width: 6.51 mm, height:
3.33 mm, axial length: 2.33 mm). However, both Cana
were smaller than the corresponding Canp (Fig. 2).

Melon (Corpus adiposum nasalis terminalis)—The
greatest fat structure in the epicranial complex of the

Fig. 1. General topography of the main structures involved in the sound production of a juvenile female (PEM N5094, total length 198.8 cm,
condylobasal length 51.5 cm) Indian Ocean humpback dolphin, Sousa plumbea. A, C. Dissected head showing the Valva nasalis dorsalis (Vnd, lips
of the blowhole) and the main body of the Corpus adiposum nasalis terminalis (melon) and the arrangement of the superficial layers of the Musculus
maxilonasolabialis (Mm) and its rostro-lateral portion in dorsal and lateral view, respectively. B, D. 3D reconstructions of the specialized fat bodies in
the epicranial complex of the same specimen by computed tomography assistance (melon, Corpus adiposum nasalis terminalis (yellow); Cana,
Corpus adiposum nasalis anterior (red); Canp, Corpus adiposum nasalis posterior (blue). In D, the nasal air sacs were demonstrated at dorsal view
(Saccus nasalis vestibularis, green; Saccus nasalis nasofrontalis, red; Saccus nasalis praemaxillaris, blue).
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Indian Ocean humpback dolphin resembled the condition
found in other delphinids. The anterior portion of the epi-
cranial complex of the Indian Ocean humpback dolphin
was nearly totally composed by fat and connective tissues
of the melon. The rostral musculature of the Musculus
maxilonasolabialis (Mm) was restricted to the lateral bor-
ders of the melon (Fig. 1). The melon originated from both
sides of the nasal passage into the nasal plug (Vnv, Valva
nasalis ventralis), where the right and left caudal
branches of the melon were placed ventral to each Cana.

The posterior tip of the right branch of the melon in the
Indian Ocean humpback dolphin was positioned 2.97 mm
and 2.99 mm below to the right Canp and Cana, respec-
tively (when the nasal passage was collapsed). The width
of the right branch of the melon at its dorsoposterior por-
tion was 13.90 mm. It extended ventrally 10.52 mm,
where it became larger (maximum width at this point:
22.16 mm) and switched its orientation anteriorly, follow-
ing the skull concavity, until it connected to the main
body of the melon (maximum width at this point:

Fig. 2. General topography of the epicranial fat bodies in the Indian Ocean humpback dolphin, Sousa plumbea (PEM N5094, total length
198.8 cm, condylobasal length 51.5 cm) (A–C) and Tursiops gephyreus (GEMARS 1447, total length 248.0 cm, condylobasal length: 51.13 cm) (D–F)
in dorsal (A and D), frontal (B and E), and lateral (C and F) view (melon, Corpus adiposum nasalis terminalis (yellow); left branch of the melon (opaque
yellow) Cana, Corpus adiposum nasalis anterior (red); Canp, Corpus adiposum nasalis posterior (blue); Br, right posterior branch of melon; Bl, left
posterior branch of the melon).

THE EPICRANIAL COMPLEX OF THE HUMPBACK DOLPHIN 853



45.46 mm; Fig. 2). The length of the right branch of the
melon (i.e., from its posterior tip to the posteriormost
point of the main body of the melon) in the Indian Ocean
humpback dolphin was 25.60 mm. The left branch of the
melon was smaller than the right one and did not connect

to the main body of the melon. Instead, it extended ven-
trally while entering in the dense connective tissue of the
nasal plug. It was positioned 4.33 mm and 3.91 mm ven-
trally to the left Canp and Cana, respectively. The width
of the left branch of the melon at its dorsoposterior

Fig. 3. The general arrangement of the main biosonar-related fat structures (Corpus adiposum nasalis terminalis, melon, yellow; Corpus adiposum
nasalis posterior, Canp, gray; and Corpus adiposum nasalis anterior, Cana, gray) of the female Indian Ocean humpback dolphin, Sousa plumbea
(PEM N5094, total length 198.8 cm, condylobasal length 51.5 cm) relative to the nasal air sacs (schematic representation) (Saccus nasalis
vestibularis, Snv, green; Saccus nasalis nasofrontalis, Snn, red; Saccus nasalis praemaxillaris, Snp, blue). In detail, the nasal passage of the
dissected viewed from above at two levels: A. Inside the Snv showing both right and left-hand side Valva nasalis intermedia (Vni); and B. Below to
the Snv, showing the (Snn) surrounding the nasal passage (np) and the Canp and Cana into the Valva nasalis ventralis (Vnv), just in front of the Os
nasale (ON, nasal bone). Scale bars: 1 cm.
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portion was 4.77 mm. The length of the left branch of the
melon (i.e., from its posterior tip to the anterior end of
this fat body) was 17.67 mm.

