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ABSTRACT 
 
 
 
 

  The Florida manatee (Trichechus manatus latirostris) is an obligate 
aquatic mammal that inhabits shallow coastal waterways.  Previous research has 
demonstrated that manatees vocalize using frequencies that range from < 0.5 
kHz to 12 kHz (Frisch and Frisch, 2003; Nowacek et al., 2003) and hear 
frequencies between 0.4 kHz and 45 kHz (Bullock et al., 1982; Gerstein et al., 
1999).  Although the auditory anatomy has been described previously (Fischer, 
1988; Ketten et al., 1992; Chapla and Rommel, 2003), potential sound pathways 
and middle ear mechanisms have not been analyzed.  In the current study, 
Computerized Tomography (CT) is utilized to generate three-dimensional 
reconstructions of manatee heads and isolated earbone (tympanoperiotic) 
complexes in order to visualize the in situ arrangement of soft tissue and bone.  
Density data attached to the CT data are used to make calculations regarding the 
transmission and reflection of sound waves, with varying angles of incidence, as 
they encounter the boundaries of different tissue layers.  Sound waves with 90° 
angles of incidence (relative to the tissue/water interface) will transmit 94% to 
99% of their total energy intensity to the skull.  Sound waves approaching at 
oblique angles to the surface of the head will transmit less of their energy 
intensity.  The fraction of energy intensity in the transmitted wave will decrease 
with a decrease in the angle of incidence.  Additional calculations of critical 
angles and an isospeed channel suggest that the inner fatty tissue layer 
(bounded by muscle and bone) does not provide an efficient channel for sound 
waves.  Other potential sound pathways are discussed.  A model of inertial bone 
conduction predicts that the peak displacement amplitude of the stapes, relative 
to that of the head, will be 8.4 dB at 200 Hz, and that inertial bone conduction 
may be possible between 125 Hz and 1000 Hz.  Comparisons are made with 
data from humans and golden moles (Mason, 2003).        
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INTRODUCTION AND BACKGROUND 

 

 

 

 

Generalized Anatomy and Function of the Mammalian Auditory Apparatus 
 
 

The ancestors of marine mammals were terrestrial and their ears were adapted 
to hearing in air (Berta and Sumich, 1999).  The hearing apparatus of terrestrial 
mammals consists of three main parts:  the outer, middle, and inner ears.  Although the 
structure (i.e., size, shape, and position) of the ear components is variable among 
different terrestrial mammal groups, the functions are qualitatively equivalent.  In order 
to perceive a sound, air-borne vibrations must reach the animal’s inner ear and 
stimulate the auditory (cochlear) nerve (Fig. 1).  The difference between the acoustic 
properties of air and those of the fluid-filled inner ear requires an intermediate 
mechanism to maximize the transfer of sound energy.    

The outer ear typically refers to the pinna/concha complex that collects, 
channels, and helps localize sound and the external auditory meatus that transmits 
airborne vibrations to the middle ear (Getty, 1964; Plassmann and Brändle, 1992; 
Goode, 2001) (Fig. 1).  The middle ear has several components that include the 
tympanic membrane, the middle ear cavity, the ossicular chain (malleus, incus, and 
stapes), the auditory (eustachian) tube, and the tensor tympani and stapedius muscles 
(Rosowski, 1994) (Fig. 1).   

 
 
 
 

 
Figure 1:  Human auditory anatomy.  (Reprinted with permission from A.D.A.M., Inc.) 
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The middle ear in terrestrial mammals is a mechanical device whose task is 
impedance matching; that is matching the mechanical properties of the air at one end 
and the fluid-filled inner ear at the other end.  The characteristic impedance of a 
medium is related to its density and the speed of sound in that medium (Kinsler et al., 
2000).  The characteristic impedance of air is 0.4 kPa s/m, whereas an estimate for that 
of the mammalian inner ear is 150 kPa s/m (Nummela et al., 1999a).  The result is a 
potential 20 to 25 dB energy loss without impedance matching (Rosowski and Relkin, 
2001).  In order to overcome the impedance mismatch, the middle ear must increase 
the pressure component of the incoming sound wave traveling to the inner ear 
(Webster, 1966).  This task is accomplished by the structure and arrangement of the 
ossicular chain and the tympanic membrane; a simple “ideal transformer model” 
approximates the mechanisms (Rosowski and Relkin, 2001) (Fig. 2).  First, a lever 
mechanism is present within the malleus and incus complex (Figs. 2, 3).  The hinge 
(‘fulcrum’) of the lever is the rotational axis of the two ossicles, established by the 
attachments of the anterior ligament of the malleus and the posterior ligament of the 
incus (Webster, 1966).  The two lever arms are the manubrium of the malleus (long 
lever arm) and the long arm of the incus (short lever arm) (Fig. 3C). 
 
 
 
 

 
Figure 2:  Ideal transformer model.  Sound pressure received at the oval window is 
greater than that collected by the tympanic membrane because of the area and lever 
arm ratios.  The fulcrum of the lever mechanism is the rotational axis of the malleus and 
incus. 
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Figure 3:  Diagram of the human auditory apparatus.  A.  Sound waves are collected by 
the tympanic membrane, which transmits mechanical energy through the ossicular 
chain and into the inner ear where the cochlear fluids stimulate the auditory nerve.  B.  
Tympanic membrane showing distinction between the pars tensa and pars flaccida.  C.  
Ossicular chain. (Reprinted with permission from Diagram Visual Information Limited) 

 
 
 
 

A sound (pressure) wave reaches the tympanic membrane and causes it to 
vibrate at the same frequency.  The motion is translated through the ossicular chain, 
and the malleus and incus rotate along their axis of rotation.  The force of the motion 
increases from the long lever arm to the short lever arm and pushes the stapes into the 
oval window (Fig. 3A).  Mammalian ossicular chain lever arm length ratios generally 
range from 1.2:1 to 3.5:1 (Henson, 1974).   

A second mechanism that works to increase the pressure at the oval window is 
the relative difference in the effective areas of the tympanic membrane and the stapes 
footplate.  The pars tensa (Fig. 3B) is thought to be the only active area of the tympanic 
membrane12, and effective area ratios range from 14:1 to 60:1 (Henson, 1974).  The 

                                                 
1 Experimental data suggests that only 2/3 of the pars tensa is effective in moving the malleus (Wever and 

Lawrence, 1954). 
2 The function of the pars flaccida has not been clearly defined.  Some suggest that is has a pressure regulating or an 

acoustic filtering function (Shrapnell, 1832; Kohllöffel, 1984), while others have found little supporting evidence of 

any such function (Dirckx et al., 1998).  
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force per unit area increases as acoustic energy is transferred from the larger surface 
area of the tympanic membrane to the smaller surface area of the stapes footplate 
(Fleischer, 1978) (Fig. 2).   

The footplate covers the oval window of the promontorium (inner ear) and is 
secured at the edges by an annular ligament (Moore, 1981).  The inner ear consists of 
the vestibule, the semicircular canals, and the cochlea (Gray, 1995).  The oval window 
opens into the vestibule, the central cavity of the internal ear, which communicates with 
the semicircular canals (related to orientation and balance) and the cochlea (hearing 
organ) (Fig. 1).  The details of the structure and function of the inner ear are beyond the 
scope of this study, but will be addressed as necessary in the discussion. 

 
 
 

 
Sound Properties under Water  

 
 

 In order to discuss hearing as it relates to marine mammals it is important to first 
consider the physical (environmental) constraints on the auditory system submerged in 
water.  The medium through which a sound wave travels can have a significant effect 
on the physical properties of the sound.  Although the frequency of any sound remains 
unchanged, the wavelength and speed may vary according to the medium through 
which it travels.  Water is denser and less elastic than air, which increases both the 
velocity and wavelength of any sound.  Wavelengths are approximately 4.5 times 
greater in water than in air.  The speed of sound in air is approximately 340 m/s, 
whereas in water it averages 1,500 m/s.  Physical factors such as salinity, temperature, 
and hydrostatic pressure (depth) will affect the properties of water and therefore sound 
velocity profiles will vary temporally and spatially.   
 The propagation of sound under water is affected by absorption, refraction, 
reflection, scattering, and water depth.  Absorption involves the conversion of acoustic 
energy into heat and is frequency dependent, having a greater affect on high 
frequencies (Urick, 1983; Rogers and Cox, 1988).  Refraction occurs at the interface of 
two media with differing sound speeds, or through a sound speed gradient, resulting in 
the sound wave bending towards the direction of the lower sound speed (Rogers and 
Cox, 1988).  Reflection results from interaction with any density interface, such as the 
surface or the sea bottom.  The air-water interface is a good reflector at all frequencies, 
particularly when the water surface is smooth (Urick, 1983).  Scattering is the dispersion 
of “incoherent” energy in all directions and results from interactions with surface, 
bottom, or obstacles within the water column (Urick, 1983).  Water depth has a 
significant affect on sound propagation because with its decrease the interactions with 
the surface and bottom increase and therefore increase the effects of the other factors. 
 Mammalian ears are intensity detectors, but because intensity (watts/m2) is 
difficult to measure directly we refer to sound pressure when describing hearing 
thresholds (i.e., the quietest perceptible sound levels).  Sound intensity is the power 
(energy/time) spreading through a unit surface area perpendicular to the direction of 
sound propagation (Supin et al., 2001).  Intensity is related to the root mean square 
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pressure of the sound wave over time.  The effective sound pressure level (measured in 
dB) is equal to 20 log (pm/pr) where pm is the measured pressure, and pr is a 
conventional reference pressure.  The reference pressure for airborne sounds is 20 
µPa, which is derived from the minimum level required for a normal human ear to detect 
a 2 kHz signal.  For underwater sounds the reference of 1 µPa was adopted as the 
American National Standard in 1968.   In order to have the same intensity in air and 
under water the sound pressure level must be approximately sixty times (61.5 dB) 
higher in the water (Reysenbach de Haan, 1966).  The differences in the sound 
properties of water have resulted in marine mammals developing special adaptations for 
perceiving sound waves under water. 

 
 

 
 

Marine Mammal Auditory Anatomy and Function 
 
 

Because their ancestors were terrestrial, marine mammals show specific 
adaptations of “terrestrial organs” to life in the water.  The degree to which different 
groups have changed morphologically is variable and presumably related to their life 
history.  For example, pinnipeds (seals and sea lions) are not completely aquatic (i.e., 
spend part of their lives on land) and their auditory anatomy more closely resembles 
that of terrestrial mammals.  Cetaceans (whales and dolphins) and sirenians (manatees 
and dugongs) are obligate aquatic mammals, and their level of hearing adaptation is 
likely related to their specializations for locating food, avoiding predators, and 
communicating.   
 
 
Odontocetes 
 

The auditory anatomy and function of the odontocetes (the toothed whales) have 
been the most thoroughly investigated, and they demonstrate the most extreme 
adaptations for hearing under water.  The structure of their auditory apparatus is 
significantly different from that of terrestrial mammals (Fig. 4).  They have lost their 
pinnae, and only vestigial pinnal rings are present in some species (Wartzok and 
Ketten, 1995).  The external auditory meatus is plugged with sloughed epithethial cells 
and wax and is presumed by many to be non-functional (Reysenbach de Haan, 1966; 
McCormick et al., 1970; 1980).  The tympanic membrane of most odontocetes consists 
of an elongate fibrous portion (equivalent to the pars tensa) that attaches to the malleus 
(‘tympanic ligament’) and a non-fibrous portion (pars flaccida) that attaches to the 
tympanic bulla (Purves, 1966; Fleischer, 1978; Nummela et al, 1999a).  The radical 
change in the tympanic membrane from the terrestrial structure may well reflect their 
functional differences.         
 Another characteristic of the odontocete auditory apparatus is the isolation of the 
earbone (‘tympanoperiotic’) complex from the skull by a series of pneumatic sinuses 
(Fraser and Purves, 1960; Moore, 1981; Wartzok and Ketten, 1995) (Fig. 4).  The only 
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connections with the skull that remain are ligaments and soft tissues (Moore, 1981).  
The separation of the tympanoperiotic from the skull may allow the ears to process 
sounds independently of each other and therefore facilitate the localization of acoustic 
signals (Reysenbach de Haan, 1956; 1966; Fraser and Purves, 1960).  
 
 
 
 

 
Figure 4:  Diagrammatic illustration of a dog’s vs. a dolphin’s auditory anatomy.  A.  
Dog.  Note presence of pinnae (p) and fusion of periotic (pb) and tympanic bones (tb) 
with other skull bones.  B.  Dolphin.  Note absence of pinnae and separation of periotic 
and tympanic bones (tympanoperiotic complex) from other skull bones by pneumatic 
tissues.  eam, external auditory meatus; eao, external auditory opening; h, hyoid bone; 
mec, middle ear cavity; p, pinna; pb, periotic bone; ps, pterygoid sinus; tb, tympanic 
bone; tm, tympanic membrane.  Digital photos were used as templates, and illustrations 
were created with FastCAD v7.  Insets:  left lateral views of dog and dolphin; dashed 
lines show position of cross-sectional cuts (Chapla and Rommel, 2003). 
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  Peripheral structures and soft tissues have important roles in sound conduction 
for odontocetes.  The mandible of odontocetes is hollow and filled with fats that extend 
caudally and attach to the auditory bulla.  In addition, the fats line the mandible laterally 
(D. Mann, pers. comm.).  Norris (1968) postulated that acoustic signals enter through a 
thinned caudal portion of the mandible (the ‘acoustic window’ or ‘pan bone’) and are 
guided by the mandibular fat body to the tympanoperiotic complex.  The composition of 
the mandibular fat body includes triacyl glycerols and wax esters containing large 
amounts of isovaleric acid (Varanasi and Malins, 1971), which provides a close 
impedance match of the fat body to seawater.  

Investigations of hearing sensitivity in dolphins provide evidence that support 
Norris’ hypothesis, but also suggest that the dolphin’s peripheral hearing system is more 
complex than originally assumed (Bullock et al., 1968; Renaud and Popper, 1975; 
McCormick et al., 1980; Brill et al., 1988; 2001).  The earlier research found that the 
lower jaw was most sensitive at stimulus frequencies higher than 20 – 30 kHz, and 
below 20 kHz the area of greatest sensitivity was around the external auditory meatus 
(Bullock et al., 1968; Renaud and Popper, 1975; Wartzok and Ketten, 1995).  Brill and 
his colleagues (1988, 2001) did not find concrete evidence of a “dual-channel system,” 
but did find that the greatest sensitivity occurs along the lower jaw forward of the pan 
bone, that sensitivity of the lower jaw and head increases with increasing frequency, 
and that sensitivity is asymmetric and greater on the left side of the head.  They 
suggested that the asymmetry may function in binaural discrimination, but cautioned 
that further investigation is needed (Brill et al., 2001).     

