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RUNNING TITLE

Phocoena phocoena sound emission

ABSTRACT
The process by which sound is propagated in the head of a toothed whale is
still a subject of discussion. Investigating the distribution of acoustic impedance

calculated by density and Young’s modulus is effective for quantitative comprehension
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because acoustic impedance determines the reflection coefficient of a sound wave.

However, the sound propagation process of the toothed whale has been mainly

examined by either anatomical techniques or the measurement of density or sound

velocity. In the current study, the acoustic impedance of head tissue of harbor porpoise

was measured. Results of this study should be a helpful information for further

discussion about the relationship between the structure of sound-producing organ and

clicks property. .

PACS number: 43.80.Ka
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[. INTRODUCTION

The harbor porpoise (Phocoena phocoena) is a kind of small toothed whale

widely distributed in the northern hemisphere (Read et al., 1997). As with other toothed

whale, the harbor porpoise recognizes surrounding environment using the echo of high

frequency ultrasonic pulses called clicks. The producing and propagation process of

clicks in forehead is highly complicated, involving various types of organs and tissues

(McKenna et al., 2012).

Elucidation of the sound propagation process of the toothed whale could

contribute to the improvement of an acoustic detecting device for example a

fish-finder. The principle of how dolphins search for prey using clicks with perfect

control had been focused on to improve the fish-finder. The improvement of a

fish-finder that uses ultrasonic waves resembling dolphin clicks has been promoted to

obtain more detailed information about fish, for example fish species and size

(Akamatsu et al., 2012; Imaizumi et al., 2008). Clarification of the clicks emission

mechanism should give helpful information for the development of a “dolphin sonar”

from a biomimetic standpoint.

It has been confirmed that clicks are produced at the phonic lips, which consist

of two pairs of balsae (Cranford et al., 1996; Aroyan et al., 1992), and are propagated to
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the melon. Clicks beam progressively focused by the melon, air sacs, skull, and

collagenous connective tissues located in the forehead region (Cranford et al., 1996;

Huggenberger et al., 2009) until they are finally emitted into the seawater. Matching of

the acoustic impedance to coordinate the soft tissues must be important for efficient

sound emission into the seawater, and mechanisms for this have been suggested (Norris

and Harvey, 1974). Considerable amount of research as mentioned above has attempted

to elucidate the clicks emission process of toothed whales, however, quantitative

information about head soft tissue is much less than anatomical information. Because of

the lack of quantitative comprehension, the process by which sound is propagated in the

head of the toothed whale remains the subject of debate. For one of the few quantitative

comprehension, Soldevilla et al. (2005) measured sound velocity using sliced head

tissue from a neonatal Cuvier’s beaked whale (Ziphius cavirostris). This pioneering

study focused on the differences in the physical properties of the head tissue of the

Cuvier’s beaked whale and tried to measure the elasticity of the soft tissue.

Thus, it is necessary to understand how the acoustic impedance is distributed

and matched among the soft tissues in order to reveal how sound is propagated in the

head of the harbor porpoise. To our knowledge, no conventional studies have directly

measured acoustic impedance in the head of toothed whales.
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In the current study, we developed a procedure to measure the acoustic

impedance of the soft tissues of the head, determined the distribution of acoustic

impedance in the head, and investigated quantitative information about the process of

sound propagation. We believe the results should contribute to the complete clarification

of the process by which clicks are propagated in the toothed whale.

[I. MATERIALS AND METHODS FOR EXPERIMENTAL MEASUREMENTS

A. Specimen

A female harbor porpoise (SNH12009-1, 129 cm) that was incidentally caught

by a large set net at Hakodate, Hokkaido on April 19, 2012 was used. The animal was

found by members of the Hokkaido University Cetacean Research Group who were on

board the fishing boat for a porpoise bycatch survey. The porpoise died due to

suffocation by drowning because she was buried among fish in the set net and could not

control her body position. The body of the porpoise was completely frozen at —20°C

within 3 h after confirming her death.

B. Dissection

The forehead of the porpoise, frozen at —20°C, was cut transversely and
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serially at a thickness of 15.5 £ 0.89 mm with a saw (Fig. 1). In each slice, the soft
tissue was structurally distinguished and categorized into 5 parts by eye, including
melon, dense connective tissue, muscular tissue, blubber, and air sacs (Fig. 2). The
posterior surface of each slice sample was recorded photographically with a digital
camera to record measurement points for Young’s modulus. After taking the pictures, a

total of 9 slices (A-I) was quickly restored at —20°C.

C. Young’s modulus
Young’s modulus is defined by the following expression:
o
E=-
&
where E(N/m2) is Young’s modulus, o (N/m2) is stress, and & (%) is strain. Young’s
modulus is estimated as the slope of the regression line of the stress—strain curve

(Fig. 3).

