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The WAMSI Westport Marine Science Program is a $13.5 million body of research that is 
designed to fill knowledge gaps relating to the Cockburn Sound region. It was developed with 
the objectives of improving the capacity to avoid, mitigate and offset environmental impacts 
of the proposed Westport container port development and increase the WA Government’s 
ability to manage other pressures acting on Cockburn Sound into the future. Funding for the 
program has been provided by Westport (through the Department of Transport) and the 
science projects are being delivered by the Western Australian Marine Science Institution.  
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Executive Summary 
In the absence of noise exposure guidelines to inform marine environmental impact assessment 
(EIA), the first step in understanding the potential impacts and in designing noise reduction and 
mitigation methods is understanding whether the animals are sensitive to the noise sources from 
marine construction and operations. Knowledge of these animals’ hearing sensitivity (e.g., what 
these animals can hear, how well they can hear, etc.) is important to understanding how these 
animals, many of which are endangered, may be affected by anthropogenic noise. An audiogram 
(i.e., curve of hearing sensitivity as a function of acoustic frequency) is the fundamental information 
for understanding hearing and for assessing noise impacts. However, this information is still unknown 
for the Australian sea lion, the main marine mammal species occurring in the Cockburn Sound region. 
This is due to the fact that Australian sea lions are not found in laboratories and rarely in aquaria and 
thus are inaccessible for training for live, behavioural experiments. Therefore, we still do not know 
what they can hear and how well they can hear, making it difficult to assess potential noise impacts 
and to design mitigation methods for this endangered species. 

To fill this gap, our research collected a deceased Australian sea lion for computed tomography scans. 
The complex head structures, particularly the hearing structures (ear canals, inner ears, middle ears, 
tympanic bone) were reconstructed in detail based on high-resolution imaging data, and 3D digital 
models were built to simulate the processes of how the animal hear sounds in air and under water. 

To study the sound reception mechanisms, the received sound pressure and displacement fields of 
the hearing-related structures were computed. The synergistic response of ear components to 
incident in-air and underwater sounds at selected frequencies was also calculated. Additionally, our 
models calculated two frequency-dependent transfer functions (in air and under water) between the 
magnitude of the velocity at the stapes footplate and the amplitude of input sound pressure. The 
transfer functions were used to predict the in-air and underwater audiograms for the Australian sea 
lion. 

In general, our predicted in-air and underwater audiograms showed good agreement with those of 
California sea lions in both the form and range of hearing sensitivity. However, audiogram curves 
slightly vary among individuals (e.g., with sex, age, and health) and among species (e.g., the general 
shape of the Steller sea lion aerial audiogram was similar to those of California sea lions and the 
Australian sea lion, but the hearing thresholds were higher across the entire frequency range). This is 
likely related to the morphology differences, such as the different head sizes, the anatomy 
differences of the head, etc. Therefore, collecting more Australian sea lion specimens for modelling is 
an important future work to capture variability in audiograms. Moreover, two caveats must be 
pointed out. First, due to safety and health concerns, the tissue properties of the specimen were not 
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measured in this research. Second, due to the limited computing power of our current computer, the 
in-air model only predicted the in-air audiogram from 100 Hz to 20 kHz and the underwater model 
only predicted the underwater audiogram from 100 Hz to 40 kHz. Performing tissue property 
measurement and upgrading the computer for wider frequency range modelling would be the logical 
follow-on to this research. 

In summary, our research developed a promising method to derive the first in-air and underwater 
audiograms of the endangered Australian sea lion, males of which seasonally reside on islands in the 
Cockburn Sound area. The results suggest that the guidance for California sea lions from the previous 
study (Southall et al., 2019) can be applied as a reference in the EIA and management plans, for 
instance, distances for management (exclusion and observation) zones. The results provide a 
valuable indication of what frequency of sounds these animals can hear and how well they can hear. 
The outputs from this study can assist efforts in understanding the potential impacts, designing noise 
reduction methods, and devising mitigation plans for Australian sea lions. 
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2 Introduction 

The Australian sea lion (ASL; Neophoca cinerea) is the only sea lion species endemic to Australia 
(occurring in South and Western Australia). The species is recognized as one of the world’s most 
endangered pinnipeds (seals, sea lions, and walruses). The high level of past hunting coupled with 
high natal site fidelity (i.e., females needing to return to the same site, so limited movement across 
islands) has resulted in this species’ small and genetically fragmented populations (Campbell et al., 
2008). The number of ASLs has fallen by over 60% in four decades. The species is globally classified as 
“endangered” (IUCN Red List) (Goldsworthy, 2015). In 2021, the species was re-assessed and listed as 
“endangered” in Australia under the Environment Protection and Biodiversity Conservation Act 
(EPBC Act 1999) and Biodiversity Conservation Act 2016. 

ASLs breed on offshore islands where pups congregate around rock or vegetation shelter while the 
mothers hunt and feed in offshore feeding grounds (Gales et al., 1994). Their breeding cycle (17-18 
months) is unusual compared to that of other species within the pinniped family (12 months). 
Additionally, the strong site fidelity to their natal island along with asynchronous breeding between 
islands make each of the pupping grounds and their associated feeding grounds critical habitat (Gales 
et al., 1992). According to the Recovery Plan from the Department of Climate Change, Energy, the 
Environment and Water (DCCEEW), 58 breeding sites are considered habitat critical to the survival of 
the species. 