Sound waves reaching the lateral aspect of the tympanoperiotic complex must 
traverse the (partially) air-filled middle ear (via the ossicular chain) to reach the cochlear 
capsule.  The middle ear cavity is lined with a fibro-venous plexus (Rommel et al., 2006) 
(‘corpus cavernosum’) (Henson, 1974; Wartzok and Ketten, 1995) that may function as 
a pressure equalizer during dives by filling with blood to accommodate the change in air 
volume with depth.  The ossicles are dense and their connections are stiffer than those 
of terrestrial mammals (Wartzok and Ketten, 1995).  The malleus is connected to the 
ventrolateral wall (‘tympanic plate’) of the tympanic bone by a bony bridge (‘processus 
gracilis’) (Purves, 1966; McCormick et al., 1970; Nummela et al., 1999a).   

Hemilä and his colleagues (1999) suggested that the middle ear of cetaceans 
also plays an impedance-matching role.  As a result of water having higher 
characteristic acoustic impedance than that of the inner ear in the cetaceans, particle 
velocity rather than pressure amplification would be an important factor.  Hemilä et al. 
(1999) determined that in the case of energetically ideal transmission the necessary 
velocity amplification would be between 15 and 30 times, and the pressure would need 
to increase 2–4 times.  They modeled a 7- to 23- fold increase in particle velocity 
produced partially by lever mechanisms and elastic couplings in the middle ears of six 
odontocete species.  This model described one lever mechanism at the connection of 
the malleus and the tympanic plate.  Sound vibrations incident on the tympanic plate 
increase in amplitude as they transfer through the processus gracilis.  The second lever 
mechanism is formed by the malleus-incus complex that transmits the amplified 
vibrations to the oval window via the stapes (Hemilä et al., 1999).  At that point, the 
sound energy enters the cochlea, which again is beyond the scope of this study and will 
not be reviewed here.  For a complete description of the function of the cochlea in 
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marine mammals, see Reysenbach de Haan (1966), Wartzok and Ketten (1995), and 
Ketten (2000).  
 
Manatees 
 
 Sirenian fossils date back 50 million years and “provide one of the best-
documented examples of re-adaptation by terrestrial animals to aquatic life” (Domning, 
2001a).  One of the earliest known fully quadrupedal sirenians (Pezosiren portelli) was a 
transitional animal that probably spent most of its time in the water (Domning, 2001b).  
Skull remains contain derived characters that include an external auditory meatus that is 
about as wide rostrocaudally as high, a ring-shaped ectotympanic (tympanic bone), and 
a massive periotic enclosed in a socket of the squamosal but not fused with the rest of 
the skull3 (Domning, 2001a).  The sirenian forms that followed became better adapted 
for their aquatic existence.  They had streamlined bodies, paddle-like forelimbs, no hind 
limbs, horizontally flattened tails, shortened necks, and no external ear pinnae 
(Domning, 2001a).   

Modern sirenians bear a close resemblance to the later ancestral forms, but have 
also maintained some characteristics of P. portelli ‘s ear structure.  In at least one extant 
descendant, the Florida manatee (Trichechus manatus latirostris), the osseous external 
auditory meatus is absent, but the ring-shaped tympanic bone and the massive unfused 
periotic remain (Fleischer, 1978; Fischer 1988; Ketten et al., 1992; Chapla and Rommel, 
2003).  The permanent move into water certainly required some modifications of the 
hearing apparatus, but the degree of change was likely related to environmental 
selection pressures.  Sirenians, modern and ancestral, are the only obligatory 
herbivorous marine mammals, whereas odontocetes are exclusively carnivorous.  
Although the modern Florida manatee has no natural predators, it is unknown whether 
its ancestors were threatened by aquatic and/or terrestrial carnivores.  Thus, the 
manatee auditory system may be adapted for underwater communication between 
conspecifics, or perhaps additionally, for the detection of predators. 

 
Manatee vocalizations and hearing.  Manatees produce vocalizations that are 

described as chirps, squeaks, and squeals (Schevill and Watkins, 1965).  Most of the 
vocalizations are harmonic complexes with fundamental frequencies that range from 2 
to 5 kHz and have peak frequencies in the second or third harmonic that range up to 12 
kHz (Nowacek et al., 2003).  The average peak frequency of vocalizations is 
approximately 5 kHz with a received level of about 100 dB re 1µPa (Nowacek et al., 
2003) (Fig. 5).  The average call duration is 0.15 to 0.5 seconds (Schevill and Watkins, 
1965; Sonoda and Takemura, 1973), and Florida manatee vocalization rates average 
1.29 per minute (Nowacek et al., 2003).  Lower frequency (< 500 Hz–1000 Hz) 
vocalizations have also been recorded (Frisch and Frisch, 2003).  They are described 
as a series of transient pulses, lacking harmonics, with a frequency of less than 100 Hz 
(Frisch and Frisch, 2003).  The amplitudes of these vocalizations are unknown.     
 Auditory brainstem response (ABR) has been performed on manatees in order to 
determine their range of hearing (Bullock et al., 1982; Klishin et al., 1990).  Auditory-

                                                 
3 In most mammals the squamosal, tympanic, mastoid, petrosal/periotic, and styloid bones are fused as a compound 

structure, the temporal bone (Kent and Miller, 1997). 
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evoked potential data were obtained from a West Indian (T. manatus) and an 
Amazonian (T. inunguis) manatee.  The largest evoked potentials recorded from T. 
manatus were in response to sounds between 1.0 and 1.5 kHz, and some were seen at 
35 kHz (Bullock et al., 1982).  Some discrepancy may exist with these results because 
the test sounds were delivered in air via ear phones.  The auditory brainstem response 
of the T. inunguis revealed a maximum sensitivity of 85 dB re1 µPa at 10 to 20 kHz 
(Klishin et al., 1990).   

Behavioral audiogram data were obtained from two West Indian manatees (Fig. 
5).  Their maximum hearing sensitivity was approximately 50 dB re 1 µPa at 16 and 18 
kHz (Gerstein et al., 1999).  Their maximum range of hearing was between 0.4 and 45 
kHz, and their range of best hearing was between 6 and 20 kHz (defined as 9 dB within 
maximum sensitivity) (Gerstein et al., 1999), which corresponds to the peak frequencies 
of their vocalizations.  Sensitivity decreased by approximately 40 dB per octave for 
frequencies over 26 kHz and 20 dB per octave from 0.8 to 0.4 kHz (Gerstein et al., 
1999).   

 
 

 
 

 
Figure 5:  Audiogram data from two captive Florida manatees and average peak 
vocalization data (four point star).  Data plotted from tables in Gerstein et al. (1999) and 
Nowacek et al. (2003).  Note: frequencies below 400 Hz in Stormy’s audiogram data 
may be detected by sensory hairs on the body (Gerstein et al., 1999). 

 
 
 
 

Manatee auditory anatomy.  Descriptive studies of the manatee’s auditory 
anatomy have demonstrated that it has some characteristics that differ from other 
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mammals, marine and terrestrial alike (Fleischer, 1978; Fischer 1988; Ketten et al., 
1992; Chapla and Rommel, 2003).  Fleischer (1978) described the middle ear anatomy 
as “transitional,” falling somewhere between the primitive terrestrial mammalian ear and 
that of the highly specialized cetacean form.  The manatee has no pinna (Fig. 6).  The 
external auditory meatus is non-cartilaginous, occluded by cellular debris, and has no 
connection with the tympanic membrane (Fischer, 1988; Chapla and Rommel, 2003).  
As previously mentioned, the tympanoperiotic is partially separated from the rest of the 
skull.  The tympanic bone is ring-shaped (not a true bulla).  The remaining connections, 
of the periotic to the squamosal, are cartilaginous and membranous.  

The middle ear cavity has multiple chambers (epitympanic recess, 
mesotympanum) (Ketten et al., 1992; Chapla and Rommel, 2003).  The epitympanic 
recess (dorsal-most portion) houses the short arm of the incus and is filled with soft 
tissues that line the ear bones (Ketten et al., 1992; Chapla and Rommel, 2003).  The 
mesotympanum has two chambers that are separated by a membranous septum (Fig. 
6).  The lateral chamber houses the ossicular chain and is bounded laterally by the 
tympanic membrane, while the medial chamber houses the round window and is 
bounded by soft tissue (ventrally) and skull bones (dorsomedially and caudally).  The 
hypotympanic recess is ventral to the middle ear cavity and communicates with it via a 
small passageway formed by a membranous septum (Fig. 6).  It is defined ventrally by 
soft tissues (Fleischer, 1978; Ketten et al., 1992; Domning, 2001a; Chapla and Rommel, 
2003).   

The tympanic membrane attaches along the incomplete tympanic annulus (Fig. 
7) (Fleischer, 1978; Ketten et al., 1992) and is covered laterally by fatty tissue (Fig. 6) 
(Chapla and Rommel, 2003).  The ossicles are large and dense (Fleischer, 1978; 
Ketten et al., 1992; Chapla and Rommel, 2003).  The manubrium of the malleus, with its 
cartilaginous keel (Fig. 8), is embedded along the midline of the tympanic membrane 
causing it to bulge laterally (Ketten et al., 1992; Chapla and Rommel, 2003).  The 
malleus head is ankylosed rostrally with the tympanic bone and articulates medially with 
the incus (Fleischer, 1978; Ketten et al., 1992; Chapla and Rommel, 2003).  The long 
arm of the incus is weakly ossified (to the periotic) within the epitympanic recess of the 
periotic.  The attachments of the malleus and incus to the tympanic bone and periotic 
bone, respectively, establish the rotational axis of the ossicular chain (Fleischer, 1978).  
The short arm of the incus articulates with the stapes (Fleischer, 1978; Chapla and 
Rommel, 2003).  The stapes has the shape of a flattened cylinder (Fig. 8) and is 
attached to the oval window by an annular ligament (Fleischer, 1978; Ketten et al., 
1992; Chapla and Rommel, 2003).  As previously mentioned, the inner ear is beyond 
the scope of this study.  For a description of the inner ear see Ketten et al. (1992).  
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Figure 6: Diagrammatic illustration of manatee auditory anatomy based on multiple 
cross-sections through the transverse plane.  eam, external auditory meatus; eao, 
external auditory opening; h, hyoid bones; htr, hypotympanic recess4; mec, middle ear 
cavity (mesotympanum, epitympanic recess not pictured); pb, periotic bone; tb, 
tympanic bone; tm, tympanic membrane.  Digital photos were used as templates, and 
illustrations were created with FastCAD v7.  Inset:  left lateral view of manatee; dashed 
lines show position of cross-sectional cut (Chapla and Rommel, 2003). 
 
 
 
    

                                                 
4 The hypotympanic recess was previously referred to as the pterygoid sinus (Chapla and Rommel, 2003).  The 

homology of this structure with the cetacean’s pterygoid sinus (Fraser and Purves, 1960) has not been worked out.  

The term hyptotympanic recess is taken from Fischer (1988) and Ketten et al. (1992).  
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Figure 7: Manatee skull and right tympanoperiotic complex (ventrolateral view) showing 
incomplete tympanic annulus.  Dotted line delineates the attachment of the tympanic 
membrane fibrous layer to the tympanic annulus and malleus. k, keel; m, malleus; pbc, 
periotic bone caudal lobe; pbr, periotic bone rostral lobe; tb, tympanic bone.  Note: keel 
projects into space of incomplete tympanic annulus. 
 
 
 

 

 
Figure 8:  Manatee ossicles from the right ear.  A.  Malleus, incus, and stapes; B. 
malleus magnified; C. stapes magnified; 1, tip of incus short arm (weakly fuses within 
epitympanic recess of periotic); 2, malleus rostral ossification (connects with tympanic 
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bone);  3, malleus caudal process (attachment site for tympanic membrane); 4, malleus 
medial process (attachment site for tensor tympani muscle); 5, stapedial ligament 
(traverses stapes dorsoventral foramen); 6, stapedial footplate (abuts the oval window); 
f, facets by which malleus and incus articulate (arrows denote small facets and dotted 
line in B defines outline); i, incus; k, cartilaginous keel (dashed line marks the border of 
the keel and the malleus manubrium); mh, malleus head; mm, malleus manubrium; s, 
stapes; sm, stapedius muscle;  tt, tensor tympani muscle.    
 
 
 
 

Inertial bone conduction.  Certain morphological structures of the manatee’s 
outer and middle ear are characteristic of an inertial mode of bone-conducted hearing, 
which is one mode of hearing that may operate in the low-frequency (< 1000 Hz) range.  
In this mechanism, termed “resonant reaction” by Repenning (1972), waterborne sound 
ensonifies all parts of the skull with equal intensity.  The inertia of the ossicular chain 
produces stapedial impulses with some time lag relative to the cochlear fluids.  The 
incompressibility of the cochlear fluids requires that the movement of the fluids out of 
the cochlear window match the movement of the stapes into the oval window.  An 
increase in the mass and an imbalance of the ossicular chain accentuates the relative 
motion of the stapes and cochlear fluids (Reppening, 1972). 

In the manatee, the external auditory meatus has no direct connection with the 
tympanic membrane (Fig. 6).  Most of the ossicular-chain mass is contained in the 
relatively large head of the malleus.  The ossicular chain’s center of gravity lies off the 
center of the rotational axis and therefore increases its moment of inertia (Chapla and 
Rommel, 2003).   

A similar mechanism has been suggested for a distant relative of the manatee.  
The golden moles5 (family Chrsochloridae) are not aquatic (they live in sub-Saharan 
Africa), but are thought to utilize seismic vibrations that ensonify their heads and 
stimulate their inner ears by inertial bone conduction (Mason and Narins, 2002; Mason, 
2003).  Field observations have demonstrated that certain genera burrow into the sand 
or submerge their heads in the sand while foraging for insects (Narins et al., 1997).  The 
morphology of the ossicular chain in these genera is also indicative of inertial bone 
conduction and low-frequency hearing.  They have an enlarged (club-shaped) malleus 
made of compact bone that offsets the ossicular center of mass from the rotational axis 
(Mason and Narins, 2002).           