To measure Young’s modulus, a creep meter (YAMADEN, RE2-33005C) with
a column-shaped plunger (¢ 5 mm) was used, which is typically used to measure the
physical properties of food (Fig. 4). The sliced frozen samples were heated and kept at

25°C on a thermostatic stage until measurement. The tissue load and strain as well as

the stress—strain curve were recorded.
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The measurements were performed only if the area of the tissue seen in a slice

was larger than the area of the plunger; this was performed up to 3 times in each part of

the tissue. At the most rostral slice (A) the Young’s modulus could not be accurately

measured because of small size and the shape of the sample. All measured points

(N =89) were indicated in Fig. 5.

D. Measurements of the image data using computed tomography

Computed tomography (CT) images was used to estimate the density of the

measurement points of Young's modulus. Three hundred fifty seven CT images were

obtained every 0.5 mm using a multi-slice CT scanner (Asteion TM Super 4107 Edition;

Toshiba, Tokyo, Japan) before slicing, after the scan, the CT values (Robb, 1999) were

obtained using a specialized workstation (ZioTerm™ 2009; Ziosoft, Tokyo, Japan). A

CT value at each measured point of Young’s modulus that matched the CT image and

the photographs of the sliced head was extracted.

E. Procedure for the calculation of acoustic impedance

Sound speed (c) and tissue density (p) led to the calculation of the acoustic

impedance (Z) using the following equation (2):
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Young’s modulus (E) and tissue density (p) led to the calculation of the sound

speed (c) using the following equation (3):

Combining these equations, the acoustic impedance is calculated directly from

Young’s modulus and tissue density as follows;

The physical properties were plotted at the measuring points of Young’s modulus on a

three-dimensional reconstructed CT image.

[ll. EXPERIMENTAL RESULTS

A. Physical properties of tissue in the melon

Figure 5 shows the average density, Young’s modulus, and acoustic impedance

at each measured point expressed as the length from the tip of the upper lip plotted for

the melon, dense connective tissue, blubber, and air sacs. The acoustic impedance of
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melon was approximately 1608 Pa-s/m at the edge of the rostrum and 283 Pa-s/m close

to the phonic lips.The acoustic impedance of 1500 Pa-s/m which matches that of

seawater was found by linear interpolation to be 41 mm from the animal's upper lip.

Therefore, the clicks were considered to be emitted underwater at the area centering at

4cm from the rostrum’s edge. The impedance of the other tissues was less than

1000 Pa-s/m.

B. Head tissue structure of the harbor porpoise

Figure 6 shows reconstructed three-dimensional CT images of the tissue

structures of the forehead, layered in different colors. The dense connective tissue was

observed in the rostral part of the forehead under the skin, as if it were surrounding the

melon. The frontal part of the melon protruded from a circular aperture, called “emitting

surface” hereafter, formed by the dense connective tissue and was located directly under

the skin. In the posterior part of the melon, the blubber was laid broadly under the skin,

and the muscular tissue and air sacs were arranged in the medial part of the blubber. In

this part, however, the dense connective tissue was on the melon and surrounded by

muscular tissue.
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C. Distribution of acoustic impedance

Figure 7 shows the distribution of the acoustic impedance plotted onto the

measuring points of Young’s modulus. The size of the spheres indicates the relative

value of the acoustic impedance. The difference in the acoustic impedance between the

melon and other soft tissues gradually increased from the phonic lips to the tip of the

melon. In addition, the value of the acoustic impedance at the emitting surface was

approximately 1400-1700 Pa-s/m. In this range, the acoustic impedance of seawater

(approximately 1500 Pa-s/m) was included and this matching sould be contribute to

efficiently emission of clicks.

Figure 8 shows the three-dimensional distribution of the acoustic impedance.

The tissues covering the melon had relatively less impedance than the melon. These

tissues should play a reflective role and prevent sound from leaking out of the melon.

IV. DISCUSSION

Our experimental results re-examined the possible process by which clicks are

propagated in the head of the harbor porpoise by investigating the distribution of the

acoustic impedance calculated by density and Young’s modulus. In the melon, a

continuous increase in the acoustic impedance was observed from the sound source to
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the tip of upper lip until it was equal to that of the seawater at the emitting surface

(Fig. 5). These results support the proposed function for the melon of the harbor

porpoise as a tissue to match the acoustic impedance of the seawater, as has been

proposed for the bottlenose dolphin (Norris and Harvey, 1974). However, to the best of

our knowledge, we are the first to suggest that the acoustic impedance is conducted in a

rostral-caudal direction. Furthermore, Harper et al. (2008) examined the role of the

rostral muscles inserted into the blubber surrounding the melon. They suggested that

contraction of the rostral muscles increases the local stiffness of the blubber, which

could change the refraction of the emitted echolocation beam. In our current study, a

post-mortem specimen was used, so no contraction of muscle could occur. However, the

difference in the acoustic impedance between the melon and the muscle was very small

around the source of the sound and gradually increased from there to the rostrum (Fig. 5,

Fig. 7). This implies that if contraction of the rostral muscle did not occur at the same

moment as when the clicks were produced, the clicks’ waves could propagate and be

absorbed into the muscle around the source of the sound and be reflected near the

rostrum.

