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A B S T R A C T   

Imaging sonars are increasingly being utilised in fish surveys in conjunction with or as substitutes for optical 
instruments. To justify the use of imaging sonars, we must first describe their application, limitations, and ef
ficacy compared to optics. This study compared quantitative data of fish assemblages obtained using imaging 
sonars operating at four frequencies (0.75, 1.2, 2.1, and 3 MHz) with simultaneous optical camera footage at two 
artificial reefs. Fish densities were on average three times higher for sonar than optics. Greater detection by the 
sonar was attributed to site-attached fishes that were camouflaged against the artificial reefs or the adjacent 
seabed, which could be discriminated by imaging sonar, but not using optics. This suggests that differences in 
habitat and fish assemblage composition could influence the relative performance and density estimates of 
imaging sonar versus optics. Several limitations of imaging sonar were identified that need to be accounted for in 
future survey designs, including: discriminating fishes from benthic growth; an inability to detect fishes within 
complex habitat structures; and seabed and side-lobe interferences that truncate survey volume. Overall, this 
study demonstrates the value of imaging sonar for quantifying fish communities and describes limitations and 
recommendations for their deployment in future surveys.   

1. Introduction 

Many surveys of the fish biodiversity of tropical and subtropical 
coastal systems are conducted using optics. Optics assess fishes through 
visual observation via various platforms, including human-based plat
forms, such as SCUBA-facilitated Underwater Visual Censuses (UVCs; e. 
g., Dickens et al., 2011; Samoilys and Carlos, 2000), and remote plat
forms like camera-mounted Remote Operated Vehicles (ROVs; e.g., 
Ajemian et al., 2015; Lorance and Trenkel, 2006), and Baited Remote 
Underwater Videos (BRUVs; e.g., Bond et al., 2012; Dunlop et al., 2015; 
Willis and Babcock, 2000). Optics can provide high resolution detail of 
fishes, facilitating their identification and characterising their behav
iour, distribution, and community structure (Dunlop et al., 2015; Stoner 
et al., 2008). However, optics are light-dependent, hence are limited in 
low visibility scenarios (e.g., at depth, at night, or in turbid water). 

Optics are also typically characterised by the limited range that visible 
light can penetrate the water, and are altogether inhibited by opaque 
physical barriers, ranging from particulates in the water column to 
artificial structures. As such, the spatial extent of optics is constrained, 
which limits optic quantification of sparsely distributed and rare species 
(Ajemian et al., 2015; Tessier et al., 2005), and fishes in large aggre
gations (Munnelly et al., 2019). Complementary survey techniques that 
do not share the limitations of optics are, therefore, needed to provide a 
more complete assessment of fish communities, particularly in areas of 
restricted visibility. 

Active acoustic devices, collectively known as SONAR, function by 
propagating an acoustic pulse into the water column and detecting 
echoes which are reflected back from physical objects such as fishes. 
These echoes can be graphically displayed and, in many cases, 
enumerated accurately to provide estimates of abundance (Martignac 
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et al., 2015; Mueller et al., 2006), provided the system is calibrated. This 
can also allow for measurements of distance and object size. Objects are 
typically compressed from three dimensions to be displayed in two di
mensions (Simmons and MacLennan, 2005). Several classes of active 
acoustic devices are used in marine surveys, including single beam 
echosounders operating at moderate frequencies (typically 38–420 
kHz); and multibeam sonars utilising a broad range of frequencies, from 
low frequency, long-range fish finding and military sonar (a minimum of 
around 12 kHz), to high-frequency sonars used to monitor the integrity 
of subsea industrial infrastructure (up to 3 MHz). 

Sound of low to moderate frequency (1–100 s kHz), travels much 
farther in water than light, enabling acoustics to detect objects signifi
cantly beyond visual range, providing greater spatial coverage than 
optics and permitting effective detection of objects independent of light 
(Cook et al., 2019; Mueller et al., 2006). However, this comes at the 
expense of resolution, and although fish size, distribution and density 
can be readily quantified using acoustics (Boswell et al., 2010), species 
identification is challenging (Bollinger and Kline, 2017; Egg et al., 2018; 
MacLennan and Holliday, 1996), including for multibeam sonar 
(Mueller et al., 2006; Becker et al., 2013). Where light is not limiting, 
optics can be used to provide information to identify acoustic targets, 
sometimes known as “groundtruthing” (Bolser et al., 2020; Stanley and 
Wilson, 2000, 1997), but more accurately termed “additional evidence” 
(Fernandes et al., 2016). Calibrated stereo-camera systems, comprising 
two cameras with converging fields-of-view, can provide additional in
formation on object position, and therefore size, that cannot be acquired 
using single cameras (Harvey et al., 2002). 