 
 

Sound transmission through soft tissues.  The velocity of sound through fresh 
terrestrial mammalian (including human) soft tissues, from normal fat to tendon, is 
linearly related to density (Mast, 2000).  Densities of soft tissues vary approximately 
10% from seawater, while their velocities vary approximately 15% (Aroyan, 1996).  
Seawater at 15 ˚C, 101 kPa, and a salinity of 35‰ has a mean density of 1026 kg/m3 

                                                 
5 Molecular data that include analyses of mitochondrial 12S–16S rRNA and nuclear genes suggest that golden moles 

belong in the paenungulate clade with the sirenians (manatees and dugongs), elephants, hyraxes, and elephant 

shrews (Springer et al., 1997; de Jong, 1998). 
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(Pilson, 1998) and a mean sound speed of 1507 m/s (Chen and Millero, 1977).  Tissues 
with more structural elements (e.g., collagen) and blood have higher densities and 
sound velocities than water (Goold and Clarke, 2000), while tissues with greater lipid 
content have relatively lower sound speeds and densities than water (Mast, 2000).  
Velocity of sound in samples taken from various positions in the forehead of a sperm 
whale (Physeter catadon) showed an inverse relationship between the density of wax 
esters and sound velocity (Flewellen and Morris, 1978).  A study on sound velocities in 
Cuvier’s beaked whale (Ziphius cavirostris) tissues revealed that the fatty tissues are 
significantly less dense (854–987 kg/m3) than seawater and exhibit significantly lower 
sound speeds, while muscle (909–1066 kg/m3) is not statistically different, and 
connective tissue is significantly denser and exhibits higher sound speeds than 
seawater.  The research also demonstrates that “acoustic fat” in the mandibular region 
is significantly lower in density than the forehead “acoustic fats” and all blubber tissues 
(Soldevilla et al., 2005).  The researchers suggest that “the change in sound speed from 
seawater to blubber to acoustic fat is probably important in impedance matching for 
sound reception and the channeling of sound from seawater to the ear complexes” 
(Soldevilla et al., 2005).  Although manatees do not have fats with wax esters or 
isovaleric acid (i.e., “acoustic fats”) (Ames et al., 2002), the arrangement of tissues 
within their heads may play an important role in transmitting sound energy to their ears. 

 
 
 
 

Purpose of Investigation 
 
 

 Existing information on the potential function of the manatee auditory apparatus 
is primarily qualitative.  The purpose of this investigation is twofold.  First, anatomical 
data collected from ear bones of Florida manatee carcasses are used to investigate the 
middle ear mechanism and its potential for inertial bone conduction by using an existing 
model (Bárány, 1938; Mason, 2003; 2004).    The second purpose of this investigation 
is to collect data on the density and arrangement of the tissues (bone and soft) of the 
manatee head using computer assisted tomography (CT).  These data then are used to 
make calculations regarding sound transmission through the head of a manatee. 
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MATERIALS AND METHODS 
 
 
 
 

Anatomical Measurements and Tympanic Membrane Histology 
 
 
 Forty-eight (24 female and 24 male) heads were obtained from salvaged Florida 
manatee carcasses necropsied at the Florida Fish and Wildlife Conservation 
Commission’s Marine Mammal Pathobiology Laboratory (MMPL) in St. Petersburg, 
Florida.  The mean total body length of the carcasses was 264 cm (111–342 cm).  One 
ear bone (tympanoperiotic complex) was removed immediately and stored in 70% ethyl 
alcohol for a separate aging study.  The ear bones (with associated soft tissues) from 
25 heads were fixed in 10% neutral buffered formalin for 7 to 14 days and later 
transferred to 70% ethyl alcohol for storage; the other ear bones and soft tissues were 
used in this study.  Soft tissues from the remaining (23) ear bones were removed by 
maceration, and the bones were stored in 70% ethyl alcohol.  
   Dry weights of the ear bones were measured (to the nearest 0.1 g) using a 
Denver Instruments XL-410 digital balance (max. 410 g, e = 0.001 g).  Mitutoyo Corp. 
CD-6” C Absolute Digimatic calipers were used to measure the dimensions (to the 
nearest 0.1 mm) of the external auditory opening, external auditory meatus, lever arms 
of the malleus and incus, oval window (stapes footplate), and round window.   

The area of the tympanic membrane was calculated by three methods.  First, the 
fibrous layer of the membrane (Fig. 7), from 15 preserved specimens, was removed and 
laid flat under a clear plate with a grid of (20 x 20) 0.25 cm2 squares.  Digital 
photographs were taken and used for counting the total number of squares occupied by 
the membrane.  When entire squares were not occupied, they were broken down further 
into (5 x 5) 1 mm2 squares.  The second method employed the digital calipers to 
measure the long axis of the tympanic annulus and its perpendicular, which were used 
to calculate the area of a two dimensional ellipse (π r1r2) (n = 48).   The third method 
involved a three-dimensional reconstruction of the membrane from CT data in which the 
total surface area was calculated by computer (n = 2) (see below:  ‘CT Scans and 3D 
Reconstructions/Isolated Ear Bones’).   

The volume of the lateral portion of the mesotympanum was calculated from 
length, width, and depth measurements, which were then entered into the equation for 
an ellipsoid (4/3π r1r2r3).  The volume of the hypotympanic recess was calculated using 
the same method.   

Measurements were repeated three times for all hard structures and averaged.  
All measurements are reported as the mean ± S.D. 
 Histological analysis was performed on tympanic membranes from 5 fixed ear 
bones (at the School of Veterinary Medicine, University of Florida in Gainesville, FL 
under the guidance of Dr. Don Samuelson) in order to describe the general structure, 

obtain thickness measurements, and to determine if a distinction of pars tensa/pars 

flaccida exists in the manatee, and if so, what portion constitutes the pars tensa.  Entire 
tympanic membranes were removed by cutting (with a scalpel) along the edge of the 
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tympanic annulus and carefully peeling it away from the keel and head of the malleus.  
In three samples, the keel was left attached to the tympanic membrane and carefully 
peeled away from the manubrium of the malleus.  Twelve to fourteen serial thick 
sections were produced by coronal cutting.  Samples were prepared for slides in 
multiple one hour stations of ethyl alcohol (i.e., 70%, 80%, 2x 95%, 3x 100%) and 
xylene (3x).  Thick sections were embedded in paraffin and cut into 6 µ thin sections for 
staining.  All samples were stained with hematoxylin and eosin.      
 
 
 

 
CT Scans and 3D Reconstructions 

 
 

Computerized tomography (CT) uses X-ray scans that are manipulated and 
enhanced by a computer to produce a cross-sectional image of an intact object (Kak 
and Slaney, 1988).  In order to ensure that no tissue is missed, fine-scale slices (1 mm) 
can be made contiguously (Henwood and Donnison, 1999).  A low-contrast resolution 
allows for differentiation of tissue density differences.  Each volume element (voxel) of 
the image is assigned a number (represented in Hounsfield Units (HU)), which 
corresponds to the average X-ray attenuation (Goodpaster et al., 2000).  The 
attenuation is the result of Compton scattering by electrons within the scanned sample, 
and the HU values are related to the density of electrons (Aroyan, 1996).  Electron 
density is approximately proportional to mass density of the tissue (Aroyan, 1996).  
Simple linear mapping of CT attenuation values and tissue densities is accurate to 
within ±5% for densities ranging from soft tissue to cortical bone (Henson et al., 1987; 
Aroyan, 1996).  

 
  

Isolated Ear Bones 
 
 Two (MEC0529 and MSW0543) isolated and intact preserved tympanoperiotic 
complexes with soft tissues attached were CT scanned on a Philips Picker PQ 20005 by 
Dr. Valerie M. Sadler at the Florida Veterinary Specialists in Tampa, Florida.  One 
(MSW0543) had parts of the skull bones (occipital and squamosal) still attached.  Axial 
scans, 1.0 mm thick, were genererated using 130 kV.  Three-dimensional 
reconstructions were created using Amira 3.1® software.  Individual bones (periotic, 
tympanic, malleus, incus, and stapes), muscles and tympanic membranes were 
identified using the “Image Segmentation Editor” (ISE).  The surface area of the 
tympanic membrane was calculated with built-in software.  Mechanical properties of the 
ossicles were used to investigate the potential for inertial bone conduction in the 
manatee.      
    
 
 Inertial bone conduction model.  Bárány (1938) suggested that vibrations of 
the skull would result in the relative movement of the stapes within the oval window if 
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the center of mass of the ossicular chain did not lie on their rotational axis.  Stimulation 
of the inner ear would result from the inertia of the ossicular chain.  The equation 
developed by Bárány determined the displacement amplitude of the stapes footplate 
relative to the skull for a given displacement of the skull when ensonified (x).  In the 
present study the equation is written in the same form as Mason (2003). 
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where M is the total mass of the ossicular chain, ω is the radian frequency (= 2π · 
frequency, Hz), d is the distance between the ossicular chain’s center of mass and the 
rotational axis of the chain, l is the distance between the stapes and the axis, R is the 
resistance and C is the compliance (reciprocal of stiffness) acting on the ossicular chain, 
as seen at the footplate.  J is the inertia of the ossicles about their rotational axis, and J· 

l
-2 represents the mass of the ossicular chain referred to the stapes footplate.  The mass 

of the inner ear fluid (mf) is ignored here, as it was by Mason (2003), based on 
experimental evidence that the motion of human ossicles resulted from their own inertia 
rather than the inertia of the inner ear fluids (Stenfelt et al., 2002).  A value ξ = 0 would 
indicate no movement of the stapes footplate within the oval window, and therefore, no 
effective stimulus to the inner ear. 
 Some of the model parameters were measurable and were taken directly from 
data collected in this study.  The combined mass of the ossicular chain (M) and the 
distance of the stapes from the rotational axis (l) were measured directly from the ear 
bones.  The incudal lever arm (IL, lever arm 2) was used for parameter l.      

The moment of inertia (J) was calculated using the 3D data sets of the isolated 
ear bones (MEC0529 and MNW0543).  Data from the two scanned isolated ear bones 
were used to determine the ossicles’ (malleus and incus) centers of mass.  Amira 
reports the three-dimensional (x, y, z) coordinates for the center of each object 
(‘material’) created in the ISE.  By assuming uniform density within each of the bones, 
the geometric center was taken as the center of mass.  In the three-dimensional 
reconstruction, a line was drawn to connect the center of the malleus and the center of 
the incus as well as their combined centers of mass (Fig. 9).  The rotational axis was 
taken to extend from the rostral process of the malleus (where it attaches to the 
tympanic bone) through the short arm of the incus (where it attaches to the periotic) 
(Fig. 9).         
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Figure 9:  Rotational axis and center of mass of left manatee malleus and incus.  A.  
Rostral view.  B.  Caudal view looking directly down rotational axis.  Moment of inertia 
(J) is related to the distance of the center of mass from the rotational axis.  Center of 
mass (com, black line); incus (i, yellow); keel (k, light green); malleus (m, green); 
rotational axis (ra, blue line); stapes (s, light red).  Directional arrows: dor, dorsal; med, 
medial. 
 
 
 
 
In Amira, parallel axial slices were made through the malleus/incus complex revealing 
the center of mass and rotational axis as points and the bones as two-dimensional 
surfaces (Fig. 10).   
 
 

 
  

 
Figure 10:  Determination of the moment of inertia of malleus (m, green) / incus (not 
pictured) complex.  A.  Caudal view of a section through left ear bones used to 
determine the distance (dx) between the center of mass (com, black dot) and the 
rotational axis (ra, dark blue dot).  B.  Section surface area determination used to 
calculate volume (each section is 1 mm thick) and section mass (mx); grid squares 6.25 
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mm2.  Keel (k, light green); periotic (pb, purple); stapes (s, light red); tensor tympani 
muscle (dark red); tympanic bone (tb, light blue); tympanic membrane (tm, orange).  
 
 
 
 
In each section, the distance between the center of mass and rotational axis (dx) was 
measured.  The area of each surface was measured and then multiplied by the depth of 
the section in order to determine each approximate volume.  Assuming the individual 
ossicles to be homogenous in composition, the measured mass of the ossicles was 
used to estimate the mass of each section (mx), by multiplying the ratio of the section 
volume to the total volume.  The moment of inertia (Jx) of each section about the 
rotational axis is given as: 
 

2)( xxx dmJ ⋅=           
 

The stapes was considered to be a point mass (ms), and its moment of inertia (Js) is 
defined as: 
 

Js = ms · IL
2
 

 
where IL is the incudal lever arm.  The total moment of inertia is defined as: 
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where n is the total number of sections. 
 The perpendicular distance from the center of mass of the ossicular chain to the 
rotational axis (d) is calculated as: 
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where M is the combined mass of all three ossicles.   
 The resistance (R) and compliance (C) terms have not been measured in the 
manatee.  It was therefore necessary to estimate these values based on values from 
other mammals (found in the literature).  Mason (2003) used human values to estimate 
both the resistance and compliance terms for his model of inertial bone conduction in 
golden moles.  He estimated the compliance term using the following equation: 
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where M was the combined mass of the ossicular chain.  The equation was partially 
formulated from a value (2.60 · 10-3 s2 kg-1) that represented the mechanical compliance 
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of the ligaments and muscles of the human middle ear seen at the tympanic membrane, 
which was given by Hemilä et al. (1995).  Mason (2003) then multiplied the value by 
(IL/ML)2, where ML was the distance from the center of the tympanic membrane to the 
rotational axis, in order to refer the value to the stapes footplate.  He used values from 
human ears measured in a previous study (Mason, 1999), where ML = 4.73 mm and IL 
= 3.65 mm.  He obtained the value 1.55 · 10-3 for the compliance at the human 
footplate.  
 The additional part of the equation was related to the inverse relationship of 
length and cross-sectional area that describes the mechanical compliance of a 
homogenous elastic structure.  Mason (2003) argued that the ossicular mass was a 
more appropriate value for the scaling factor than was the tympanic membrane area 
used by Hemilä et al. (1995).  His reasoning was twofold; the tympanic membrane may 
not be important for bone conducted hearing and the ossicular mass varies much more 
than tympanic membrane area in golden moles (Mason, 2003).  In the present study, 
ossicular mass was used based on agreement with Mason (2003) that the tympanic 
membrane may not have a significant role in inertial bone conduction.  The value of 
64.571 mg was used for the human combined ossicular mass (Mason, 2003). 
 Bárány (1938) suggested that resistance (R) to ossicular movement is due mainly 
to the cochlea.  Mason (2003) used the specific acoustic impedance of the cochlea (Zc) 
to represent R based on calculations and experiments that suggested that Zc is 
“approximately constant and resistive over a wide, low-frequency range” (Zwislocki, 
1965; Ruggero et al., 1990; Puria et al., 1997).  Mason (2003) “cautiously” made the 
assumption that Zc would be equal in different mammalian species “if the relevant parts 
of the cochlea were assumed to scale isometrically (Hemilä et al., 1995; 1999).  He 
used Zwislocki’s (1965) estimate for the human Zc of 56 kPa s/m.  The mechanical 
impedance is therefore calculated as 
 

R = 56000 · Afp 
 
where Afp was the area of the stapes footplate in m2. 
 