ASLs and their habitats are under threat (DCCEEW, 2013). Since the industrialization of the oceans, 
steadily increasing marine noise has become a worldwide issue. The volume and spatial extent of 
marine noise pollution have become one of the significant threats to marine animals. For example, 
previous studies have shown that seals are known to display strong avoidance behaviour (swimming 
rapidly away from the source) and cessation of feeding in response to seismic surveys (Thompson et 
al., 1998). Similar avoidance responses were documented during trials with grey seals: They changed 
from making foraging dives and moving away from the source, and some seals hauled out, possibly 
to avoid the noise (Aarts et al., 2018). Therefore, the Australian Government (DCCEEW) 
acknowledges that pinnipeds, including ASLs, are likely to be susceptible to noise levels or increased 
noise pollution from various noise sources, such as seismic surveys, construction activities, shipping, 
etc. (Gordon et al., 2003). Unfortunately, the lack of important information regarding ASL sound 
reception mechanisms and their hearing sensitivity to various acoustic frequencies impedes the 
assessment of the impacts of anthropogenic noise on these animals (Southall et al., 2019). 

An audiogram (curve of hearing sensitivity) is the auditory hearing threshold as a function of 
frequency, which is important information for assessing the potential noise impact on the animals 
and develop appropriate management or mitigation measures. Most of our knowledge of sea lion 
hearing sensitivity and hearing impairment stems from California sea lions (Zalophus californianus) in 
the USA. This species is the best-studied species among the Otariidae in terms of hearing in air and 
under water. Both in-air and underwater audiograms of this species have been tested on individuals 
of various ages and sexes using behavioural methods since the 1970s (Schusterman et al., 1972; 
Schusterman, 1974; Moore and Schusterman, 1987; Kastak and Schusterman, 1998; Mulsow et al., 
2011; 2012; Reichmuth and Southall, 2012; Reichmuth et al., 2013; Reichmuth et al., 2017; Kastelein 
et al., 2023). The hearing sensitivity in the Steller sea lion (Eumetopias jubatus) has also been studied 
using psychophysical and electrophysiological methods (Kastelein et al., 2005; Mulsow and 
Reichmuth, 2010; Mulsow et al., 2012). However, neither the auditory capabilities nor auditory 
thresholds have been studied to-date for ASL. 

The conventional methods for estimating audiograms can be classified into three categories: (A) 
predict audiogram based on the characteristics of the vocalizations (i.e., what animals can hear 
matches what they can generate) (Clark, 1990; Matthews et al., 1999); (B) predict audiogram based 
on ear anatomy and compare to the functional morphology of ears in well-known closely related 
species (Ketten, 1994; 1997; 2000); and (C) measure audiogram through practical methods, such as 
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behavioural response experiments and electrophysiological testing (e.g., auditory brainstem 
response; ABR) (Larsen et al., 2020). For category A, recent work has documented the characteristics 
of the vocalization (barking calls) of ASLs (Gwilliam et al., 2008; Ahonen et al., 2014). It is generally 
expected that most animals hear well around the peak frequencies of their vocal sounds. However, 
peak spectra are often close but not coincident with best hearing sensitivities (Tubelli et al., 2018). 
Moreover, animal vocalizations typically do not cover the entire hearing range. For instance, the 
hearing sensitivity of the common bottlenose dolphin (Tursiops truncatus) is approximately 100 Hz to 
160 kHz, while their communication sounds (e.g., whistles) are typically only in the range 1–24 kHz 
and echolocation clicks 30–120 kHz (Au, 1993). Therefore, using vocalization characteristics can only 
provide a very rough estimation of the animals’ hearing capabilities. Category B can only predict the 
hearing capabilities if audiograms from anatomically and ecologically similar or related species exist. 
Both categories A and B are unable to provide enough information about the hearing thresholds. 
Category C is also not reliable or practical to extract audiograms for ASL, because this species is on 
the endangered species list, thus the species is not found in laboratories and rarely in aquaria and 
thus inaccessible for training for live, behavioural experiments. 

To overcome the challenges, here we developed sound reception finite-element (FE) models based 
on high-resolution computed tomography (CT) imaging. The imaging-based FE modelling techniques 
allow us to predict audiograms and study sound reception mechanisms in ASL. The techniques have 
been used to study the middle ears of multiple species of terrestrial mammals (Koike et al., 2002; 
Gan et al., 2004; Homma et al., 2009; 2010; Wang and Gan; 2016; De Greef et al., 2017; Tubelli et al., 
2012; 2018). They also have been used to study sound reception and noise impact on multiple 
marine species, such as fish (Wei et al., 2022), baleen whales (Tubelli et al., 2012; 2018; Cranford and 
Krysl, 2015), and toothed whales (Aroyan, 2001). The techniques have the advantage of studying the 
complex acoustic processes when sounds interact with animal biological structures, becoming a 
useful tool when traditional experimental methods are not available. Based on the audiograms (in air 
and under water), we would be able to assess potential acoustic impacts on ASL and make relevant 
plans for mitigating the negative effects of anthropogenic noise on this endangered species, which 
are critical for conservation efforts. 