According to Fig.6, when the acoustic impedance of melon increases by

10.6% (x-coordinate: from 57.47mm to 46.05mm), Young's modulus increases by
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21.8% and the density increases only by 0.5%. From this result, when the acoustic

impedance changes, the change rate of Young's modulus would occupy a larger

percentages than that of density in condition of the current study.

Therefore, Young’s modulus should be more focused as an index for the sound

propagation process. The process of sound propagation has been studied by measuring

sound speed or density changes in head tissue (Soldevilla et al., 2005; McKenna et al.,

2012). These precise knowledge has provided significant implications about the

distribution of the density and the speed of sound in soft tissue structures, However, the

results of the current study suggest that density should not be used alone as an index of

sound propagation. Combination of density and Young’s modulus should provide better

estimation of sound propagation process..

The dense connective tissue surrounding the lateral and posterior part of the

melon construct the emitting surface (Fig. 6). Analysing a CT image in detail showed

that the fiber direction of the connective tissue was perpendicular to the dorsal-caudal

direction and that the fibers ran parallel to each other. According to the distribution of

the acoustic impedance, clicks are most likely to be emitted from the emitting surface,

supporting a previous study (Au et al., 2006). The connective tissue itself should act like

a reflector in the head and work to reflect the beam of the clicks into the melon.
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Therefore, more attention should be paid to the idea that the connective tissue functions

not only to support the melon but also as a kind of acoustic organ.

In addition to melon and other soft tissue discussed in the current study, the air

space constructed by air sac and skull would be also play the central role in the sound

propagation process (Aroyan et al., 1992). To investigate the clicks propagation process,

the acoustical simulation such as finite element model approach (Tao et al., 2008;

Cranford et al., 2014; Wei et al., 2014) is conducted. In the model, the physical property

of head soft tissue is regarded as fluid which have uniform density and sound velocity.

If the more detailed physical property of head soft tissue as measured in this study was

applied to the simulation, the boundary condition would be closer to the real head of

dolphin. Using detailed physical property of head structure, the advantage of the finite

element model which able to process the complex boundaries and fine spatial

information would be fully exploited.

V. CONCLUSIONS

In the current study, density and Young’s modulus were measured to derive the value of

acoustic impedance. Subsequently, the distribution of the measurement values of these

three physical properties was investigated. The distribution and the relationships of
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physical properties implies that when the change of Young's modulus would occupy a

larger percentages against the density in condition of the current study.

Only in the melon, low impedance around the sound source gradually increased

and matched with the impedance of the seawater at the emitting surface. The impedance

gap between the melon and the other tissues gradually increased from the source of the

sound to the emitting surface of the dense connective tissue.

Our results allowed us to estimate the structures that propagate clicks in the

acoustic pathway and to estimate how these tissue structures work in the sound

propagation system in a porpoise’s head. To reveal the relationship between structure of

sound-producing organ and clicks property, further discussion about the detailed

function of those soft tissue structures will be necessary. Measuring and comparing the

physical property of other small toothed whale which have different clicks frequency,

bandwidth and directivity should enable the higher-precision simulation of the clicks

propagation process in the head of toothed whales.
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FIGURE CAPTIONS

FIG. 1. (A) The head of a harbor porpoise. Broken lines indicate the cutting-plane lines

and letters (A—I) were assigned to distinguish each slice. (B) Slices A-I.

FIG. 2. A sliced head of a Dall’s porpoise, similar to that of the harbor porpoise. (A)

dense connective tissue, (B) melon, (C) blubber, (D) air sacs, and (E) muscular tissue.

FIG. 3. The stress—strain curve of Young’s modulus in the melon.
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FIG. 4. The measurement of Young’s modulus using the creep meter..

FIG. 5. The average density, Young’s modulus, and acoustic impedance versus length

from the rostrum. An image of Phocoena phocoena was matched with the horizontal

axis. The bold black horizontal line indicates the impedance of seawater.

FIG. 6. A reconstructed computed tomography image of the head of Phocoena

phocoena from (A) rostral, (B) sagittal, and (C) dorsal. The area enclosed by dotted line

is ES, which indicates the emitting surface.

FIG. 7. The distribution of the acoustic impedance in the head of Phocoena phocoena

from (A) dorsal, (B) rostral, and (C) sagittal. The background figure of reconstructed

computed tomography image is identical to FIG. 6.

FIG. 8. The three-dimensional distribution of the acoustic impedance. The size of sphere

indicates the impedance value. The background figure of reconstructed computed

tomography image is identical to FIG. 6
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