 
Manatee Heads 
 
 Postmortem CT scans were made of four Florida manatee heads.  Two 
individuals were rescues that were taken to Lowry Park Zoo (LPZ) for rehabilitation and 
subsequently died.  One (LPZ102103) was an orphaned male calf approximately 110 
cm in length.  Upon death the carcass was taken to MMPL where it was frozen intact.  
Necropsy has not been performed, and therefore, no cause of death has been 
determined.  The second (LPZ102035) was a female approximately 221 cm in length.  
She was rescued for cold stress and recovered, but then died “spontaneously” 
approximately five months later.  Necropsy revealed “distal colon torsion with colonic 
rupture and peritonitis” and cause of death was determined to be natural.  After samples 
were taken from the neck (thyroid and lymph nodes) the head was removed and put in 
the freezer.   
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Prior to scanning, both specimens were thawed in water baths for approximately 
12 hours.  Scans were performed by Dr. Sadler.  Axial scans, 1 mm thick, were 
generated.  The field of view scan region was 512 mm in diameter and the images were 
generated using 130 kV.  Materials of known density were used as reference phantoms 
and were placed underneath the heads during scanning (Table 1).  Cylindrical rods 2.0 
inches (5.08 cm) in diameter and 3.0 feet (91.44 cm) in length were used. 

 
 
 
 

Table 1:  Phantom materials of known densities used as references in CT scans. 

Material Density (kg/m
3
)

High density polyethylene 900

Polycarbonate 1100

Acetal Copolymer 1400

Fluoropolymer teflon (PTFE) 2000  
 
 
 
 
In addition to CT, a Magnetic Resonance Image (MRI) scan was performed on 

LPZ102103 for comparison with CT images and enhanced visualization of soft tissues.  
Dr. Xeve Silver of the McKnight Brain Institute in Gainesville, Florida performed the 
scan using a Siemens Alegra one-tesla scanner.  Axial slices, 1.25 mm thick were 
generated. 

The two additional heads (WLM0501 and WLM0502) were thawed and CT 
scanned by Dr. Lawrence M. Witmer, using a 2005 GE Lightspeed Ultra Multislice at 
Obleness Memorial Hospital in Athens, Ohio.  Axial scans, 1.25 mm thick, were 
generated.  The field of view scan region was 512 mm in diameter and the images were 
collected using 120 kV.  No data were collected on the sex or cause of death of these 
two animals. 

Both CT scanners were calibrated prior to scanning and HU values were set at 0 
for water and -1000 for air.  Scan data were saved to disc in DICOM format and were 
transferred to hard drive in the School of Computational Sciences at Florida State 
University.  Amira 3.1 software was used (under the auspices of Dr. David Banks) for 
three-dimensional reconstructions, density analysis, and some anatomical 
measurements (e.g., air cavity/tissue volume, tissue thickness, skull length, lever arm 
lengths, etc.).   

Three-dimensional reconstructions were made of the two heads scanned by Dr. 
Witmer.  Individual tissues were isolated using the ISE.  The data sets were not reduced 
and no filters were used prior to segmentation.  A clear demarcation existed between 
fat, muscle, bone, and air (Fig. 11).  Bone was visibly white, while air was black.  All 
other materials were viewed as shades of gray, which related to their densities.  Tissues 
with higher densities were viewed as lighter shades of gray.   
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Figure 11:  CT scan slice showing tissue demarcation.  Inset:  scan slice position in 
manatee head.  a, air; b, bone; c, cartilage; f, fatty tissue; m, muscle; s, skin; t, tongue 
 
 
 
 
The individual tissues were segmented and assigned to a material (e.g., fatty tissue, 
muscle, skin, etc.) that was designated by color.  Tools within Amira were then used to 
compile data including mean density (HU) values (± S.D.), total volume, geometric 
centers (x, y, z coordinates) and to make distance (bone length/tissue thickness) and 
angular measurements.  

Density data were also obtained from the CT scans of LPZ102035 and 
LPZ102103 using the ISE in Amira.  Samples were taken from different tissues by 
creating multiple cylinders running through the tissues in the coronal plane.  Cylinder 
samples were then averaged for each tissue type (e.g., bone, fatty tissue, muscle, skin).  

Additional measurements of soft tissue density were made using Archimedes’ 
principle for comparison to CT values.  Five heads were sectioned transversely using a 
band saw.  Samples of skin, fatty tissue, muscle, muscle/fatty tissue (from the rostrum), 
and salivary gland were taken from multiple slices and weighed.  Each sample was then 
placed in a water bath at 24 °C and the volume of displaced water was measured.  
Density was calculated as kg/m3 and measurements were averaged across the five 
individuals.      

  
Sound transmission calculations.  Structural data (bone and tissue 

arrangement) from the two three-dimensional reconstructions, as well as the density 
data from all scans and tissue samples, were used to make calculations regarding 
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sound transmission through the manatee head.  No measurements of sound velocities 
through manatee tissues were obtained in this study; therefore calculations were made 
based on values reported, in the literature, for other mammalian tissues (Lees et al., 
1983; ICRU, 1998; Mast, 2000; Soldevilla et al., 2005).  The transmission of sound from 
a fluid into an elastic solid or between solids is significantly more complex than 
transmission between fluids (Kinsler et al., 2000).  For a first order approximation of 
sound transmission, the tissues of the manatee’s head were treated as fluids.   

The reflection and transmission of a sound wave at the boundary of two fluids is 
effected by their characteristic acoustic impedances, the speed of the wave, and the 
angle at which the incident wave encounters the boundary (Kinsler et al., 2000).  The 
characteristic acoustic impedance of a fluid through which a sound wave travels is 
defined as 
 

Zx = ρxcx 

 

where ρx  is the density and cx is the sound speed.  When a sound wave passes through 
an interface between two fluids and the fluids have different Zx, both reflected and 
refracted waves are produced according to Snell’s law.   

When a sound wave is obliquely incident on the planar boundary between fluids 
with different characteristic acoustic impedances, the refraction of the wave is related to 
the change in sound speed as the wave crosses the interface of two bounding fluids 
and is given by the relationship 
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1 sinsin
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where φ1 is the angle of incidence with respect to the interface, φ2 is the angle of 

transmission and c1 and c2 are the sound speeds of the bounding fluids (Fig. 12). 
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Figure 12:  Reflection and transmission of a sound wave obliquely incident on a 
boundary (vertical line) between fluids with different characteristic impedances (Zx).  
When the boundary is smooth the angle of reflection will equal that of the angle of 

incidence.  φ1, angle of incidence (φi) and angle of reflection (φr); φ2, angle of 

transmission (φt).  Note: dotted line represents normal (perpendicular) incidence.  

 
 
 
 
The transmission coefficient, which is the ratio of pressure amplitude of the transmitted 
wave to that of the obliquely incident wave, is given by 
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where Z1 is the impedance of the fluid through which the sound wave is traveling, Z2 is 

the impedance of the fluid into which the sound wave is transmitted, φ1 is the angle of 

incidence, and φ2 is the angle of transmission. 

 The reflection coefficient is the ratio of pressure amplitude of the reflected wave 
to that of the obliquely incident wave and is defined as  
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The fraction of reflected wave intensity (ri) is the square of the reflection coefficient (Ro).  
The proportion of reflected energy intensity (ri) and transmitted energy intensity (ti) must 
be equal that of the incident wave energy; therefore the fraction of transmitted wave 
intensity is given by  
 

ii rt −= 1  
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When an incident plane wave is perpendicular the boundary the fraction of the 
incident wave intensity that is reflected is given by 
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where Z1 is the characteristic acoustic impedance of the fluid through which a sound 
wave passes and Z2 is the characteristic acoustic impedance of the bounding fluid.  The 
fraction of the transmitted wave intensity is equivalent to 1 – ri. 

The critical angle (φc) is the angle below which an obliquely incident sound wave 

is completely reflected at the boundary of two fluids, where the sound speed of the fluid 
in which the sound wave is propagating is lower than that of the bounding fluid.  It is 
defined as 
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where c1 and c2 are the sound speeds within the two bounding fluids and the boundary 
of the fluids is used as the reference.   
 The calculations above are used to make observations regarding potential sound 
pathways through the manatee’s head and to determine if the tissues provide an 
efficient waveguide.     
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RESULTS 
 
 
 
 

Anatomical Measurements and Tympanic Membrane Histology 
 
 

Anatomical Measurements 
 

Many characteristics of the manatee’s ear are large compared to other mammals 
of comparable body size (Tables 2,3).  Most (57%) of the tympanoperiotic mass (1.3 · 
105 mg) is contained in the periotic.  The combined ossicular mass is 5400 mg.  The 
total airspace has a volume of 3.7 · 104 mm3.  It consists of the middle ear cavity and 
the hypotympanic recess, which are connected by a narrow passageway that is formed 
by membranous septa.  As mentioned above, the cartilaginous keel is an extension of 
the malleus’ manubrium.  Its height of approximately 8.0 mm contributes to the lateral 
convexity of the tympanic membrane. 

The methods of tympanic membrane area calculation produced significantly 
different results (Table 2).  Two methods underestimated the actual total surface area.  
The first method, which was based on the dimensions of the tympanic annulus was the 
most inaccurate because it did not take into account either the lateral extension of the 
membrane or its dorsal-most portion (pars flaccida).  The second method considered 
the convexity of the membrane but still underestimated the total surface area because it 
measured only the inner “fibrous” layer, excluding the pars flaccida and the outer layers 
that extend beyond the entire perimeter of the fibrous layer.  The 3D reconstruction from 
the CT data, thus, may offer the most accurate measurement.   
 
 
 
 
Table 2:  Mean manatee auditory anatomy measurements.  See text for explanation of 
methods used to find different tympanic membrane areas.    

Measurement Parameter Mean SD

Total body length (mm) 2.6 · 10
3

563.7

Skull length (mm) 358.4 30.7

External auditory opening diameter (mm) 1.0 0.3

External auditory meatus length (mm) 6.1 1.3

External auditory meatus width (mm) 3.6 1.0

Tympanic membrane area 1 (mm
2
) 378.6 49.5

Tympanic membrane area 2 (mm
2
) 564.8 50.9

Footplate (oval window) area (mm
2
) 25.5 2.7

T.m./footplate area ratio 1 9.9 2.0

T.m./footplate area ratio 2 14.8 1.9  
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Table 2 (cont.):   

Measurement Parameter Mean SD

Round window area (mm
2
) 39.1 8.8

Lever arm 1 (malleus) length (mm) 19.0 1.3

Lever arm 2 (incus) length (mm) 10.8 0.9

Lever arm ratio 1.8 0.2

Mesotympanum (lateral) volume (mm
3
) 6.4 · 10

3
2.9 · 10

3

Hypotympanic recess volume (mm
3
) 3.1 · 10

4
1.0 · 10

4

Keel length (mm) 16.4 1.1

Keel height (mm) 7.9 1.9

Stapes length (mm) 16.0 0.8

Stapes width (mm) 6.8 0.6

Tympanoperiotic mass (mg) 1.3 · 10
5

2.0 · 10
4

Periotic mass (mg) 9.8 · 10
4

4.6 · 10
3

Tympanic mass (mg) 2.0 · 10
4

1.1 · 10
3

Malleus mass (mg) 3.7 · 10
3

500.0

Incus mass (mg) 1.0 · 10
3

100.0

Stapes mass (mg) 700.0 100.0  
 
 
 
 

A comparison of means across all measurements within Table 2 showed no 
significant difference (p>0.05) between males (n = 24) and females (n = 24).  
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Table 3:  Selected manatee middle ear parameters compared with those of other 
mammals.  Other mammalian data taken from Hemilä et al. (1995), Nummela (1995), 
and Nummela et al. (1999b).  *Measurements of cetacean tympanic plates (see 
Nummela et al., 1999b).  **Right whale’s periotic and tympanic bones combined mass. 
NA, not applicable, not measured. 

Middle Ear Parameters Manatee Human 

Elephant 

(Asian)

Harbour 

Seal Grey Seal

Bottlenose 

Dolphin

Killer 

Whale

Sperm 

Whale

Right 

Whale

Blue 

Whale

Total body length (mm) 2.6 · 10
3

1.6 · 10
3

5.6 · 10
3

1.5 · 10
3

2.0 · 10
3

3.0 · 10
3

8.2 · 10
3

1.6 · 10
4

1.6 · 10
4

3.0 · 10
4

Tympanic membrane area (mm
2
) 564.8 68.3 454.0 82.9 76.1 539.0* 1.8 · 10

3 
* 1.6 · 10

3
 * 5.9 · 10

3
 * 6.0 · 10

3
 *

Footplate (oval window) area (mm
2
) 25.5 3.0 13.6 4.9 4.3 3.9 9.3 9.2 12.9 33.5

(2/3 · T.m.)/footplate area ratio 14.8 15.2 22.3 11.3 11.8 92.1 131.0 116.3 304.2 119.0

Lever arm 1 (malleus) length (mm) 19.0 6.2 16.3 10.3 9.6 NA NA NA NA NA

Lever arm 2 (incus) length (mm) 10.8 4.5 8.5 5.6 6.0 NA NA NA NA NA

Lever arm ratio 1.8 1.4 1.9 1.8 1.6 NA NA NA NA NA

Periotic mass (mg) 9.8 · 10
4

NA NA NA NA 1.6 · 10
4

1.6 · 10
5

8.5 · 10
4

1.5 · 10
6
 ** 5.5 · 10

5

Tympanic mass (mg) 2.0 · 10
4

NA NA NA NA 1.4 · 10
4

8.6 · 10
4

8.4 · 10
4

6.4 · 10
5

Malleus mass (mg) 3.7 · 10
3

28.5 335.1 40.8 68.0 203.0 757.0 400.0 1.3 · 10
3

2.3 · 10
3

Incus mass (mg) 1.0 · 10
3

33.6 285.2 123.2 132.8 48.8 213.0 324.0 516.0 894.0

Stapes mass (mg) 700.0 2.5 27.2 10.7 14.9 10.3 59.9 83.4 147.0 403.0  
 
 
 
 

Tympanic Membrane Histology 
 
 Histological analysis of the manatee’s tympanic membrane revealed a similarity 
in structure to that of terrestrial mammals.  The pars flaccida and pars tensa are 
distinctly different.  The pars tensa is composed of multiple layers (Fig. 13A).  The 
outermost layer consists of loose connective tissue ranging in thickness from 60 µm to 2 
mm.  Two layers of dense connective tissue are present between the outer loose 
connective tissue layer and an inner submucosal epithelial layer.  In cross-section, the 
fibers of the inner dense layer appear to be parallel to the plane of the slide while the 
fibers of the outer layer appear to be perpendicular to the plane of the slide (Fig. 13A).  
The thickness of the inner dense connective tissue layer ranges from 50 µm along the 
keel’s apex to 370 µm near the tympanic annulus, while the outer layer is not present 
along the keel and ranges in thickness from 100 µm to 600 µm.  The innermost 
epithelial layer ranges in thickness from 10 µm to 170 µm.  The attachment of the 
tympanic membrane to the keel is reinforced by connective tissue fibers on both sides 
of the keel (Fig. 14).  The pars flaccida lacks the layered organization of the pars tensa 
and is composed of relatively irregularly arranged fibers (Fig. 13B).  The distinction 
between the two parts of the tympanic membrane occurs dorsal to the point of 
attachment of the keel.  The pars flaccida constitutes approximately 5% to 10% of the 
total tympanic membrane area. 
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Figure 13:  Histological structure of pars tensa and pars flaccida.  (A)  Pars tensa 
(magnification 100x).  1, outer loose connective tissue layer; 2, outer dense connective 
tissue layer; 3, inner dense connective tissue layer; 4, epithelial layer.  (B)  Pars flaccida 
(magnification 100x). 