 

3 Materials and Methods 

3.1 Specimen and CT Scan 

3.1.1 Specimen 

On 07 July 2022, the Department of Biodiversity, Conservation and Attractions (DBCA) informed us of 
an ASL that had died in the afternoon at Carnac Island. According to the DBCA marine rangers, the 
animal was alive in the morning around 9 am but it was found dead around 2 pm, therefore it was a 
fresh specimen. We collected the fresh specimen on 08 July 2022. The specimen was a male adult, it 
died due to a boat strike. A deep wound on the body punctured into the body cavity, which was most 
likely fatal; the head of the specimen was intact, as shown in Figure 1A. We removed the head and 
sent it to the Animalius veterinary hospital in Bayswater, Western Australia for medical CT scanning 
in the late afternoon of the same day. 
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Figure 1. (A) A fresh dead ASL on Carnac Island. (B) Medical CT scan of the head of the ASL. 

 

3.1.2 Medical CT Scan and Data Analysis 

An accurate finite element hearing model requires high-accuracy inputs of geometric information 
and material properties. Medical CT scanning is a non-destructive technology that provides high-
resolution 3D geometry information. It allows us to study the anatomy of the interior structures of 
animal specimens without having to cut the samples. 

The specimen was scanned using a Siemens SOMATOM go. Up high-resolution scanner. The head 
was put on the scanner, as shown in Figure 1B. Images were acquired in the transaxial plane (i.e., at 
right angles to the long axis of the body) and helically by rotating an X-ray source of 130 kV at 300 
mA. A total of 396 transverse slices of 0.8 mm thickness were collected, with a matrix size of 512 × 
512. All the images were saved as DICOM files, which were later imported into the software Horos™ 
(Horos Project, Geneva, Switzerland) for CT data analysis and geometrical model reconstruction. The 
head was slightly deformed when it was scanned in the prone position due to gravity (see Figure 2A). 
Therefore, the 3D multiplanar reformation was performed to adjust the positions of the head in 3 
views so the geometry would more closely represent that of an alive ASL. In the CT data analysis, the 
DICOM image stack of structures of interest was segmented, such as the soft tissues, skull, and ear 
apparatus (e.g., ear canals, inner ears, tympanic bone, etc.), as shown in Figures 2A-C. 3D 
reconstruction of the head was then conducted, with a length of ~330 mm, a height of ~215 mm, and 
a width of ~250 mm, as shown in Figure 2D. The Hounsfield Unit (HU) values of each structure in the 
animal’s head were also derived. Each structure was exported as a stereolithography (STL) file after 
optimization and modification (e.g., smoothing, removing overlapping and self-intersections, etc.). 
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Figure 2. CT scan of an ASL head. (A) Cross plane, (B) frontal plane, and (C) sagittal plane of the head. 
The grey level represents the different HU values. (D) 3D reconstruction of the head and ear 
structures. More details can be found in the supplementary files. Abbreviations used in figures: co, 
cochlea; pb, periotic bone; tp, tympanic bone; b, brain; tc, tympanic cavity; ie, inner ear; sk, skull; st, 
soft tissue. 
 

3.2 FE Modelling Techniques 

Here we developed detailed, anatomically accurate sound reception FE models based on high-
resolution CT data. The imaging-based FE modelling techniques allow us to predict audiograms and 
study sound reception mechanisms in ASL. Finite element analysis (FEA) is a numerical technique for 
finding approximate solutions to boundary-value problems for partial differential equations. The 
advantage of the FEA is the ability to deal with complex boundaries and to provide fine spatial 
information on the animal heads. The techniques have been used to study sound reception and 
hearing in several marine species, such as fish (Salas et al., 2019a, 2019b; Krysl et al., 2012; Wei et al., 
2022), baleen whales (Cranford and Krysl, 2015; Tubelli et al., 2012; 2018), and toothed whales 
(Aroyan, 2001).  

The STL files were imported into the COMSOL Multiphysics modelling software (Stockholm, Sweden) 
for FEA and corresponding data analysis. In this research we studied hearing in ASL in two scenarios: 
in-air (IA) hearing and underwater (UW) hearing. Therefore, two FE models were developed based on 
CT data: the IA model and the UW model. The models simulated the sound reception process from 
outside media (air or seawater) to the inner ear of an ASL. An air sphere and water sphere were set 
outside of the head for the IA and UW models, respectively, simulating an ASL receiving sound 
through air and seawater, as shown in Figure 3A. The diameter of the sphere was set as 400 mm. 
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A low-reflecting boundary condition (Bérenger, 1994) was applied to the sphere, simulating the 
sound transmitting in free space with minimum boundary reflections. 

An incident acoustic wave was set in front of the left ear with a given pressure amplitude; the 
magnitude of the input pressure is arbitrary since the model is linear. The stimulus was directed 
toward the head at the selected frequencies, as the red arrow shown in Figure 3A. The frequency 
was swept from 100 Hz to 20 kHz in steps of 250 Hz for the IA model, whereas the frequency was 
swept from 100 Hz to 40 kHz in steps of 200 Hz for the UW model. The sound wave travelled through 
the air or sea water surrounding the sea lion’s head and then interacted with the complex head 
structures to generate traction loads on the surface of the ears. 

 

Figure 3. ASL FE hearing model. (A) The setup of the model based on CT data. The red point 
represents the acoustic stimulus and the red arrow shows the direction of the incoming sound. (B) 
The meshing of the ASL’s head. (C) The meshing of the skull structure and ear structure. (D) The mesh 
of the inner ear (ie), tympanic cavity (tc), and the ear canal (ec). 
 