The right branch of the melon in the Lahille’s bottle-
nose dolphin extended anteriorly, gradually enlarging its
diameter to became continuous with the main body of the
melon. Thus, it was not possible to distinguish the ante-
rior and posterior limits of the right branch of the melon
in the Lahille’s bottlenose dolphin. Additionally, in con-
trast to the humpback dolphin, there was no evidence of a
fat tissue area just anterior to the left Cana in the
Lahille’s bottlenose dolphin. However, a fat protuberance
from the axis of the main body of the melon on the left
side was found (Fig. 2).

The main body of the melon of the Indian Ocean hump-
back dolphin, in dorsal view, was a big triangular fat body
with the largest base positioned at 17.19 mm and
19.27 mm in front of both right and left Cana, respec-
tively. The largest width of the melon was 100.02 mm,
just at the line that passed vertically 23.58 mm in front of
the antorbital notches of the maxillary bone (M, Maxilla)
in dorsal view. At this point, the melon started to taper
abruptly from its lateral sides and the top to its anterior-
most tip, positioned at the line that passed vertically
through the eighth (counted from proximal) tooth of both
right and left M. The anterior portion of the melon was
surrounded anteriorly by a connective tissue which grad-
ually lost its fat composition until it reached the skin
(Fig. 1). The length of the melon, including its right
branch (i.e., length between the posterior tip of the melon
terminus and its anterior tip), was 160.63 mm (32.5% of
the condylobasal length). The asymmetry of this structure
was evident since the right antorbital notch was almost
totally covered by the melon in dorsal view, while it

covered only the proximal portion of the left antorbital
notch (Fig. 1).

The epicranial complex length, that is, distance from
the rostroventral tip of the melon to the nasal passage
between both Canp and Cana complexes (Huggenberger
et al., 2010), of the Indian Ocean humpback dolphin was
194.21 mm from point to point and 167.64 mm in parallel
to the sagittal plane. The elevation angle of the Canp and
Cana complexes, determined as the angle between the
axis of the skull and the line that passes through the tip
of the melon to each nasal passage between both MLDB
complexes (Huggenberger et al., 2010), was 24.35� on the
right and 23.45� on the left side. The association between
specialized fat tissues and skull elements in the hump-
back dolphins was similar to the Lahille’s bottlenose dol-
phin, in contrast to the relative size between the Canp
and Cana complexes which seemed to be more asymmet-
ric in the Lahille’s bottlenose dolphin (Table 2).

Vestibular air sacs (Saccus nasalis vestibularis, Snv) –
The pair of Snv were placed just below the blowhole and
dorsally covered the posterior portion of the epicranial
complex completely. These outpockets of the nasal tract
extended laterally (right: 73.2 mm, left: 57.5 mm) from
the blowhole forming two rounded and flattened air
spaces between the superficial layers of the Mm (Fig. 1).
In dorsal view, the lateral extension of both Snv sur-
passed the distal borders of the posterior projection of the
premaxillary bones (Os incisivum, OI). The dorsal border
of the Snv opening was placed posterior to the nasal pas-
sage and partially surrounded the vestibulum below the
blowhole. The ventral border of the Snv opening totally
covered the horizontal nasal passage just above the nasal
plug muscle (Musculus maxilonasolabialis valvae ventra-
lis) and the Vni. The size asymmetry between both Snv

TABLE 2. Morphometric parameters of the specialized fat bodies (Canp, Cana, and melon) of Sousa plumbea
(PEM 5094, total length 198.8 cm) and Tursiops gephyreus (GEMARS 1447, total length 248.0 cm) in mm and

relative to the condylobasal length (CBL)

Sousa Tursiops

Condylobasal length 515 %CBL 511.3 %CBL
Distance between the Canp and the ventrolateral
mesethmoid margin of the ON