 
 
 
 
 

 
Figure 14:  Cross-section through keel (perpendicular to the long axis of the keel) and 
tympanic membrane (magnification 20x).  Note connective tissue attached along both 
edges of keel (denoted by arrows). 
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CT Scans and 3D Reconstructions 

 
 
Isolated Ear Bones 
 
 Three-dimensional reconstructions of two isolated tympanoperiotic complexes 
were created in order to show the arrangement of the ear bones and ossicular chain 
muscles (Movie 1), the airspace in the mesotympanum (Movie 2), and the tympanic 
membrane (Fig. 15), 
 
 
 
 

 
Movie 1:  Left isolated ear bones with associated muscles.  Incus, yellow; keel, light 
green; malleus, green; periotic, purple; stapes, light red; stapedius muscle, dark blue; 
tympanic bone, light blue; tympanic muscle, dark red.  Click on the figure to view movie.   
 
 
 
 

 
Movie 2:  Right isolated ear bones (with tympanic bone and keel removed) showing 
airspace of the mesotympanum (blue-green).  The middle ear cavity is bounded by 
bone and soft tissue.  Incus, yellow; malleus, green; periotic, purple; stapes, light red.  
Click on the figure to view movie. 
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Figure 15:  Right tympanoperiotic complex showing tympanic membrane.  Pars flaccida 
is delineated by white dotted line.  Attachment of the ‘fibrous layer’ (Fig. 7) to malleus 
head designated by black dashed line.  Keel (k, light green); malleus (m, green); 
Periotic bone caudal/rostral lobes (pbc, pbr, purple); tympanic bone (tb, light blue); 
tympanic membrane (tm, orange)  
 
 
 
 
 The surface area of the tympanic membrane was calculated by Amira and takes 
into account both the lateral convexity and the presence of the pars flaccida (Fig. 15); 
doing so increases the area measurement to 597.9 ± 17.9 mm2 (as compared with the 
direct measurements of 378.6 mm2 and 564.8 mm2).  Based on the histology of the 
tympanic membrane, the pars tensa is taken to be approximately 90–95% of the total 
area (538.1–568.0 mm2).  If the manatee’s tympanic membrane functions in a manner 
similar to those of the human and cat (Wever and Lawrence, 1954), then the ‘effective 
area’ of the manatee’s  membrane (2/3 pars tensa) is calculated as 358.7–378.7 mm2.  
The range of ratios of tympanic membrane to oval window area is then calculated as 
14.1–14.9.      
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 Inertial bone conduction model.  At any frequency, the force (F) acting on the 
stapes is directly proportional to the ossicular mass (M) and to the distance between the 
center of mass and the rotational axis (d), and is inversely proportional to the incudal 
lever arm (IL) (Mason, 2003).  In the manatee, F is equivalent to 2.9 · 10-3 kg m/s2, 
which was calculated from the values in Table 4.  Mason (2003) calculated values for 
humans (F≈1.4 · 10-5 kg m/s2; M=64.57 mg; d=0.82 mm; IL=3.65 mm), and golden 
moles suspected of inertial bone conduction including the Cape golden mole, 
Chrysochloris asiatica (F≈6.3 ·10-5 kg m/s2; M=19.59 mg; d=3.58 mm; IL=1.10 mm), and 
the large golden mole, Chrysospalax villosus (F≈1.5 · 10-3 kg m/s2; M=237.61 mg; 
d=5.40 mm; IL=0.83 mm).  A comparison of values suggests that the manatee’s greater 
ossicular mass and the displacement of the mass from the rotational axis should 
generate a force on the stapes 46 dB, 33 dB, and 6 dB greater than those of the human, 
Cape golden mole, and large golden mole, respectively.  But, the force is counteracted 
by the constraints of the ossicular system, resulting in lower amplitude of stapes 
vibration.   
 
 
 
 
Table 4:  Manatee values for parameters used in the model of inertial bone conduction.  
M, combined ossicular mass; l, incudal lever arm; J, ossicular moment of inertia; d, 
perpendicular distance between center of ossicular mass and rotational axis; R, 
resistance at stapes footplate; C, compliance acting on ossicular chain.  See text for 
details.  

M  (mg) l = IL (mm) J  (kg m
2
) d (mm) R  (kg/s) C  (s

2
/kg)

4933 11.4 2.6 · 10
-7

6.8 1.4 3.7 · 10
-4

 
 
 
 
 

The inertial bone conduction model predicts the displacement amplitude of the 
stapes (ξ) for a constant displacement of the head (x).  Inertial bone conduction is 
expected to be effective where amplitudes of stapes displacement relative to head 
displacement exceed 0 dB.  Values were determined for the manatee and comparisons 
were made with values calculated by Mason (2003) for the human, Cape golden mole, 
and large golden mole.  Figure 15 presents the predicted amplitudes as a function of 
frequency.  The model predicts that, in the manatee, inertial bone conduction begins to 
be effective between 124 Hz and 125 Hz (where the values of ξ/x are greater than 0 
dB), but the amplitude of relative vibration is small (0.1 dB at 125 Hz).  The manatee’s 
peak displacement amplitude is predicted at 200 Hz (8.4 dB), whereas the large golden 
mole should peak at 48 Hz (12.5 dB) and the Cape golden mole should peak at 220 Hz 
(1.5 dB) according to the model.  Human values never exceed 0 dB.  At 400 Hz (i.e., the 
lowest audible frequency recorded in audiogram data in two manatees; Gerstein et al., 
1999) the amplitude of stapes to head displacement is 5.0 dB.   
 
   



 33 
 

 
 

-100

-80

-60

-40

-20

0

20

10 100 1000

Frequency (Hz)

2
0

 l
o

g
 (
ξ 

/ 
x

)

Manatee

Human

Large golden

mole

Cape golden

mole

 
Figure 16:  Stapes displacement (ξ) relative to a constant skull displacement (x) 
resulting from inertial bone conduction (in dB) as a function of frequency for the 
manatee, human, large golden mole, and Cape golden mole.  Modified from Mason 
(2003) with permission from Cambridge University Press. 
 
 
 
 
Manatee Heads   
 
 Computerized tomography scans are utilized to create three-dimensional 
reconstructions of two Florida manatee heads (WLM0501 and WLM0501) in order to 
visualize the insitu arrangement of tissues surrounding the skull and ear bones.  One 
reconstruction is manipulated to show individual tissue layers from dermis to skull of the 
entire head (Figs. 17–24).   

The outermost layer of skin is thick (as much as 15.0 mm) around most of the 
head, but it is much thinner around the mouth (2.0–6.0 mm).   
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Figure 17:  Outer skin layer of WLM0502 (Inset: dorsal view).  eao, external auditory 
opening. 

 
 
 
 
An outer fatty tissue layer covers the entire head excluding the rostrum (Fig. 18).  

The rostrum is characterized by multiple muscle layers that have fatty tissue 
interspersed, but no distinct fatty tissue layer was observed in any of the scanned 
individuals.    
 
 
 
 

 
Figure 18:   Outer fatty tissue layer of WLM0502 (Inset: dorsal view).  eam, external 
auditory meatus; fatty tissue, yellow;  muscle, dark red; muscle/fatty tissue/connective 
tissue mixture, lighter shades of red (lightest shades indicate greater presence of fatty 
tissue). 
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Below the outer fatty tissue, several muscles overlap with one another creating a 
continuous layer from the rostrum to the back of the head (Fig. 19).  The muscles in the 
rostrum include the levator nasolabialus, lateralis nasi, maxillonasolabialis, and 
sphincter colli profundus pars oris (Domning, 1978).  No differentiation of the muscles 
rostral to the maxilla exists in either CT or MR.  The platysma pars jugularis muscle 
originates from the sides of the snout and lower edge of the orbit and passes ventrally 
to the lower half of the head where it adheres to the sphincter colli superficialis muscle 
(Domning, 1978).  The differentiation of individual muscles throughout the entire head, 
using CT, is difficult except where a layer of fatty tissue separates them.  The muscles 
appear as a continuous layer, which may have a significant effect on the transmission of 
sound through the head.     

 
 
 
 

 
Figure 19:  Outer muscle layer of WLM0502 (Inset: dorsal view).  eam, external 
auditory meatus; fatty tissue, yellow; muscle/fatty tissue/connective tissue, light red 
(lighter shades indicate greater presence of fatty tissue; muscle, dark red; squamosal 
bone, pink.   
 
 

 
 

A second layer of fatty tissue is present medial to the outer muscle layer (Fig. 
20).  Another layer of muscle is present, medial to the second fatty tissue layer, within 
the middle and caudal regions of the head (Fig. 21).  The layer includes the sphincter 
colli profundus pars auris, sternomastoideus, brachiocephalicus, and cephalohumeralis 
(Domning, 1978).        
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Figure 20:  Middle fatty tissue layer of WLM0502 (Inset: dorsal view).  eam, external 
auditory meatus; fatty tissue, yellow; muscle, dark red; squamosal bone, pink. 
 
 
 
 

 
Figure 21:  Middle muscle layer of WLM0502 (Inset: dorsal view).  eam, external 
auditory meatus; fatty tissue, yellow; muscle, dark red; periotic, purple; salivary gland, 
dark blue; squamosal, pink. 
 
 
 
 

The salivary glands are present medial to the above-mentioned muscles (Figs. 
20, 21), separated by only a thin membrane.  The volume of an individual salivary gland 
is approximately 2.1 · 105 mm3. 
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Figure 22:  Salivary glands of WLM0502 (Inset: dorsal view).  eam, external auditory 
meatus; fatty tissue, yellow; muscle, dark red; periotic, purple; salivary gland, dark blue; 
squamosal, pink. 
 
 
 
  An inner layer of muscle is attached directly to the skull bones (Fig. 23) and consists of 
the buccanitorius, mentalis, mandibularis, masseter, zygomandibularis, and temporalis 
(Domning, 1978) in the rostral and middle regions of the head.  Muscles within the 
caudal-most regions include the splenius, rectus capitis dorsalis, rectus capitis lateralis, 
semispinalis capitis, and brachiocephalicus (Domning, 1978).   
  
 
 
 

 
Figure 23:  Inner muscle layer of WLM0502 (Inset: dorsal view).  eam, external auditory 
meatus; fatty tissue, yellow; muscle, dark red; periotic, purple; squamosal bone, pink; 
tympanic bone, light blue.   
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Medial to the salivary gland and lateral to the tympanic membrane, a layer of 

fatty tissue is present that is continuous with the second fatty tissue layer (Fig. 24).  On 
average, the thickness of this fatty tissue is different among individuals.  WLM0501 has 
the thickest (20.4 mm), while LPZ102103 has only 2.5 mm of fatty tissue.   
 
 
 
 

 
Figure 24:  Fatty tissue layer lateral to tympanic membrane and tympanic bone of 
WLM0502 (Inset: dorsal view).  eam, external auditory meatus; fatty tissue, yellow; 
periotic, purple; squamosal, pink; tympanic bone, light blue. 
 
 
 
 

Density measurements from CT were averaged across the four scanned 
individuals (Table 5).  Student’s t-tests were performed in order to determine if 
significant differences in density exist between tissue types.   A significant difference 
(df=6; t>2.41; p=0.001) is observed between fatty tissue and all other soft tissues 
analyzed (skin, muscle, salivary gland, cartilage, muscle/fatty tissue/connective tissue).  
No significant difference (p>0.05) is observed between any other soft tissues.  Analysis 
of bone material shows a significant difference between the densities of the periotic and 
tympanic (p = 0.018), periotic and squamosal (p = 0.0002), and squamosal and other 
skull bones (p = 0.019).  
 
 
 
 
 
 
 
 



 39 
 

Table 5:  Mean manatee tissue density measurements and ranges from CT scan data 
(n = 4); reported in Hounsfield Units (HU) ± standard deviation. 

Tissue Mean HU SD Min Max

Skin 76.3 6.1 67.8 81.5

Fatty tissue -35.9 26.9 -74.2 -11.7

Muscle 65.0 8.6 53.0 73.4

Muscle/fatty tissue (rostrum) 63.7 3.3 58.8 65.6

Salivary gland 56.0 12.6 40.8 70.0

Cartilage 80.8 16.7 56.2 92.8

Squamosal 877.6 94.6 755.5 956.7

Skull (other) 1087.0 105.1 966.6 1160.1

Periotic 1620.0 131.8 1453.1 1775.4

Tympanic bone 1349.8 156.6 1199.1 1568.3

Malleus 1518.9 298.4 1200.7 1872.2

Incus 1605.7 131.3 1496.9 1819.9

Stapes 1493.3 100.8 1366.0 1582.4  
 
 
 
 
Phantom CT values (Table 6) were used to determine density values (kg/m3) of 
manatee tissues from scanned individuals (Table 7).   
 
 
 
 
Table 6:  CT values of phantom materials of known density. 

Material Density (kg/m
3
) Mean HU 

High density polyethylene 900 -105

Polycarbonate 1100 49

Acetal Copolymer 1400 259

Fluoropolymer teflon (PTFE) 2000 815  
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Table 7:  Density of manatee tissues calculated from averaged CT values and known 
density values of phantom materials. 

Tissue  Density (kg/m
3
)

Skin 1133

Fatty tissue 999

Muscle 1119

Muscle/fatty tissue(rostrum) 1118

Salivary gland 1109

Cartilage 1138

Squamosal 2087

Skull (other) 2336

Periotic 2971

Tympanic bone 2649

Malleus 2850

Incus 2954

Stapes 2820  
 

 
 
 
Densities of manatee soft tissues measured by Archimedes’ Principle are similar 

to those found in the literature for other mammals (Table 8).  Although values calculated 
from CT are greater than measured values, no statistical significance between them 
exists (p>0.05).  The higher density values of other manatee tissues (muscle and fatty 
tissue) may be related to a presence of more connective tissue.       
 
 
 
 
Table 8:  Manatee vs. other mammalian tissue density measurements.  Measurements 
of manatee tissues were made using Archimedes’ Principle. 