 

The COMSOL’s free mesher was used to generate a free tetrahedral mesh to map the entire model. 
The free mesh has built-in detection for small features and narrow regions in a geometry. It also has 
automatic element size adjustment to small features, narrow regions, and curved boundaries. It is 
widely accepted that the element size in element-based acoustic computations should be related to 
the wavelength. Often, the element size is measured in a certain (fixed) number of elements per 
wavelength. For the 3D acoustic modelling, the rule of thumb for meshing wave problems is to apply 
at least five to six second-order mesh elements per local wavelength to resolve waves, including 
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resolving elastic waves in the solid (Thompson and Pinsky, 1994; Ihlenburg, 2006). In this study, the 
maximum mesh size was set at least one-sixth of the wavelength at each frequency for each material 
(i.e., air, water, soft tissue, skull, etc.). To gain confidence in the accuracy of the model, a mesh 
refinement analysis/mesh convergence study was performed by re-solving the model on 
progressively finer meshes to find the optimal element size for the model. Based on the mesh 
refinement results, the size of the element for air was set between 1 and 2 mm, the size of the 
element for seawater was set between 5 and 7.5 mm, the size of the element for the soft tissues was 
set between 5 and 7.5 mm, the size of the element for the bony structures was set between 10 and 
17.5 mm, and the size of the element of the ear structures (i.e., ear canal, inner ear, stapes, etc.) was 
set between 1 and 2 mm. The meshing is shown in Figures 3B, C, and D. For the IA model, the 
geometry translated to a mesh consisting of 5.62 million tetrahedral elements, resulting in the 
number of degrees of freedom (DOF) solved of 8.73 million. For the UW model, the geometry 
translated to a mesh consisting of 1.93 million tetrahedral elements, resulting in the number of 
degrees of freedom solved of 3.82 million. The mesh quality is shown in Figure 4. 
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Figure 4. The mesh quality of the ASL models, including the full head (up) and skull (down). The color 
scale shows the quality of the mesh elements, from red (bad) to green (good). The mesh element 
quality is a dimensionless quantity between 0 and 1, where 1 represents a perfectly regular element, 
in the chosen quality measure, and 0 represents a degenerated element. 
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The finite-element Pressure Acoustics-Frequency Domain module coupled with Solid Mechanics and 
an Acoustic-Structure Boundary was applied for the models. When acoustic waves propagate within 
the liquid medium, the longitudinal waves can be written as: 

1
𝜌𝜌0𝑐𝑐𝑠𝑠2

𝜕𝜕2𝑝𝑝
𝜕𝜕𝑡𝑡2

+ ∇ ∙ �− 1
𝜌𝜌0
∇𝑝𝑝� = 0       (1) 

where 𝑝𝑝 is the sound pressure (Pa), 𝜌𝜌0  is the density (kg/m3), and 𝑐𝑐𝑠𝑠  is the speed of sound (m/s). 
The density 𝜌𝜌0 is included in the equation because of its variations in different computational 
domains within the model. For the harmonic solution of the pressure 𝑝𝑝(𝒙𝒙, 𝑡𝑡) = 𝑝𝑝(𝒙𝒙)𝑒𝑒𝑖𝑖𝑖𝑖𝑖𝑖, with the 
angular frequency 𝜔𝜔 (rad/s), Eq. 1 can be simplified as: 

 ∇ ∙ �− 1
𝜌𝜌0
∇𝑝𝑝� − 𝜔𝜔2𝑝𝑝

𝜌𝜌0𝑐𝑐𝑠𝑠2
= 0                                                               (2) 

while the acoustic waves interact with the solid medium, the multiphysics coupling provides and 
assigns the boundary conditions for the two-way acoustic structural coupling between the liquid 
(e.g., water and soft tissues) and the solid (e.g., skull). The fluid-solid boundary condition includes the 
following interaction between fluid and solid domains: 

𝑭𝑭 = −𝒏𝒏𝑠𝑠𝑝𝑝      (3) 
                                  −𝒏𝒏𝑎𝑎 ∙ (− 1

𝜌𝜌0
∇𝑝𝑝) = 𝑎𝑎𝑛𝑛                                         (4) 

𝑎𝑎𝑛𝑛 = (𝒏𝒏𝑎𝑎 ∙ 𝒖𝒖)𝜔𝜔2                                                                          (5) 
where 𝑭𝑭 is the boundary load (force/unit area) on solid, 𝒏𝒏𝑠𝑠  is the outward-pointing unit normal 
vector seen from inside the solid, 𝑝𝑝 is the acoustic pressure, 𝒏𝒏𝑎𝑎 is the outward-pointing unit normal 
vector seen from inside the liquid, 𝜌𝜌0  is the density,  𝑎𝑎𝑛𝑛  is normal acceleration of the solid surface in 
the liquid domain boundary, and 𝒖𝒖 is the calculated harmonic displacement vector of the solid 
structure. 