Right 16.03 3.11 18.55 3.63
Left 14.41 2.80 20.36 3.98

Maximum width of the Canp Right 12.84 2.49 20.22 3.95
Left 10.50 2.04 10.82 2.12

Height of the Canp Right 6.48 1.26 8.31 1.63
Left 3.26 0.63 6.30 1.23

Axial length of the Canp Right 3.10 0.60 3.70 0.72
Left 2.14 0.42 6.39 1.25

Maximum width of the Cana Right 9.30 1.81 20.67 4.04
Left 6.51 1.26 10.26 2.01

Height of the Cana Right 3.28 0.64 6.77 1.32
Left 3.33 0.65 5.48 1.07

Axial length of the Cana Right 2.54 0.49 2.36 0.46
Left 2.33 0.45 3.57 0.70

Distance between the Canp and Cana complexes
and the branches of the melon

Right 2.97/2.99 0.57/0.58 1.24/0.73 0.24/0.14
Left 4.33/3.91 0.84/0.75 - -

Largest width of the branches of the melon Right 45.46 8.82 69.90 13.67
Left 4.77 0.93 - -

Maximum width of the melon 100.02 19.42 136.06 26.61
Length of the melon with its right branch 159.04 30.88 242.46 47.42
Epicranial complex length Point to point 160.78 31.21 235.30 46.02

In parallel 137.08 26.61 223.21 43.66
Elevation angle of the Canp and Cana complexes Right 24.35� - 20.11o -

Left 23.45� - 19.51o -
Height of the cranial vault 103.5 20.09 128.27 25.08

THE EPICRANIAL COMPLEX OF THE HUMPBACK DOLPHIN 855



was evident since the dorsal surface area of the left Snv
was 13.04 cm2, about 0.6 times smaller than the right
Snv (21.27 cm2). Both Snv exhibited a dark coloration of
their folded epithelium, in which the folds were oriented
in parallel to the axes of the maximum diameter of each
Snv (Fig. 3).

Nasofrontal air sacs (Saccus nasalis nasofrontalis,
Snn)—The pair of Snn originated on the proximal portion
of the posterior walls of each nasal passage, just below
the Snv. Both sacs surrounded the nasal passage border-
ing the Canp and Cana complexes anteriorly, laterally,
and posteriorly (Fig. 1). Its epithelium was thin with a
dark pigmentation and exhibited small longitudinal folds.
The right Snn was larger than the left one. Their dorsal
surface areas were 6.91 cm2 and 6.55 cm2, respectively.
The right Snn extended 5.43 mm laterally from its med-
ialmost origin, while the left Snp extended 4.82 mm later-
ally. An accessory air sac was not found during the
dissections of the two specimens.

Premaxillary air sacs (Saccus nasalis premaxillaris,
Snp)—As in the bottlenose dolphin, the pair of Snp were
the largest air sacs in the epicranial complex of the
Indian Ocean humpback dolphin (Fig. 1). They were posi-
tioned below the Vnv and covered 19.59 cm2 and 9.68 cm2

of the right and left premaxillary sac fossa of the OI,
respectively. The maximum width of each sac (i.e., by the
line that passed horizontally through the anterior border
of each nasal passage) was 5.08 cm for the right and
3.3 cm for the left Snp. Thus, the left Snp was smaller
and narrower compared to the right one, although its
anterior tip was placed 0.64 mm in front of the right Snp
anterior tip. The length of the anterior portion of each
Snp (i.e., between the anterior border of each nasal pas-
sage to the anterior tip of each sac) was 2.65 cm and
3.17 cm for the right and left Snp, respectively. Both Snp
and their opening slits extended laterally around the bor-
der of the bony nasal passages. In this way, the right Snp
opening surrounded the anterior and the lateral border of
the naris reaching its posterior limits. The left one
extended laterally only half way to the center of the left
naris (Fig. 1).

DISCUSSION

The general arrangement of sound generating struc-
tures described here for the Indian Ocean humpback dol-
phin is similar to those described for bottlenose dolphins
(T. gephyreus and T. truncatus, cf. Schenkkan, 1973;
Mead, 1975; Rodionov and Markov, 1992; Cranford et al.,
1996, this study), that is, the shape of the air sacs as well
as the nasal muscles resemble each other in both genera.
However, a remarkable difference to bottlenose dolphins
exists in the small left posterior branch of the melon,
which ends anteroventrally to the left bursae complex in
the Indian Ocean humpback dolphin.