Manatee Other Mammal

Skin 1076 ± 93 1090  (ICRU, 1998; Mast, 2000)

Fatty tissue 974 ± 89 950    (Woodward and White, 1986; Mast, 2000) 

Muscle 1089 ± 142 1050  (Woodward and White, 1986; ICRU, 1998;Mast, 2000) 

Muscle/fatty tissue (rostrum) 1045 ± 117 NA

Salivary gland 1081 ± 86 NA

Density (kg/m
3
)

Tissue

 
 

  
 
 
 Sound transmission calculations.  As previously mentioned, research 
established that sound speed through mammalian tissues is linearly related to the 
density of the tissue (Mast, 2000).  Manatee soft tissues have similar densities as those 
of other mammals (Table 8).  Therefore, values of sound speed in various mammalian 
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tissues reported in the literature (Table 9) were used for calculations of sound speed in 
manatee tissues (Table 10).  Density values of manatee soft tissues were taken as 
averages of measured and calculated values.  Values for bone were taken from CT 
calculations.       
 
 
  
 
Table 9:  Density and sound speed characteristics of various mammalian tissues. 

Tissue Type Density (kg/m
3
) Sound Speed (m/s) Sources

Skin 1090 1615 ICRU,1998; Mast, 2000

950 1478

950 1450

920 1376

1050 1547

1050 1580

990 1517

2700 5220

2680 5350

2540 4600

2500 4530

Horse tympanic bulla 2290 3930 Lees et al., 1983

Dugong rib 2020 3000 Lees et al., 1983

Lees et al., 1983

Lees et al., 1983

Goss et al., 1978, 1980; Woodward 

& White, 1986; ICRU, 1998; Mast, 

2000; Soldevilla et al., 2005

Porpoise tympanic bulla

Fin whale tympanic bulla

Muscle

Fatty tissue/blubber

Goss et al., 1978, 1980; Woodward 

& White, 1986; ICRU, 1998; Mast, 

2000; Soldevilla et al., 2005

 
 
 
 
 

The calculated sound speeds for the manatee’s ear bones are higher than those 
reported for cetaceans (Lees et al., 1983) but are not unreasonable.  Duck (1990) 
reported values as high as 6260 m/s for dentine and enamel. 
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Table 10:  Calculated sound speeds of manatee tissues based on values reported in 
the literature for other mammals. 

Tissue Sound speed (m/s)

Skin 1616

Fatty tissue 1489

Muscle 1634

Muscle/fatty tissue 1610

Salivary gland 1623

Squamosal 2834

Skull (other) 4036

Periotic 6157

Tympanic 5082

Ossicles 5835  
 
 
 
 

Table 11:  Calculated characteristic acoustic impedance of manatee tissues.  Values 
based on densities of manatee tissues (measured and CT) and sound speeds of 
mammalian tissues from the literature. 

Tissue Characteristic Acoustic Impedance (Z x = ρ xc x ) 

Skin 1.79 · 10
6

Fatty tissue 1.47 · 10
6

Muscle 1.80 · 10
6

Muscle/fatty tissue 1.75 · 10
6

Salivary gland 1.78 · 10
6

Squamosal 5.91 · 10
6

Skull (other) 9.43 · 10
6

Periotic 1.83 · 10
7

Tympanic 1.35 · 10
7

Ossicles 1.68 · 10
7

 
 
 

 
 

Sound waves with perpendicular incidence on the head (encountering the 
boundary of the skin) of a manatee in either fresh- or saltwater are expected to transmit 
99% of their energy, and will continue to do so as they pass through the soft tissues 
(Table 12).  Upon reaching the boundaries of the bones of the skull the sound waves 
will experience varying fractions of reflection depending on the tissue through which 
they travel and the type of bone encountered.  Sound waves traveling through fatty 
tissue will experience the largest fraction of reflection, particularly at bone interfaces.   
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Table 12:  Fraction of reflected (ri) and transmitted (ti) energy intensity for sound waves 
normally (perpendicularly) incident on the boundary of tissues in the manatee head. 

Tissue 1 → Tissue 2 (90°) r i t i 

Freshwater → Skin 0.01 0.99

Saltwater → Skin 0.01 0.99

Skin → Fatty tissue 0.01 0.99

Skin → Muscle/fatty tissue 0.00 1.00

Fatty tissue → Muscle 0.01 0.99

Fatty tissue → Squamosal 0.36 0.64

Fatty tissue→ Skull (other) 0.53 0.47

Fatty tissue → Tympanic bone 0.65 0.35

Muscle/fatty tissue → Muscle 0.00 1.00

Muscle → Squamosal 0.28 0.72

Muscle → Skull (other) 0.46 0.54

Muscle → Tympanic bone 0.58 0.42

Muscle → Salivary 0.00 1.00

Salivary → Fatty tissue 0.01 0.99

Salivary → Tympanic bone 0.59 0.41

Squamosal → Skull (other) 0.05 0.95

Squamosal → Periotic 0.26 0.74  
 
 
 
 

Sound waves encountering a manatee’s head at oblique angles behave 
differently depending on a number of factors.  At tissue interfaces (which are considered 

planar surfaces for this analysis) where c1 > c2, the angles of transmission (φ2) are 

greater than the angles of incidence (φ1), and the sound waves bend away from the 

tissue interface for all angles of incidence.  The pressure amplitude of the transmitted 
wave relative to that of the incident wave, given by the transmission coefficient (To), 
decreases with smaller angles of incidence (Table 13). 

The critical angle is an important factor.  Sound waves encountering boundaries 

at φ1 > φc, where c1 < c2, are transmitted into the second tissue at angles less than the 

angles of incidence.  The transmission coefficient increases with decreasing angles of 
incidence (Table 13).  At boundaries where c1 < c2, sounds waves experience complete 
reflection at angles of incidence less than the critical angle.  No energy enters the 
second tissue, but a transmitted wave may propagate parallel to the boundary.   

Critical angles in the manatee’s head (relative to tissue interfaces) were 

calculated for several tissue interfaces (Table 14).  The critical angle (φc) of sound 

transmission from water through the skin of the manatee ranges from 21.2° in saltwater 
to 27.4° in freshwater (Table 14).  The smallest critical angle (9.8°) was calculated for 
the muscle/fatty tissue and muscle interface, which is located in the rostrum.  The 
largest critical angle exists at the fatty tissue/tympanic bone interface.  Only sound 

waves approaching at angles φ1 >73° are transmitted into the bone.  
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Table 13:  Reflection and transmission coefficients of sound waves at various oblique 

angles of incidence (φ1) in degrees.  Note: negative reflection coefficient (Ro) values 

signify a 180° phase change relative to the incident wave pressure amplitude.  ri is the 
fraction of wave energy reflected at the tissue interface (= Ro

2) and ti is the fraction 
transmitted into the bounding tissue (= 1-ri). 

Preceeding Pathway Tissue 1 → Tissue 2 φ 1 φ 2 R o  (r i ) T o  (t i )

80 79 0.11 (0.01) 1.11 (0.99)

60 56 0.13 (0.02) 1.13 (0.98)

45 37 0.18 (0.03) 1.18 (0.97)

40 30 0.22 (0.05) 1.22 (0.95)

35 23 0.30 (0.09) 1.30 (0.91)

30 13 0.47 (0.22) 1.47 (0.78)

80 79 0.07 (0.01) 1.07 (0.99)

60 58 0.09 (0.01) 1.09 (0.99)

45 41 0.11 (0.01) 1.11 (0.99)

40 35 0.13 (0.02) 1.13 (0.98)

35 29 0.16 (0.03) 1.16 (0.97)

30 22 0.22 (0.05) 1.22 (0.95)

25 14 0.35 (0.12) 1.35 (0.88)

79 80 -0.10 (0.01) 0.90 (0.99)

58 60 -0.11 (0.01) 0.89 (0.99)

41 46 -0.14 (0.02) 0.86 (0.98)

35 41 -0.17 (0.03) 0.83 (0.97)

29 36 -0.20 (0.04) 0.80 (0.96)

22 31 -0.26 (0.07) 0.74 (0.93)

14 26 -0.39 (0.16) 0.61 (0.84)

80 80 -0.01 (0.00) 0.99 (1.00)

58 58 -0.01 (0.00) 0.99 (1.00)

41 41 -0.01 (0.00) 0.99 (1.00)

35 35 -0.02 (0.00) 0.98 (1.00)

29 29 -0.02 (0.00) 0.98 (1.00)

22 22 -0.02 (0.00) 0.98 (1.00)

14 14 -0.04 (0.00) 0.96 (1.00)

80 79 0.10 (0.01) 1.10 (0.99)

60 57 0.12 (0.01) 1.12 (0.99)

46 40 0.15 (0.02) 1.15 (0.98)

41 34 0.18 (0.03) 1.18 (0.97)

36 27 0.22 (0.05) 1.22 (0.95)

31 20 0.30 (0.09) 1.30 (0.91)

26 11 0.49 (0.24) 1.49 (0.76)

80 80 0.01 (0.00) 1.01 (1.00)

58 57 0.02 (0.00) 1.02 (1.00)

41 40 0.02 (0.00) 1.02 (1.00)

35 34 0.03 (0.00) 1.03 (1.00)

29 27 0.04 (0.00) 1.04 (1.00)

22 20 0.06 (0.00) 1.06 (1.00)

14 11 0.16 (0.03) 1.16 (0.97)

Saltwater → Skin → Fatty tissue → Muscle

Saltwater → Skin → Muscle/fatty tissue → Muscle

Freshwater → Skin

Saltwater → Skin

Saltwater → Skin → Fatty tissue

Saltwater → Skin → Muscle/Fatty tissue
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Table 13 (cont.):   

Preceeding Pathway Tissue 1 → Tissue 2 φ 1 φ 2 R o  (r i ) T o  (t i )

79 80 -0.10 (0.01) 0.90 (0.99)

57 60 -0.12 (0.01) 0.88 (0.99)

40 46 -0.15 (0.02) 0.85 (0.99)

34 41 -0.18 (0.03) 0.82 (0.97)

27 36 -0.22 (0.05) 0.78 (0.95)

20 31 -0.30 (0.09) 0.70 (0.91)

11 26 -0.49 (0.24) 0.51 (0.76)

80 80 -0.01 (0.00) 0.99 (1.00)

57 57 -0.01 (0.00) 0.99 (1.00)

40 40 -0.01 (0.00) 0.99 (1.00)

34 34 -0.01 (0.00) 0.99 (1.00)

27 28 -0.02 (0.00) 0.98 (1.00)

20 21 -0.03 (0.00) 0.97 (1.00)

11 13 -0.09 (0.01) 0.91 (1.00)

80 81 -0.10 (0.01) 0.90 (0.99)

57 60 -0.11 (0.01) 0.89 (0.99)

40 46 -0.14 (0.02) 0.86 (0.98)

34 41 -0.17 (0.03) 0.83 (0.97)

28 36 -0.20 (0.04) 0.80 (0.96)

21 31 -0.27 (0.07) 0.73 (0.93)

13 26 -0.43 (0.18) 0.57 (0.82)

80 71 0.62 (0.38) 1.62 (0.62)

60 20 0.82 (0.68) 1.82 (0.32)

46 NA 1.00 (1.00) 0.00 (0.00)

41 NA 1.00 (1.00) 0.00 (0.00)

36 NA 1.00 (1.00) 0.00 (0.00)

31 NA 1.00 (1.00) 0.00 (0.00)

26 NA 1.00 (1.00) 0.00 (0.00)

79 78 0.10 (0.01) 1.10 (0.99)

60 57 0.12 (0.01) 1.12 (0.99)

46 40 0.15 (0.02) 1.15 (0.98)

41 34 0.18 (0.03) 1.18 (0.97)

36 27 0.22 (0.05) 1.22 (0.95)

31 20 0.30 (0.09) 1.30 (0.91)

26 11 0.49 (0.24) 1.49 (0.76)

78 59 0.71 (0.51) 1.71 (0.49)

57 NA 1.00 (1.00) 0.00 (0.00)

40 NA 1.00 (1.00) 0.00 (0.00)

34 NA 1.00 (1.00) 0.00 (0.00)

27 NA 1.00 (1.00) 0.00 (0.00)

20 NA 1.00 (1.00) 0.00 (0.00)

11 NA 1.00 (1.00) 0.00 (0.00)

Saltwater → Skin → 

Fatty tissue → Muscle 

→
Fatty tissue → Muscle

Saltwater → Skin → 

Fatty tissue → Muscle 

→ Fatty tissue →
Muscle → Skull (mandible)

Saltwater → Skin → 

Fatty tissue → Muscle 

→
Salivary → Fatty tissue

Saltwater → Skin → 

Fatty tissue → Muscle 

→
Fatty tissue → Squamosal

Saltwater → Skin → 

Fatty tissue (or 

Muscle/fatty tissue) →
Muscle → Fatty tissue

Saltwater → Skin → 

Fatty tissue → Muscle → Salivary
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Table 14:  Critical angle (in degrees) of reflection when a sound wave encounters a 
boundary of two fluids; where c1 < c2.  Total reflection will occur at angles less than the 
critical angle.  Note: angles measured relative to tissue interfaces. 

Tissue 1 → Tissue 2 Critical angle (φ c )

Freshwater → Skin 27.4

Saltwater → Skin 21.2

Fatty tissue → Muscle/fatty tissue 22.4

Fatty tissue → Muscle 24.3

Fatty tissue → Squamosal 58.3

Fatty tissue → Skull (other) 68.4

Fatty tissue → Tympanic bone 73.0

Muscle/fatty tissue → Muscle 9.8

Muscle → Squamosal 54.8

Muscle → Skull (other) 66.1

Squamosal → Periotic 62.6  
 
 
 

 The amount of wave energy reaching the ear depends on the wave’s angle of 
incidence at the skin and water interface.  A sound wave approaching perpendicular to 
the manatee’s head would be expected to transmit 94–96% of its total energy to the 
interior of the head.  Some energy will be reflected by the skull, while some will reach 
the surface of the tympanic membrane.  Figure 25 demonstrates a theoretical pathway 
of a sound wave with a 35° angle of incidence at the outside of the manatee’s head.  
Approximately 83% of the total wave energy reaches the squamosal bone.  At this 
interface, where the angle of incidence is 36°, all of the sound energy is reflected.  A 
portion transmits back into the fatty tissue where it re-encounters the muscle layer.  
Another portion travels along the boundary of the bone and fatty tissue.  At the muscle 
layer 5% of the energy (of the 83% total energy) is reflected back into the fatty tissue, 
and 95% (of the 83% total energy) is transmitted away from the ear.  If no wave energy 
is transmitted along the surface of the squamosal bone, then only 4% of the total energy 
incident at 35° will reach the manatee’s ear.  The fraction of energy intensity that 
actually travels along the bone/fatty tissue interface is unknown.  
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Figure 25:  Transmission of a sound wave (35° incident to skin) through a manatee’s 
head.  Red arrows represent transmission into the head. Blue arrows represent 
reflections away from tissue interfaces.  White arrow represents transmission away from 
inner fatty tissue layer and out of the head.  Angles of incidence (φi) and angles of 
reflection (φr) are given in degrees (surfaces are considered planar, therefore φi = φr).  
Percentages denote the fraction of wave intensity either transmitted (positive %) or 
reflected (negative %) as the sound wave encounters the boundaries of tissues.  The 
percentage of transmitted intensity into each subsequent layer is relative to the wave 
intensity (100%) at the water and skin interface.  Fatty tissue, yellow;  muscle, dark red; 
periotic, purple; skin, gray; squamosal, pink.   
 