 

3.3 Reconstruction of Material Properties 

According to the suggestion from the Curtin University Health & Safety Assessment team, conducting 
tissue properties measurement on the dead ASL potentially is of high risk because dead sea lions 
could carry diseases that can be transmitted to humans, such as tuberculosis. Therefore, in this 
study, we estimated physiologically relevant values for the tissue properties based on existing 
literature and knowledge of anatomical similarities. Previous studies have found linear relationships 
between the tissue acoustic properties (e.g., sound speed, density, and acoustic impedance) and HU 
values across different marine mammal species (Soldevilla et al., 2005; Wei et al., 2015). In the study 
of Wei et al. (2015), the HU-to-sound-speed and HU-to-density relationships were obtained based on 
the tissue measurement on a Yangtze finless porpoise (Neophocaena asiaeorientalis): 

 𝑐𝑐 = 1.1773 × 𝐻𝐻𝐻𝐻 + 1501.4      (6) 
 𝜌𝜌 = 0.0005 × 𝐻𝐻𝐻𝐻 + 1.0008      (7) 

Since the mammalian tissue properties are conserved at the same temperature (Duck, 1990), we 
exported all HU values of each structure in the head of the ASL from the CT data, then converted all 
HU values to sound speed and density values using Eqs. 6 and 7. The acoustic property data was used 
to create 3D acoustic impedance models for FE models. This method has been used to construct FE 
models for a harbour porpoise and a bottlenose dolphin, respectively (Wei et al., 2017; 2018a). The 
FE modelling results of the two species matched direct measurements from live, echolocating 
animals, proving the reliability of this method (Wei et al., 2017; 2018a). 

The values of material properties set for the models are shown in Table 1. The sound speed and 
density values can be derived by the HU values based on CT data. Young’s modulus, the ratio of 
stress to strain that describes the stiffness of a material, was set from 30×103 to 60×103 MPa (Currey, 
1979; Tubelli et al., 2012). Poisson’s ratio, a ratio of transverse strain to longitudinal strain for bone, 
was set as 0.3 for the bony structures; this is a common value used for bone (Tubelli et al., 2014).  
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Table 1. Material property values for the ASL models. 
Material Sound Speed (m/s) Density (kg/m3) Young’s modulus (MPa) Poisson’s ratio 
Sea water 
Bony structures 

1500 
3500–3800 

998 
2´103–2.3´103  

 
30´103–60´103 

 
0.3 

Soft tissues 
Inner ear 
Stapes 

1320–1533 
1466 
3500 

993–1400 
1200 
2.3´103 

 
 
35´103 

 
 
0.3 

 

3.4 Transfer Function 

The ear (i.e., external, middle, and inner ear) can be seen as a series of components. The synergistic 
response of these ear components to incoming acoustic signals can together determine the 
audiogram (Tubelli et al., 2012; 2018; Cranford and Krysl, 2015). When the incident acoustic wave 
impinges upon the sea lion’s head, it partially reflects off the skin and partially propagates further in 
the soft tissues (e.g., muscle). Some of the waves travel through the dense bony structures as elastic 
waves. The ears vibrate under the incident acoustic wave (𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖), resulting in the motion of the 
stapes within the oval window (the oval window is a connective tissue membrane located at the end 
of the middle ear and the beginning of the inner ear), which produces a velocity at the stapes 
footplate (𝑣𝑣𝑐𝑐𝑐𝑐), as shown in Figure 5. The motion in the ossicular chain causes the motion at the 
stapes footplate, which sits in the oval window of the cochlea. The motion of the stapes footplate 
pushing in and out of the oval window drives the fluid cochlea mechanically, causing the vibration on 
the inner ear. 

 

Figure 5. Schematic of the FE hearing model that extracts the cochlea input from the incident wave. 
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Based on this sound reception mechanism, an FE hearing model was performed using COMSOL 
Multiphysics (COMSOL Inc., Stockholm) to determine the frequency response of the hearing 
apparatus. The output of the model is a frequency-dependent transfer function (TF,  𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 to 𝑣𝑣𝑠𝑠𝑠𝑠) 
between the magnitude of the velocity at the stapes footplate (𝑣𝑣𝑠𝑠𝑠𝑠) and amplitude of input sound 
pressure (𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖), giving a TF with the units of nm/s/Pa. The modelling results were imported into 
OriginPro software (OriginLab, Northampton, MA, USA) for data analysis and plotting. 

 

3.5 Audiogram Curve 

The audiogram was predicted based on the TF results. The audiogram curve was calibrated with 
respect to the minimum audible pressure. This method has been used for other marine mammal 
species. For example, Cranford and Krysl (2015) assumed the hearing threshold of the fin whale to be 
similar to that measured for the bottlenose dolphin and killer whale (~70 dB re 1μPa). Here we 
assumed the hearing threshold of ASL to be similar to that of the California sea lion (0 dB re 20 μPa in 
air and 58 dB re 1μPa in water; Reichmuth et al., 2017; Kastelein et al., 2023; Southall et al., 2019). 
Then we estimated the minimum threshold pressure across all frequencies and computed the stapes 
velocity at the threshold through the peak value of the TF (Cranford and Krysl., 2015). OriginPro 
software was used to smooth the TF (adjacent-averaging method). 
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4 Results 

Our FE models simulated the sound reception process of an ASL’s head in air and under water. The 
sound pressure fields at each of the excitation frequencies were calculated. Figure 6 shows an 
example of the sound pressure field at 3 kHz exported from the UW model. The incident acoustic 
stimulus travelled through the water and was directly toward animal’s head from the left side. The 
figure showed that relative sound pressure at the left ear was significantly higher than that at the 
right ear because the left ear was closer to the sound source excitation. 

 

 

Figure 6. Sound pressure field of UW model at 3 kHz. The colour scale shows the relative amplitude 
of the sound pressure, which was normalized by dividing by the maximum values in the results. 
 