The shape of the posterior end of the melon, which con-
nects the MLDB complex with the melon, attracted some
attention in the literature: posterior “rami” or “branches”
of the melon were firstly mentioned by Cranford (1988) in
the spinner dolphin, Stenella longirostris, as small bul-
bous projections, posterior to the main portion of the
melon, which ends on each side of the nasal plug. How-
ever, Cranford et al. (1996) also described a fat tissue pro-
tuberance diverging from the main axis of the melon in
the common dolphin, Delphinus delphis, as the left

branch of the melon, similar to the Lahille’s bottlenose
dolphin (this study) and the common bottlenose dolphin
(Tursiops truncatus) (Harper et al., 2008). In this case,
the left branch ends posteriorly in the connective tissue
and is, thus, not in direct contact to the sound generating
structures of the nasal passage (dorsal bursae). Cranford
et al. (1996) also described “enlarged fatty basins, located
between the main body of the melon and (both) MLDB
complex(es)” in the Pacific white-sided dolphin
(Lagenorhynchus obliquidens) and noticed it for the
white-beaked dolphin (Lagenorhynchus albirostris), Ris-
so’s dolphin (Grampus griseus), and a neonate northern
right whale dolphin (Lissodelphis borealis). McKenna
et al. (2012) used the term “branch” for this fatty basin in
the Pacific white-sided dolphin. Similar structures were
described anterior to the left MLDB complexes in the
Franciscana dolphin, Pontoporia blainvillei, as “fatty
melon branches” (Cranford et al., 1996), but differed from
that of the Pacific white-sided dolphin. The right branch
connects to the main body of the melon in the Francis-
cana dolphin, as in most odontocetes, and on the left side
is a smaller isolated triangular fat body just anterior to
the left anterior dorsal bursa (Cranford et al., 1996; Frai-
ner et al., 2015). Although it seems that this structure
was independently acquired in these lineages, it is evi-
dent that there is a functional connection between species
with this fat body structure connected to the left bursae
complex and their sound repertoire:

1. The spinner dolphin is known to produce a high funda-
mental frequency (~69 kHz) in its whistles compared to
other members of the Delphininae subfamily, containing
harmonic elements close to 80 kHz (Au et al., 1999b;
Lammers and Au, 2003);

2. The Risso’s dolphin is known to produce a higher over-
all frequency in its whistle repertoire compared to other
Globicephala species and present a high number of har-
monics in the barks (ranging from 1 to 28 harmonics)
and buzzes (ranging from 20 to 36 harmonics; Corkeron
and Van Parijs, 2001);

3. The white-beaked dolphin produces fundamental fre-
quencies of up to 35 kHz with a harmonic element up to
50 kHz, and Rasmussen et al. (2006) proposed that
whistle production in this species is more directional
than seen in the bottlenose dolphin (Rasmussen
et al., 2004).

4. Recently, broad band acoustic tags have been able to
record high frequency and complex whistles with maxi-
mum frequency at 82 kHz for the Franciscana dolphin
with up to eight harmonics, a species that ever since
was believed to not produce modulated sounds (Cremer
et al., 2017).

Humpback dolphins are known to produce broadband
clicks for echolocation, ranging from 12 to at least
22 kHz, as well as pulsed calls (i.e., barks, quacks, and
grunts) and whistles (Zbinden et al., 1977; Schultz and
Corkeron, 1994; Van Parijs and Corkeron, 2001; Weir,
2010; Sims et al., 2012). Schultz and Corkeron (1994)
demonstrated that Pacific humpback dolphins produce a
higher overall frequency for communication sounds
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compared to bottlenose dolphins, and Van Parijs and Cor-
keron (2001) showed that the barks (i.e., a type of burst-
pulses) produced by the Australian humpback dolphin
exhibit higher frequencies compared to other delphinids,
such as the Atlantic spotted dolphin, Stenella frontalis,
and the orca, Orcinus orca (Ford, 1991; Herzing, 1996),
with a number of harmonics ranging from 1 to 22. Sims
et al. (2012) have recorded barks of the Indo-Pacific
humpback dolphin ranging from 4.1 kHz to 24.9 kHz with
closely spaced harmonics; in contrast, whistles were sim-
ple in structure, with a lower overall frequency compared
to barks and a wide spacing between harmonics. How-
ever, Weir (2010) have recorded whistles from the Atlan-
tic humpback dolphin with a harmonic structure
reaching, at least, 44 kHz.

The acoustic repertoire described for humpback dol-
phins should be interpreted with caution due to the
nature of sampling wild animals (e.g., animal distance/
angle from the hydrophone and limitation on recording
equipment) and may not represent the whole sound spec-
trum produced by these animals (Van Parijs and Cor-
keron, 2001; Weir, 2010). However, the high frequency of
burst-pulses and harmonic energy together with the ele-
vated number of harmonics described for burst pulses of
humpback dolphins may be a general feature of this
genus.