 
 

  
 The most efficient sound pathway to the ear is one in which the sound wave 
passes through the fewest number of tissue layers and experiences the least amount of 
reflection.  Figure 26 illustrates potential pathways in the head of WLM0501.  On either 
side of the head, sound waves approaching at angles between 45° and 90° from the 
mid-saggital axis might be expected to reach the tympanic membrane without 
interference from the zygomatic process of the squamosal bone.  At the axial level of 
the ears, pathways exist in which only two tissue layers separate the tympanic 
membrane and the external environment (Fig. 26).  The left and right sides of the head 
differ because of the outer muscle layer.  The platysma pars jugularis is higher on the 
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left side of the head, which results in the potential sound pathway having a steeper 
angle of incidence (relative to the horizontal) than that on the right side.  The squamosal 
bone determines the upper limit for the angle of incidence. 
 
 
 

 

 
Figure 26:  Potential sound pathways in WLM0501 where a sound wave will experience 
the least amount of reflection.  A.  Dorsal view showing that sound waves with angles of 
incidence between 45° and 90° from the mid-saggital line, on both the left and right 
sides of the head, may reach the ear without reflecting off of the squamosal.  B.  Rostral 
view with an axial cut at the level of the ear showing that sound waves with angles of 
incidence (measured from the horizontal) between 43° and 64° (on the right side of the 
head) and between 55° and 73° (on the left side of the head) have only dermis and fatty 
tissue to pass through in order to reach the ears.  The external auditory meatus is also 
present within this area, but is composed only of soft tissue and has no connection with 
the tympanic membrane.  Airspaces, teal; cartilage, fuschia; fatty tissue, yellow; 
malleus, green; muscle, dark red; periotic, purple; salivary glands, dark blue; skin, gray; 
squamosal, pink; tympanic bone, light blue; tympanic membrane, orange.  
 
 
 
 

An important question regarding sound transmission through the manatee’s head 
pertains to the presence or absence of an acoustic waveguide.  Norris’ hypothesis, that 
sound energy enters the mandible of an odontocete and is transmitted to the ear via the 
blubber filling the hollow bone, is widely accepted.  Sound propagates efficiently along 
the blubber because the bone provides bounding, reflective surfaces that guide the 
wave back toward the ear.  Although the manatee does not have a hollow mandible 
filled with blubber, it does have a layer of fatty tissue bounded on one side by muscle 
and the other side by bone and that is also in direct contact with the tympanic 
membrane.  Thus, the question becomes, do these two bounding materials provide 
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enough reflection, for a sound wave traveling through the fatty tissue, to perform the 
function of a waveguide?  

The answer may be provided, in part, by the critical angle calculations.  Bone is a 
relatively efficient reflector of sound energy.  A sound wave traveling through the inner 
fatty tissue layer will be reflected away from the squamosal at angles less than 58.3° 
(relative to the tissue interface).  At the fatty tissue-muscle interface sound energy will 
be completely reflected at angles less than 24.3°.  Given that the critical angle of the 
saltwater-skin interface is 21.2°, the two bounding surfaces (muscle and bone) may 
behave as perfect reflectors at angles between 21.3° and 24.2°, guiding sound wave 
energy back to the ear.    
 A more realistic model for a potential waveguide in the manatee’s head may be 
one of an isospeed channel (Kinsler et al., 2000).  For this analysis the fatty tissue layer 
is assumed to have a constant velocity (co = 1489 m/s) and the thickness of the layer is 
also assumed to be constant (H = 0.021 m).  The fatty tissue is contained by a pressure 
release surface at z = 0 (i.e., the muscle interface) and a rigid boundary at z = H (i.e., the 
bone interface).  The propagation constant or wave number (kzn) for the fatty tissue layer 
is given by 

 

H

n
k zn

π)5.0( −
=  

 
where n is the wave index (1,2,3…) and H is the thickness of the fatty tissue.  For 
values of kzn exceeding ω/co (where ω is the angular frequency and equals 2π · 
frequency, Hz) waves will not propagate efficiently and will decay exponentially with 
range (Kinsler et al., 2000).   Frequencies within the manatee’s recorded audiogram and 
ABR data (400–45,000 Hz) were used to compute ω/co and resulting values were 
compared with those of kzn (Tables 15, 16).  When the wave index n = 1, the fatty tissue 
layer situated between muscle and bone may act as a waveguide for frequencies ≥ 
18,000 Hz.  At wave indices n > 1, all resulting kzn values exceed ω/co, and therefore an 
efficient waveguide will not exist.    
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Table 15:  Ratio of angular frequency (ω) to constant velocity (co) in the fatty tissue 
layer used to determine the layer’s waveguide potential.    

f (Hz) ω  = 2πf ω /co 

400 2513.3 1.7

500 3141.6 2.1

1000 6283.2 4.2

10000 62831.9 42.2

12000 75398.2 50.6

14000 87964.6 59.1

15000 94247.8 63.3

16000 100531.0 67.5

18000 113097.3 76.0

20000 125663.7 84.4

25000 157079.6 105.5

30000 188495.6 126.6

35000 219911.5 147.7

40000 251327.4 168.8

45000 282743.3 189.9  
 
 
 
 

Table 16:  Propagation constant (kzn) used to determine the fatty layer’s waveguide 
potential.  Values of kzn > ω/co  (Table 15) indicate waveguide absence. 

n k zn  = (n - 0.5)π/H

1 74.8

2 224.4

3 374.0

4 523.6

5 673.2  
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DISCUSSION 
 
 
 
 

Anatomical Measurements and Tympanic Membrane Histology 
 
 

In a previous study of the manatee’s auditory anatomy, Ketten and her 
colleagues (1992) collected anatomical measurements from seven (one juvenile and six 
adult) Florida manatees.  Equivalent measurements taken in this study were larger in 
comparison.  The most significant difference between the two studies is seen in the 
surface area of the tympanic membrane.  The previous study determined the area by 
two methods; calculation of a simple two-dimensional ellipse and three-dimensional 
reconstruction from CT data.  They found averages of 150 mm2 and 270 mm2 
respectively.  In this study, calculation of a simple two-dimensional ellipse using 
measurements of the tympanic annulus determined that the average surface area was 
378.6 ± 49.5 mm2.  Measurements taken from the “fibrous” layer of the tympanic 
membrane resulted in an average surface area of 564.8 ± 50.9 mm2.  Both 
measurements underestimate the total surface area of the manatee’s tympanic 
membrane.  Although the second measurement took into account the lateral convexity 
of the membrane, it did not include the dorsal-most portion (par flaccida) of the 
membrane.  Three dimensional reconstructions from CT scans of the isolated 
tympanoperiotic complexes resulted in a total surface area calculation of 597.9 ± 17.9 
mm2.  

The histological analysis of the manatee’s tympanic membrane confirms that its 
structure is similar to that of terrestrial mammals in that there are distinct pars 
tensa/pars flaccida regions (Lim, 1968a; 1968b; Chole and Kodama, 1989).  The size of 
the manatee’s pars tensa is approximately 90% to 95% of the total membrane area 
(538.1–568.0 mm2) and falls between values calculated for Asian and African elephants 
(454 mm2 and 855 mm2, respectively) (Nummela, 1995).  Considering only anatomy 
and excluding environment, the size of the manatee’s middle ear suggests that their 
ears, like the elephants’, should be tuned to low frequencies.  The ideal transformer 
hypothesis predicts that a correlation exists between best threshold of hearing and the 
ratio of the middle ear areas (ATympanic membrane/AFootplate).  An increase in the area ratio 
should increase the signal to noise ratio, and as the area of the tympanic membrane 
increases its resonant frequency should decrease.  The Asian elephant’s frequency of 
best hearing is 1000 Hz (Heffner and Heffner, 1980).  The Asian elephant’s tympanic 
membrane (pars tensa) area is 454 mm2 and the corresponding area ratio is 33.4.  In 
the two isolated manatee ear bones, the pars tensa area is approximately 553 mm2, 
and the area ratio ranges from 14.1 to 14.9.  The manatee’s audiogram and ABR data 
(Bullock et al., 1982; Gerstein et al., 1999) are shifted toward higher frequencies than 
would be expected from the size of their middle ear. 
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Nummela (1995) determined that an isometric relationship exists in the middle 
ears of most of the 44 mammalian species (from bats to elephants) she analyzed, in 
which certain proportions within the middle ear remain constant with an increase in size 
of the animal.  The amount of energy collected by the tympanic membrane increases 
with its area, and the ossicular chain has to withstand the forces produced by the 
tympanic membrane vibrations.  Nummela (1995) found that in most mammals, the 
cross-sectional area of the ossicular chain is proportional to the area of the tympanic 
membrane (area proportion), (M+I)2/3/A1, where (M+I) is the combined mass of the 
malleus and incus (mass2/3 is related to cross-sectional area in isometric structures with 
constant density) and A1 is the area of the pars tensa.  For example, the Asian 
elephant, with an ossicular mass of 620 mg, exhibits an area proportion of 0.1, which is 
similar to that of smaller mammals (e.g., bat, shrew, wolf, and lion).  Exceptions were 
found in the ears of the true seals, where the ossicular chain was “over-massive” in 
relation to the area of the tympanic membrane (Nummela, 1995).  An analysis of the 
manatee’s middle ear reveals a similar deviation as is observed in the seals, where the 
proportion of ossicular cross-sectional area to tympanic membrane area is 0.4. 

When discussing hearing capabilities and auditory anatomy it is important to take 
into account the underwater environment in which manatees live.  Sound speeds and 
therefore wavelengths (λ = c/f) are greater under water than in air.  For instance, a 16 
kHz signal (i.e., the frequency of lowest threshold for captive manatees, Stormy and 
Dundee; Gerstein et al., 1999) has a wavelength of approximately 22 mm in air, and 
approximately 94 mm in water.  A large tympanic membrane is necessary to 
accommodate a longer wavelength.  An increase in area, though, results in a decrease 
in the stiffness of the system, reducing the sensitivity to high frequency signals.  The 
manatee may have overcome such an issue by increasing the thickness, and therefore 
the stiffness, of the tympanic membrane. 

Studies of cats and humans demonstrate that the vibratory characteristics of the 
tympanic membrane become increasingly complex with an increase in frequency 
(Kirikae, 1960; Khanna and Tonndorf, 1972; Decraemer et al., 1989; Whittemore, 2004).  
At low frequencies, in which the wavelength is long in comparison with the size of the 
tympanic membrane (longest diameter), the entire membrane moves with the same 
phase.  Fay et al. (1999) suggests that the pressure on the tympanic membrane will 
become significantly non-uniform at the frequency whose quarter wavelength is the 
same size as the longest diameter of the membrane.  The longest diameter of the 
manatee’s tympanic membrane is approximately 28 mm.  If the prediction of Fay et al. 
(1999) holds, then it would be expected that the membrane’s vibratory characteristics 
would become complex at approximately 13 kHz.  The longest diameter of the human 
tympanic membrane is approximately 9 mm (Kirikae, 1960), and the predicted 
frequency at which the mode of vibration will become complex is 10 kHz.  Experimental 
measurements demonstrate that the human tympanic membrane breaks up into smaller 
vibrating portions that vibrate with different phases at frequencies greater than 1 kHz 
(Merchant et al, 1997).  It is clear that the tympanic membrane’s patterns of vibration 
cannot be predicted by anatomical measurements alone.  Direct measurements using 
laser Doppler vibrometry are recommended for the manatee’s tympanic membrane.      

It should be noted that Rosowski and Graybeal (1991) point out that supporting 
evidence of the ideal transformer hypothesis is lacking and Rosowski (1992) suggests 



 53 
 

that the limits, but not the shape, of the audiogram can be predicted by the dimensions 
of the middle ear.  More recent evidence suggests that it is the inner ear, not the outer 
and middle ears that limits the bandwidth of hearing (Ruggero and Temchin, 2002).  
Unfortunately, no data were obtained in this study regarding the tonotopic organization 
of the manatee’s cochlea.      
 
 
 
     

Inertial Bone Conduction Model 
 
 

 The inertial bone conduction model is only a first order approximation of the 
mechanics of the manatee’s middle ear.  The actual behavior of the ossicular chain and 
the other elements of the middle ear cannot be demonstrated precisely by anatomical 
measurements alone.  Data on the compliance and resistance of the manatee’s middle 
ear could not be obtained in this study.  Therefore, the results should be viewed only as 
a first order approximation.   
 The anatomy of the ossicular chain is variable among mammals, not only in size, 
but in configuration.  The manatee’s middle ear has been described by Fleischer (1978) 
as a modified transitional type.  He suggested that, although each end of the rotational 
axis is ankylosed, the basic mechanics of the ossicular chain is similar to the freely 
mobile type.  The increase in mass of the ossicular chain and the movement of the 
center of mass away from the rotational axis is expected to enhance bone conduction at 
low frequencies (Mason, 2004).   

In certain groups of golden moles, the mallei are hypertrophied with centers of 
mass distant from the rotational axis (Mason, 2001).  Behavioral data suggests that 
golden moles from the Family Chrysochloridae may be sensitive to seismic vibrations 
(Narins et al., 1997).  The combination of these data led Mason (2003) to investigate 
inertial bone conduction, which is thought to operate at frequencies below 1 kHz.           
 Stimulation of the inner ear by inertial bone conduction is expected when stapes 
displacement amplitudes relative to those of the head are greater than 0 dB.  The model 
predicts that the peak amplitude of stapes displacement will occur at 220 Hz in the 
Cape golden mole (Mason, 2003).  Recent experiments on the Cape golden mole 
demonstrate that the resonant frequency of the ossicular chain varies among individuals 
(71–200 Hz) (Willi et al., 2006).  Below resonance the ossicular chain is expected to 
move in phase with the skull, while above resonance the ossicular chain will vibrate with 
a higher velocity than the skull.  Willi and his colleagues (2006) attribute the individual 
variation to the habitat from which the animals were collected.  The characteristics of 
the substrate will have an effect on the frequencies of seismic waves that propagate 
most efficiently.  The model (Mason, 2003) does not account for the observed variation 
and significantly underestimates the relative stapes vibration amplitude (< 0 dB) at all 
frequencies below 200 Hz.   