 

In the sound reception process, the sound energy transmits from the outer ear (the outer ear of ASL 
is reduced and there is no external pinna) to the cochlea in the inner ear through a sound reception 
pathway. The inner ear converts the sound to electronic signals for the nerve cells. To further 
examine the inner ear response to the incident sounds (both in air and under water) during sound 
reception, the frequency responses of the inner ear (left) were computed here. Figure 7 shows an 
example of the left inner ear responses to the underwater stimulus. 
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Figure 7. The response of the left inner ear to the aerial (A) and underwater (B) incident sounds in 
frequency ranges of 500 Hz–20 kHz and 100 Hz–40 kHz, respectively. The colour bars represent the 
relative amplitude of sound pressure. To focus on the sound pressure on the inner ear (especially the 
cochlea), the pressure on the ear canal (grey area) is not shown. 
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The cochlea in the left inner ear had better responses to the aerial sounds at frequencies from 4 kHz 
to 12.5 kHz. The relative amplitude of the sound pressure on the cochlea surface was significantly 
lower when the frequency was lower than 2 kHz and higher than 15 kHz. In the underwater scenario, 
the cochlea had the best responses to the underwater sounds at frequencies from 1 to 5 kHz. The 
relative amplitude of the sound pressure on the cochlea surface slightly dropped at frequencies from 
6 to 15 kHz. The relative amplitude of the sound pressure at low frequency (100 Hz) and high 
frequency (> 20 kHz) was significantly lower than at the other frequencies. 

The acoustic waves travelled through the animal’s head and interacted with the complex head 
structures (i.e., muscles, fats, ear apparatus, skull, etc.), the elastic waves generated motion within 
the stiff and dense skull causing skull deformation. More details about skull deformation can be 
found in the supplementary files. The skull vibration created displacement. The displacement fields 
at each of the excitation frequencies were calculated. Figure 8 shows an example of displacement 
field exported from the UW model at 4 kHz. 

 

Figure 8. An example of the displacement field exported from the UW models at 4 kHz from two 
angles, the soft tissues are not shown here. The red arrows indicate both the direction and 
magnitude of the displacement. The colour bar indicates the relative magnitude of the 
displacement. 
 

It is clear that the region close to the left ear had a higher magnitude of displacement. The motion 
was transmitted from the left side of the skull to the right side of the skull. In the cetacean ears, the 
periotic bones are firmly attached to the skull, whereas the tympanic bones do not attach to the skull 
directly (the tympanic and periotic bones are connected to each other through relatively flexible 
bony pedicles). When the incident sound creates vibrations in the skull, the skull vibrations are 
transmitted to the periotic bones directly, and the tympanic bones are forced to follow the 
vibrations. The tympanic bones are lagged behind the motions of the skull and periotic bones, 
creating differential motions. However, in the sea lion ears, both the periotic and tympanic bones are 
firmly embedded in the skull, therefore the skull vibrations will certainly be carried to both the 
periotic and tympanic bones directly, and drive the ossicular chain, resulting in complex motions at 
the stapes footplate in the middle ear. 
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Previous studies have calculated TFs to predict audiograms for cetaceans (Tubelli et al., 2012; 2018; 
Cranford and Krysl, 2015). Here we calculated the frequency-dependant TF between the amplitude of 
the incident sound pressure wave and the magnitude of the velocity of the stapes footplate for the IA 
and UW models, as shown in Figure 9. 

 
Figure 9. Transfer functions for the IA and UW models. 
 

The curves of both TFs showed a similar trend but different peaks. The peak in the TF of the IA model 
was slightly above 10 kHz whereas the peak in the TF of the UW model was below 10 kHz. The TFs 
attenuated sharply at higher frequencies. Based on the two TFs, we attempted to predict the in-air 
and underwater audiograms for the ASL. 

 
Figure 10. Predicted in-air audiogram of ASL. The simulated in-air audiogram was compared to the 
previously measured aerial hearing thresholds of several individual California sea lions (CSL) and 
Steller sea lions (SSL). 
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Neither the auditory capabilities nor the auditory thresholds have ever been measured for an ASL. 
Therefore, the audiogram curves can only be calibrated with respect to the minimum audible 
pressure values. In this research, we set the hearing thresholds to be similar to those previously 
measurement of a CSL, which has the minimum threshold at 0 dB re 20 μPa in air and 58 dB re 1μPa 
in water, respectively (Reichmuth et al., 2017; Kastelein et al., 2023). Then the minimum threshold 
pressure across all frequencies can be estimated and the threshold curve can be predicted from the 
TF; the results are shown in Figures 10 and 11. 

For the in-air audiogram, the lowest predicted in-air threshold (~0 dB) for ASL was found at 
approximately 10.5 kHz with a gradual increase in thresholds at lower frequencies (on a log-f plot) 
and a steeper increase at higher frequencies (higher than 10.5 kHz). The region of best sensitivity 
(based on the lowest 40 dB range) was found at ~350 Hz to 20 kHz, which was close to most of the 
data measured for CSLs except the two curves obtained by Kastak & Schusterman (1998) and 
Schusterman (1974). The general shape of our curve was similar to both the CSL and Steller sea 
lions (SSL). Compared to the measured data of a SSL (the purple line in Figure 10), our predicted in-
air audiogram curve showed a closer resemblance to the measured data of CSLs (Muslow et al., 
2011; Reichmuth et al., 2013; Reichmuth et al., 2017), albeit somewhat our results showed that 
ASLs might have higher sensitive in the frequency range of 800 Hz–4 kHz than both the CSL and the 
SSL. Note that the SSL seemed to have less sensitivity across the entire frequency range compared 
to the CSL and the ASL.  