Harmonic social sounds in dolphins are supposed to
play a role in group coordination during traveling and
hunting since it may provide cues of the moving emitter
due to the mixed-directionality of communication sounds
(Miller, 2002; Lammers and Au, 2003). Accordingly,
higher frequency harmonics are transmitted forward,
while lower frequency components are known to be more
omnidirectional (Blomqvist and Amundin, 2004). The
directionality of the sound produced by dolphins seems to
vary between delphinid species (Au et al., 1999a; Rasmus-
sen et al., 2004) and it has been associated with the mor-
phology of the main structures involved in sound
emission including the head and rostrum size and the
shape of the air sacs (Au et al., 1999a; Song et al., 2016;
Wei et al., 2017). Given that fat bodies in the dolphin
head are important for absorbing and collimating small
wave lengths (i.e., high frequency) and since the heteroge-
neity of tissue density in the nasal plug may allow for
complex timbre across Odontoceti species (Amundin and
Andersen, 1983; Cranford et al., 1996; Madsen et al.,
2013), we suggest that the asymmetry in the nasal soft
tissues found in the Indian Ocean humpback dolphin (i.e.,
the small left posterior branch of the melon), may indicate
one cause among others for adaptation of the high fre-
quency communication sounds reported in this species.

Directionality in dolphin echolocation sounds seems to
have evolved to increase the source level (dB) in the for-
ward direction, where click energy presents its elevated
center frequency (kHz), thus, increasing the range of tar-
get detection and reducing reflection from the periphery
(Jensen et al., 2009; Koblitz et al., 2012; Finneran et al.,
2014). The directional biosonar beam is formed by inter-
actions with the skull, dense connective tissue surround-
ing the posterior portion of the melon, air sacs through
the right branch of the melon and the melon. (Figs. 1 and
2) (Au et al., 2006; Finneran et al., 2016; Wei et al., 2017).
However, dolphins can steer and modify the width of the
echolocation beam by changing the frequency emitted
(Au et al., 1995; Madsen et al., 2004) and by modulating

the shape of the associated soft tissue (e.g., air sacs and
melon) through contraction and retraction of the rostral
musculature of the Mm (Fig. 1) (Moore et al., 2008;
Koblitz et al., 2012). Additionally, head movements may
allow dolphins to manipulate the sound beam while scan-
ning for prey (Herzing, 1996).

Interestingly, independent toothed whale lineages have
evolved convergent (i.e., nonhomologous) specializations
for a highly directional echolocation beam production at
higher frequencies (i.e., above 120 kHz) and lower source
levels compared to other dolphins, the so called NBHF
(Narrow-Band High Frequency) species (e.g., pygmy and
dwarf sperm whales, Kogia spp.; the harbor porpoises,
Phocoena spp.; the Franciscana dolphins; Cephalor-
hynchus species, Cephalorhynchus spp.; and the hour-
glass dolphin, Lagenorhynchus cruciger) (Madsen et al.,
2005; Kyhn et al., 2010; Tougaard and Kyhn, 2010). Har-
bor porpoises, Cephalorhynchus species and Franciscana
dolphins are small toothed whales inhabiting similar hab-
itats (i.e., coastal waters) and, therefore, the morphologi-
cal variation found in the biosonar apparatus of these
species may reflect the complex factors promoting the
directional properties of the sound beam across odonto-
cetes (Wei et al., 2017). However, convergent morphol-
ogies in the biosonar apparatus of these species might be
useful to interpret meticulous differences between the
sound production in the Indian Ocean humpback dolphin
and the Lahille’s bottlenose dolphin.

Harbor porpoises and Cephalorhynchus species are
small, non-whistling odontocetes (May-Collado et al.,
2007) exhibiting short rostra and a discontinuity between
the main body of the melon and the MLDB complex (i.e.,
the right branch of the melon is absent) which only the
dense connective fibers of the nasal plug are remaining
and are covered dorsally by the pair of Snv (i.e., more
developed in the harbor porpoises) (Mead, 1975; Huggen-
berger et al., 2009). In contrast, the small Franciscana
dolphin exhibits the right branch of the melon connected
to the main body, while presenting a narrow and long ros-
trum that, together with the large size of the right Snv
and the cylindrical melon, may be responsible for the
directional properties of the biosonar in this species
(Cranford et al., 1996; Huggenberger et al., 2010; Song
et al., 2016). Despite the obvious convergence for riverine
habitats, the broad-banded clicking Ganges river dolphin
(Platanista gangetica) exhibits similar morphological
adaptations for a directional sound compared to Francis-
cana dolphins, as this species also presents a long and
narrow rostrum and maxillary bony crests acting as
sound reflectors above the epicranial complex (Jensen
et al., 2013). Harbor porpoises and Franciscana dolphins
(and Cephalorhynchus, unpublished data by GF) exhibit
the MLDB complex aligned in the axial plane with the
posterior portion of the melon (Huggenberger et al., 2009;
Frainer et al., 2015). This might be related to sound pro-
duction convergence in these species, since the dorsocaud-
ally position of these structures relative to the melon
seems to be a conserved character in delphinids (Fig. 2).