The results of the model predict that the manatee’s ossicular response to inertial 
bone conduction will be significant at frequencies greater than 125 Hz.  The peak 
amplitude for the manatee is 8.4 dB at 200 Hz.  Audiogram data demonstrate that, for at 
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least two manatees, the lowest audible frequency is approximately 400 Hz (Gerstein et 
al., 1999).  At this frequency, the predicted response amplitude of the stapes is 5.0 dB, 
approximately 12 dB higher than the Cape golden mole.  

The values used for the resistance (R) and compliance (C) terms may have been 
inaccurate because they were derived from estimates for humans and golden moles.  
Hemilä and his colleagues (1999) used a value of 150 kPa s/m as an estimate of the 
characteristic acoustic impedance (Z) for the cetacean inner ear.  The value was based 
on an average from estimates of Z, calculated for a variety of mammals, in a previous 
study (Hemilä et al., 1995).  Using 150 kPa s/m to calculate resistance (R) results in a 
value of approximately 3.6 kg/s.  If this value is entered into the equation for inertial 
bone conduction (and no other values are changed), then the predicted value of relative 
stapes displacement amplitude is reduced significantly (Fig. 27).  At 200 Hz the relative 
displacement is 0.3 dB (vs. 8.4 dB when R = 1.36).  At 400 Hz it is 2.9 dB (vs. 5.0 dB 
when R = 1.36).  Although the values remain above 0 dB, the model does not predict a 
peak displacement and the increase in relative displacement amplitude is asymptotic. 

 
 
 
  

-120

-100

-80

-60

-40

-20

0

20

1 10 100 1000 10000

Frequency (Hz)

2
0

 l
o

g
 (
ξ 

/ 
x
) 

(d
B

)

Resistance = 1.36

Resistance = 3.60

 
Figure 27:  Relative manatee stapes displacement amplitude predicted by the inertial 
bone conduction model with a change (increase) in resistance (R) alone.  
 
 
 
 
 The compliance (the reciprocal of stiffness) of the manatee’s middle ear is 
already lower than that of either the human or the golden moles because of the 
additional mass of the ossicular chain.  Additional characteristics of the manatee’s 
middle ear may further reduce its compliance.  The malleus and incus are each 
ankylosed to the tympanic and periotic bones, respectively.  The ossicular chains in 
humans and golden moles are connected to the tympanic and periotic bones by 
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ligaments.  In addition, the manatee’s middle ear muscles are large, whereas the golden 
moles have no middle ear muscles.  The compliance of the middle ear cavity was not 
included in the original analysis, but may have an affect on the overall compliance of the 
middle ear.  The manatee’s middle ear cavity is voluminous, which may increase the 
overall compliance.  Adjusting only the compliance term and reducing it by a factor of 
ten has a significant effect on the predictions of the inertial bone conduction model (Fig. 
28).  The relative amplitude of stapes displacement does not increase over 0 dB at 
frequencies below 373 Hz.  The predicted peak displacement amplitude occurs at 600 
Hz (17.9 dB).  At 400 Hz, the predicted displacement amplitude is 2.1 dB.   
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Figure 28:  Relative manatee stapes displacement amplitude predicted by the inertial 
bone conduction model with a change (decrease) in compliance (C) alone. 

 
 
 
 
Increasing the resistance (R) and decreasing compliance (C) terms at the same 

time also shifts the predicted displacement amplitudes > 0 dB to higher frequencies 
(Fig. 29).  The model predicts that the stapes will not vibrate out of phase with the head 
at frequencies lower than 387 Hz.  The relative amplitude of stapes displacement is only 
0.1 dB at 387 Hz.  The predicted peak occurs at approximately 625 Hz (9.9 dB).  At 400 
Hz, the relative displacement amplitude is 1.0 dB. 
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Figure 29:  Relative manatee stapes displacement amplitude predicted by the inertial 
bone conduction model with a change in both resistance (R) (increase) and compliance 
(C) (decrease). 
 

 
 
 

The shallow water environment, in which the Florida manatee spends most of its 
life, will affect the characteristics of sound waves available to inhabitants.  A cutoff 
frequency (fc) exists below which sound will not propagate at all in the water column 
(Urick, 1983).  It is approximated by  
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where cw is the speed of sound in water (1500 m/s), cs is the speed of sound in the 
bottom (sediment), and h is the water depth.  Manatees typically inhabit water bodies 
between 2 m and 6 m of depth.  The cutoff frequencies for these depths (where the 
sound speed of the sediment is 1600 m/s) are 539 Hz and 180 Hz respectively.  The 
predicted displacement amplitudes of the stapes as a result of inertial bone conduction, 
with regard to frequency, are well-correlated with those sound waves that are available 
to the manatee.  While the manatee’s middle ear may be sensitive to frequencies as low 
a 180 Hz, the cochlea may not be designed to analyze them.  Experimental evidence in 
guinea pigs and pigeons suggests that the vestibular system may play a role in hearing 
(Bleeker et al., 1980; Wit et al., 1981; 1985), and should be explored further in the 
manatee. 
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Sound Transmission  
   
 

In order to simplify the analysis of sound transmission through the manatee’s 
head, tissues were modeled as fluids and the tissue interfaces were considered planar 
surfaces.  Calculations of reflection and transmission at tissue interfaces demonstrated 
that sound waves, independent of frequency, will pass through the soft tissues with little 
change in pressure amplitude.  Total reflection will occur only at small angles (relative to 
the tissue boundaries).  In reality, though, complete reflection of sound waves may not 
occur because the manatee’s head is not planar; it is irregularly rounded.  

The 3D reconstruction of the head of WLM0501 suggests that sound waves will 
experience the least amount of reflection from the skull at angles between 45° and 90° 
(from the mid-saggital plane).  At angles between 43° and 73° (from the horizontal) the 
same sound waves will pass through only the skin, into the fatty tissue, and may reach 
the tympanic membrane directly.  This region corresponds to Bullock and his 
colleagues’ (1982) findings of slightly higher sensitivity.  The region is also where the 
vestigial external auditory meatus exists; though, the meatus’ lack of structure and 
disconnect from the tympanic membrane make it an unlikely channel for sound.    

Temperature gradients within the soft tissues may play a role in sound 
transmission through the head.  Fitzgerald (1999) performed postmortem experiments 
on the melon of a dolphin and found an inverse relationship between sound speed and 
temperature.  Houser and her colleagues (2004) suggested that changes in blood flow 
could regulate the temperature of the melon and jaw fat bodies in the dolphin thereby 
affecting their densities and the speed at which sound passes through those tissues.  A 
similar mechanism may exist in the manatee’s head, which has elaborate networks of 
blood vessels (S.A. Rommel, pers. comm.).   

The attenuation of sound waves in manatee tissues was not determined in this 
study.  Goss et al. (1980), Duck (1990), and Mast (2000) reported attenuation values 
(@ 1 MHz) for various mammalian tissues in dB/cm.  Attenuation values for fresh 
human and pig subcutaneous fat range from 0.48–1.8 dB/cm.  Values measured for 
fresh human, dog, and cow skeletal muscle range from 0.74–4.0 dB/cm.  Bone 
(trabecular to tooth enamel) in humans, dogs, and cattle exhibits attenuation values 
from 1.9 dB/cm to 120 dB/cm.  Mast (2000) found only a “marginally significant” 
correlation between attenuation and mass density.  Based on the reported attenuation 
values for other mammals, signals at biologically valuable frequencies are expected to 
attenuate little as they pass through a manatee’s soft tissues.  

The airspaces of the manatee’s middle ear and hypotympanic recess may play a 
direct role in hearing.  Certain aquatic or amphibious species, such as some teleost 
fishes and Anurans, utilize underwater pressure transduction in order to hear 
(Hetherington and Lombard, 1982; Popper and Lu, 2000).  A variety of fish species 
have swim bladders, filled with gas, that are coupled to their ears.  Vibrations of the 
bladder move the bones (otoliths) of the auditory apparatus and stimulate the hair cells, 
which send electric impulses to the brain (Popper and Lu, 2000).  Hetherington and 
Lombard (1982) demonstrated that the middle ears of three Anuran amphibians are 
sensitive to underwater sound pressure stimulation related to the middle ear cavity.  
They hypothesized that at the resonant frequency of the middle ear cavity stimulation 



 58 
 

would occur from the vibration of the entire otic capsule.  At frequencies significantly 
different from resonance, pulsations of the airspaces would cause the tympanic 
membrane to move from the inside and stimulate the stapes to vibrate (Hetherington 
and Lombard, 1982).  Kastak and Schusterman (1998) suggested that pinnipeds may 
also utilize sound pressure fluctuations of the middle ear cavity to stimulate the inner 
ear. 

The airspaces may have a completely different role in manatee hearing.  Air 
spaces within soft tissue are efficient reflectors of acoustic energy (Aroyan, 1996).  The 
presence of the hypotympanic recess may aid in sound localization in the manatee.  
Each ear has this large (3.1 · 104 mm3) airspace surrounding the cochlear capsule 
ventrally.  The two hypotympanic recesses do not connect and thereby may help to 
isolate the ears from one another.   

The transmission of sound from a fluid to a solid or between solids is much more 
complex than transmission between fluids.  A sound wave obliquely incident on the 
surface of a solid may be refracted (1) in such a way that it propagates effectively only 
perpendicular to the surface, (2) similarly to plane waves entering a second fluid, or (3) 
into two waves, a longitudinal (compressional) wave in which the particle displacement 
is parallel to the direction of the incident wave and a transverse (shear) wave traveling 
at a lower speed in which the particle displacement is perpendicular to the direction of 
the incident wave (Kinsler et al., 2000).  The elastic and absorptive properties of the 
solid have a significant effect on sound transmission.  Values for the bulk moduli (i.e., 
incompressibility) and shear moduli (i.e., rigidity) of manatee tissues were not obtained 
in this study, therefore accurate calculations on sound wave behavior are beyond its 
scope.  But, it is worthwhile to discuss, theoretically, how sound waves may interact with 
the skull bones, particularly the squamosal, which is in direct contact with the ear bones 
(Fig. 30). 

The zygomatic process of the squamosal bone was described by Ketten and her 
colleagues (1992) as having a “convoluted cartilaginous labyrinth…filled with blood 
vessels and lipids.”  This construction is unique to the zygomatic process and is the 
contributing factor to the bone’s significantly lower density.  Most of the manatee’s 
bones are pachyostotic and osteosclerotic (Fawcett, 1942; Caldwell and Caldwell, 1985; 
Domning and de Buffrénil, 1991), which suggests that the zygomatic process may have 
a unique function.  As mentioned previously, the behavior of sound waves in elastic 
solids is complex.  In addition to longitudinal and transverse waves, elastic solids may 
support Rayleigh waves.  The particles in a solid, through which a Rayleigh surface 
wave passes, move in elliptical paths with the major axis of the ellipse moving 
perpendicular to the surface of the solid.  Surface waves do not exist when a boundary 
is rigid (Brekhovskikh and Godin, 1990) and may therefore be enhanced by the 
presence of lipids in the zygomatic process.  The orientation of the tympanic membrane 
and its contact with the squamosal (Fig. 30) suggest that the propagation of surface 
waves along the zygomatic may excite the tympanic membrane and tympanic bone 
directly.   

 
 
 
 



 59 
 

 
Figure 30:  Squamosal bone’s association with tympanic membrane and ear bones.  
The squamosal bone’s (sq, pink) close association with the ear bones and tympanic 
membrane (tm, orange) may permit surface waves traveling along the zygomatic 
process to excite the membrane, sending acoustic vibrations through the ossicular 
chain to the inner ear.  A.  Rostroventral view.  B.  Dorsal view.  C.  Caudal view.  D.  
Ventral view.  Periotic bone (pb, purple); round window, rw; stapes (s, light red); 
tympanic bone (tb, light blue).   
 
 
 
 
 Fleischer (1978) suggests that sonic stimulation will cause the tympanic bone to 
“vibrate like a tuning fork, relative to the heavy mass of the periotic.”  As mentioned 
previously, the periotic bone comprises 57% of the tympanoperiotic average mass 
(Table 2).  The tympanic and periotic bones are attached to one another at two 
ossification points (Fleischer, 1978; Fischer, 1988; Ketten et al., 1992; Chapla and 
Rommel, 2003) (Movie 1), which may act as a “hinge” (Fleischer, 1978).  The tympanic 
bone is inflated ventrally, and its center of mass is distant from the “hinge”.  Hemilä et 
al. (1999) suggest that the structure and shape of the cetacean’s tympanic bone will 
cause its dorsal-most (thinnest) portion to vibrate with greater amplitude than its ventral 
(thicker, denser) portion when stimulated by high frequencies.  The cetacean’s bony 
connection (processus gracilis) between the tympanic bone and malleus stiffens the 
ossicular chain, enhancing the transmission of higher frequency sound waves.  A similar 



 60 
 

mechanism may exist in the manatee’s middle ear in which the tympanic bone and 
malleus are ankylosed. 
 Additional pathways of sound transmission in the manatee should be considered, 
including the vertebral column and respiratory system.  Research on snakes and turtles 
has demonstrated that the lungs and skeletal system deliver vibratory stimulation to the 
ears (Hartline, 1971; Lenhardt, 1982; Lenhardt et al., 1983).  The manatee is similar to 
the snake in that its lungs lie in a horizontal plane along most of the length of its body.  
An interesting characteristic in the manatee is that its lungs are separated into two 
pleural cavities that are covered by separate diaphragms (hemidiaphragms) (Rommel 
and Reynolds, 2000).  The cranial-most fibers of the hemidiaphragms are attached to 
the first three ribs (Rommel and Reynolds, 2000).  The hemidiaphragms extend from 
the level of the sixth cervical vertebra (to which the first rib attaches) back to the twenty-
sixth vertebra, which equates to 40% of the total body length (Rommel and Reynolds, 
2000).  Recent auditory brainstem response experiments demonstrated an unusually 
strong response to sound stimulation of the first rib (D. Mann, pers. comm.).  Stimulation 
of the hemidiaphragms may transmit sound waves through the ribs and spinal column to 
the skull and ear bones.  The separation of the hemidiaphragms may enhance 
directional perception.   
 In conclusion, an analysis of the anatomical structure of the manatee’s head 
based on CT data provides insight regarding the transmission of sound through the 
head.  The model of inertial bone conduction based on measurements of the auditory 
anatomy provides a first order approximation of the middle ear mechanism.  In order to 
enhance the investigation of manatee hearing, future research should include a 
computer simulation of sound transmission through the head and body using the CT 
and 3D reconstruction data, and direct measurements of ear bone vibratory stimulation. 
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