  
Figure 11. Predicted underwater audiogram of the ASL. The simulated underwater audiogram 
was compared to the previously measured underwater hearing thresholds of multiple CSL. The 
magenta curve shows the generic underwater audiogram.    
 
For the underwater audiogram, the lowest predicted underwater threshold was at ~58 dB at 
approximately 5 kHz. The region of best hearing sensitivity was found at ~100 Hz to 40 kHz, the entire 
frequency range we simulated. Kastelein et al. (2023) calculated the generic audiogram for CSLs by 
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fitting an auditory weighting function (Southall et al., 2019) to the combined detection thresholds of 
this species based on the hearing thresholds measured from multiple CSLs (the magenta curve in 
Figure 11). The frequency-dependent patterns of sensitivity from our modelling results agreed well 
with the generic CSL audiogram, albeit our results suggested that ASLs might have slightly lower 
thresholds in the low-frequency range (100–800Hz) but higher thresholds in the frequency range of 
9–20 kHz. 

In general, our predicted audiograms, both in air and under water, were a good fit to those recently 
published hearing threshold data in terms of the form and range of auditory sensitivity. 

 

5 Discussion 

5.1 Predicted Audiograms 

The hearing apparatus in mammals is a bandpass system. The middle ear component of the 
audiogram, represented by the TF, is a major contributor to the frequency response of the hearing 
threshold (Ruggero and Temchin, 2002). This likely reflects the audiogram peak sensitivities; the 
external and inner ears form additional components with each of the contributing important 
elements to the audiogram. 

In comparison to previously published aerial audiograms, our predicted in-air audiogram did not align 
with the data tested by Schusterman (1974) and Kastak & Schusterman (1998) (Figure 10). It should 
be noted that the data measured by Schusterman (1974) and Kastak & Schusterman (1998) were also 
not in line with other CSL data in Figure 10. The discrepancy among the studies might be due to the 
testing condition. Instead of performing the testing in controlled conditions (e.g., acoustically 
controlled indoor enclosures), Schusterman (1974) tested a sea lion in the field and Kastak & 
Schusterman (1998) tested a sea lion in outdoor environments with headphones (both in less 
controlled conditions). This is likely the reason for obtaining curves with distinctly different shapes 
and significantly higher thresholds compared to other data. In contrast, the data from Reichmuth et 
al. (2013; 2017) were measured in the same indoor acoustic chamber, and the data from Moore & 
Schusterman (1987) and Mulsow et al. (2011) were measured in similar ad hoc noise-attenuating 
testing rooms. The similarity was visible in Figure 10, suggesting that the data measured in the 
same/similar controlled experiment condition were generally close. In addition, although the general 
shape of the SSL aerial audiogram was similar to those of the CSLs, the hearing thresholds were 
clearly higher across the entire frequency range, suggesting the hearing sensitivity varied among 
different sea lion species. This is likely related to the morphology differences between Families of 
Otariinae, such as the different head sizes, the anatomy differences of the head, etc. For the CSL, the 
male sea lion weighs on average 300 kg and is about 2.4 m long, while the female sea lion weighs 100 
kg and is 1.8 m long. For the ASL, the male sea lion weighs on average 300 kg and grows to about 2.5 
m long, while the female sea lion weighs approximately 105 kg and grows to a length of about 1.8 m. 
Both weight and size of CSL and ASL are close, suggesting that choosing tested audiograms of CSLs to 
convert our simulation results was reasonable. In contrast, the SSL is much larger than these two, 
which can weigh 1000 kg and grow to a length of 3 m. This distinct morphology difference could 
cause differences in the patterns of skull deformation and alter the sound reception process, 
resulting in different audiograms across the species. This is also the reason that it is critical to study 
hearing in ASLs if we aim to better understand and mitigate the negative effects of anthropogenic 
noise on this endangered species. 

5.2 The Limitations of the Models and Future Work 

Note that the audiograms we predicted in this study are approximations, some limitations need to be 
addressed and to be improved in the future. 
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Firstly, as we mentioned in the methods section (see 3.3 above), due to safety and health concerns, 
the tissue properties of the specimen were not measured in this research. Instead, we used the HU-
to-density and HU-to-velocity relationships obtained from the previous study to convert the HU 
distribution of ASL head tissues. The methods were used to convert tissue properties for multiple 
odontocete species, such as a harbour porpoise (Wei et al., 2017; 2020), dead and live bottlenose 
dolphins (Wei et al., 2018a; 2020; 2023), and a Yangtze finless porpoise (Wei et al., 2018b). The FE 
models were constructed for each species based on the converted parameters. The outcomes of the 
FE models showed good agreement to direct measurements from the corresponding live, 
echolocating animals, proving the reliability of this method. Nevertheless, conducting vivo 
measurements to measure the tissue properties of the ASL tissues would still be an important future 
work as no such work has been documented before.   