In the present study, we demonstrated that despite the
Indian Ocean humpback dolphin exhibiting a continuous
melon (i.e., connecting the main body of the melon and
the right MLDB complex), it represents a more heteroge-
neous tissue than the one found in Lahille’s bottlenose
dolphin. Since there are transverse connective tissue
fibers of the nasal plug between the posterior portion of
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the right branch of the melon and its main body in the
Indian Ocean humpback dolphin (Fig. 2), this could
address a distinct sound collimation mechanism. Addi-
tionally, the general topography of the biosonar relevant
structures differ between both species, which is reflected
by the steeper epicranial complex of the Indian Ocean
humpback dolphin (i.e., based on the higher values of the
elevation angle of the MLDB complex) and its relative
longer rostrum compared to the Lahille’s bottlenose dol-
phin. In this way, the data for the Indian Ocean hump-
back dolphin may challenge previous knowledge that
steeper epicranial complexes are related to larger brains
(Table 2; Huggenberger et al., 2010). In addition, the lon-
ger rostrum in Indian Ocean humpback dolphins might
suggest a more directional echolocation beam compared
to the Lahille’s bottlenose dolphin (Fig. 2; Song
et al., 2016).

Coastal NBHF species are not only known to have
sophisticated (directional) biosonar systems but also
highly negative interaction with fisheries due to acciden-
tal entanglement in gill nets (Jefferson and Curry, 1994;
Secchi et al., 1997; Iñíguez et al., 2003; Secchi et al.,
2004). Despite the fact that mainly calves are captured in
these nets, the high mortality of adults may address the
higher vulnerability of these particular groups toward gill
nets (Reeves et al., 2013). In the same way, the popula-
tion of Indian Ocean humpback dolphin from the east
coast of South Africa has been in decline due to the con-
tinued bycatch in shark nets off the KwaZulu-Natal coast
(KZN) (Atkins et al., 2013; Plön et al., 2015). Interest-
ingly, the higher bycatch rates are not only due to juve-
niles being caught, but also males between 2.2 and 2.5 m
in length. Another related delphinid, the Indian Ocean
bottlenose dolphin (Tursiops aduncus), is also threatened
by the presence of shark nets, but for this species mostly
calves are caught (Cockcroft, 1990; Peddemors, 1999). In
the latter species, 30% of all captured calves presented
fresh tooth marks indicative of epimeletic behavior
(Cockcroft and Sauer, 1990). Thus, lactating females
might detect gill nets, but cannot prevent the entangle-
ment of their calves.

Frainer et al. (2015) proposed that young individuals of
the endangered Franciscana dolphin might be more sus-
ceptible to entanglement in fishery gill nets than adults,
due to, among other causes, an immature anatomy of
biosonar-relevant structures and premature behavior
skills related to echolocation. In this respect, the cause of
why adolescent male Indian Ocean humpback dolphins
exhibit higher bycatch rates is still a matter of specula-
tion. However, we suspect that coastal dolphins with spe-
cialized directional echolocation beam are more
susceptible to die in gill nets, because they are limited on
performing wide range adjustments of their directional
properties while pursuing prey or avoiding obstacles
(Moore et al., 2008). Franciscana dolphins, for example,
do not exhibit rostral musculature of the Mm, so the
melon axis might be steered mainly by movements of the
neck while echolocating. In this way, scanning move-
ments of the head promoted to amplify the inspected area
surrounding the animal (Herzing, 1996) might represent
a disadvantageous condition for species with a long ros-
trum, such as Franciscana dolphins and Indian Ocean
humpback dolphins. Nevertheless, directional echoloca-
tion beams are, theoretically, more restricted to a
straightly frontal inspection, while omitting surrounding

obstacles. In this way, sudden encounters at short range
with a low reflective material (such as the monofilaments
of fishing and shark nets) may characterize the bycatch
phenomenon of these species specialized in directional
echolocation beam generation.
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