Secondly, our IA model only predicted the in-air audiogram from 100 Hz to 20 kHz and the UW model 
only predicted the underwater audiogram from 100 Hz to 40 kHz. 3D finite-element modelling 
requires massive computation costs, especially for the IA model. The sound speed of the air used in 
the model was 340 m/s, which was much lower than the sound speed of the sea water (1500 m/s), 
making the wavelength of the sound wave in the IA model much lower than the one in the UW 
model at the same frequencies. For the 3D acoustic modelling, the rule of thumb for meshing wave 
problems is to apply at least five to six second-order mesh elements per local wavelength in order to 
resolve waves. Therefore, the IA model ended up with 8.73 million DOFs at a maximum frequency of 
20 kHz while the UW model ended up with 3.82 million DOFs at a maximum frequency of 40 kHz. 
After multiple tests, we found that our workstation for this research, which has a 384 GB RAM, can 
only efficiently calculate the model with DOFs of no more than 9 million. 

Thirdly, the ossicular chain of the ASL is very small, with a size of less than 5 mm in our study. The 
thickness of the XCT data was 0.8 mm (the resolution of the XCT), meaning that only several slices 
can be used to reconstruct the ossicular chain. The automatic segmentation function in the software 
cannot provide accurate geometry information for ossicular chain reconstruction. Therefore, we had 
to manually perform segmentation slice by slice based on the sea lion anatomy knowledge. 
Therefore, only a general shape of the ossicular chain can be reconstructed. Performing microCT 
scanning on the ear (requires the removal of the ear from the head) would be important future work 
to reconstruct a much more detailed ear structure, especially the ossicular chain. 

Fourthly, the anatomical configuration of the individual varies with age and sex, causing slight 
differences when sound interacts with the animal structures. Additionally, health and prior sound 
exposure might affect neural processes and hence individual hearing sensitivity. Thus, audiograms 
among the individuals of the same species differ somewhat. For example, the variation of the 
measured underwater audiograms among the CSLs of different ages can be clearly seen in Figure 10. 
Therefore, collecting more ASL specimens for modelling is an important future work to capture 
variability in audiograms of this endangered species. 

Finally, early work on using FEA to estimate hearing thresholds on baleen whales have shown that 
different locations of source excitation could cause reasonably different response curves (Tubelli et 
al., 2012; 2018). Therefore, it would be important to test this theory on both IA and UW models in 
the future. 

 

5.3 Potential Effects of Anthropogenic Noise on Endangered ASLs 

The modelling results indicate that ASLs are sensitive at frequencies emitted by common 
anthropogenic noise sources. In air, traffic noise from cars and aircraft, and construction noises will 
be audible to ASLs (see Schoeman et al. 2022 for an overview of in-air noise spectra). Under water, 
ship traffic is a primary source of noise between 20 and 1000 Hz (Urick, 1983). Pile driving is common 
in coastal regions, emitting broadband acoustic energy between 50 Hz and 5 kHz (e.g., Erbe 2009). 
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Another common noise source in the ocean is the airgun signals from seismic surveys, with most 
acoustic energy below 500 Hz (e.g., Erbe and King, 2009). Military sonar typically ranges between 1 
and 10 kHz (Nowacek et al., 2007). It appears that ASLs can hear these sounds well under water. The 
potential effects of these noise sources on ASLs range from behavioural disturbance to acoustic 
masking (i.e., interference with acoustic signalling and listening by sea lions), stress, and hearing loss 
(e.g., Erbe et al., 2018; 2019). 

The potential effects of in-air and underwater noise on ASLs, and the ranges over which they occur, 
may now be estimated. To estimate the ranges over which noise sources are audible, the source 
spectrum (see source spectra determined in Project 7.1) needs to be found and integrated into 
critical bands, and acoustic propagation loss at critical band centre frequencies needs to be applied 
(see sound propagation modelling in Project 7.1), to yield received critical band levels as a function of 
range. These may then be compared to the ambient noise spectra (as monitored in Project 7.1; also 
integrated into critical bands) and to the audiogram. At any ranges and critical band frequencies at 
which the received level exceeds both the ambient noise level and the audiogram, the noise source is 
deemed audible (see examples in Erbe et al., 2016; 2022). The ranges over which anthropogenic 
noise may mask signals important to sea lions may be modelled in a similar way. To estimate over 
which ranges hearing loss may be incurred, the thresholds from Southall et al. (2019) may be applied. 

 

6 Conclusions/Recommendations 

This is the first study using CT imaging-based finite-element modelling techniques to predict auditory 
sensitivity for the endangered ASL both in air and under water. It is the only currently available 
method capable of predicting audiograms for ASLs across a broad spectrum of sound frequencies, 
between 100 Hz and 20 kHz in air and 100 Hz and 40 kHz underwater. The results provide a valuable 
indication of the ranges of frequencies and levels that can be heard by this endangered species. The 
predicted audiograms are generally similar to those previously published for CSLs, which have a 
similar size to the ASL. The results suggested that the guidance of Southall et al. (2019) for CSLs can 
be applied as a reference in the EIA and management plans, for instance, distances for management 
(exclusion and observation) zones. The audiograms from this study provide important information 
that can also be used to predict the effects of anthropogenic underwater noise and to assess the 
extent to which biologically relevant sounds are masked by anthropogenic noise. The study develops 
important tools to study the sound reception process and predict auditory sensitivity for inaccessible 
animals if an animal species shares a similar sound reception mechanism. Finally, this study provides 
valuable data for marine fauna conservation and management. The outputs from this study can assist 
efforts in understanding the potential impacts, designing noise reduction methods, and devising 
mitigation plans for ASLs. 
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