The resolution of the sonar device can be improved by increasing the 
frequency of the acoustic pulse. Though this is offset by a decrease in 
range, the resulting increase in resolution can provide near optic-quality 
snapshots of fish assemblages that are comparable to ultrasound images 
generated in diagnostic radiology. In the last two decades, very high 
frequency sonars, known as imaging sonars or acoustic cameras (here
after referred to as imaging sonars), have proliferated in the study of 
fishes and their behaviour. Comprised of multiple beams transmitted 
from around 0.7–3 megahertz (MHz), imaging sonars generate contin
uous sequences of monochrome acoustic images that can capture mul
tiple fish metrics including abundance (Able et al., 2013; Becker et al., 
2016, 2013, 2011; Capoccioni et al., 2019); size (Able et al., 2013; 
Becker et al., 2013; Lankowicz et al., 2020; Rodriguez-Pinto et al., 2022; 
Van Hal et al., 2017; Viehman and Zydlewski, 2015); various behav
ioural attributes, including swim pattern (Becker et al., 2013), schooling 
behaviour (Capoccioni et al., 2019; Lankowicz et al., 2020; Viehman and 
Zydlewski, 2015), habitat associations (Grabowski et al., 2012; Mueller 
et al., 2006), reproduction (Grabowski et al., 2012; Langkau et al., 
2016), predation (Becker and Suthers, 2014; Handegard et al., 2012; 
Rieucau et al., 2016), and migration (e.g., Brehmer et al., 2006; Egg 
et al., 2017; Faulkner and Maxwell, 2020); ecological group assignations 
(Able et al., 2013); and combinations of the above (Able et al., 2013). 

Imaging sonars have been used extensively to quantify fishes around 
various artificial habitats, such as piers (Able et al., 2013; Shahrestani 
et al., 2017), renewable energy infrastructure (Egg et al., 2017; Mour
sund et al., 2003; Van Hal et al., 2017; Viehman and Zydlewski, 2015), 
levees (Eggleston et al., 2020), and rigs-to-reefs (Plumlee et al., 2020). 
To determine the effectiveness of imaging sonars in enumerating fishes 
relative to optics, direct comparisons between the two instrument types 
are needed, particularly to establish the potential of imaging sonar as a 
substitute for optics in low-light conditions. Previous comparisons of 
imaging sonar versus alternative optical methods for quantifying fish 
abundance have yielded mixed results. One example compared counts of 
sockeye salmon passing through an enumeration fence using a 
Dual-frequency IDentification SONar (DIDSON) with visual counts, 
finding strong agreement between the two methods (Holmes et al., 
2006). In that case, however, the sampling volume was constrained and 
fish abundance was high. Alternatively, (Egg et al., 2018) reported 
higher detection rates of fishes in a shallow river than a high-definition 

(HD) camera. Overall, comparisons in non-riverine habitats and for 
multi-species assemblages are needed to evaluate the capacity of im
aging sonars to enumerate fishes in ecosystems such as reefs. 

This study conducted simultaneous imaging sonar and optic surveys 
of the fish assemblages around two artificial reefs, the Rottnest fish 
towers, off Perth, Western Australia. The towers are situated in the flow 
of the Leeuwin current, which brings tropical water from the north to 
mix with the temperate water of the south. As a result, the marine fauna 
of the region is a diverse blend of tropical and temperate taxa (Hutchins 
and Pearce, 1994). This study determined the distinctive sampling vol
umes of both instruments to estimate fish density (number per cubic 
metre). The specific objectives were to: 1) quantify the ability of imaging 
sonar to enumerate fish densities relative to optics across a range of 
frequencies, and 2) identify the key limitations of imaging sonar through 
comparison with optics. The overall aim of the study was to improve our 
understanding of the performance of imaging sonar and its efficacy as a 
standalone or complementary tool to enumerate fish assemblages. 

2. Methods 

2.1. Study site 

The Rottnest fish towers are two steel artificial reefs situated on the 
outer continental shelf of Western Australia, 11 km south of Rottnest 
Island and 27 km west of Perth (Fig. 1). The towers are approximately 
150 m apart, with the north tower situated at − 32◦ 07’.461 S, 115◦

26’.978 E (45 m deep) and the south tower at − 32◦ 07’.527 S, 115◦

27’.013 E (44.3 m deep). Deployed in 2017 by SubCon (www.subcon. 
com) to act as fish aggregating devices and bolster commercial fisheries, 
the towers are 12.5 m tall, 10 m long and 7.8 m wide (Fig. 1) and are 
positioned on unconsolidated soft sediment. Sampling took place on 
28th September 2021 during daylight hours (09:30–15:00). Tide height 
varied by approximately 1.8 m during this period, with a high of 2.21 m 
at 08:52, and a low of 0.42 m at 17:29. Visibility was estimated at 15–25 
m throughout the study. 

2.2. Instruments 

Fishes were acoustically detected using imaging sonars mounted on 
an Oceanbotics SRV-8 Remotely Operated Vehicle (ROV) (www. 
oceanbotics.com/srv-8). Three Blueprint Subsea Oculus multibeam im
aging sonars (the M750d, M1200d, and M3000d; Table 1) that encom
passed the general range of frequencies used by imaging sonar were 
deployed interchangeably, each capable of operating at two different 
frequencies (i.e., dual frequency). Increasing the frequency of imaging 
sonars improves the resolution of detected targets, at the cost of reduced 
range and, subsequently, sampling volume. The north tower was sur
veyed at 3 MHz with the M3000d, and the south tower was surveyed at 
0.75 MHz (M750d), 1.2 MHz, and 2.1 MHz (both M1200d). Due to 
unfavourable weather conditions prior to surveying the north tower at 
0.75, 1.2, and 2.1 MHz and the south tower at 3 MHz that prevented 
ROV deployment, this study could not survey both towers across all 
frequencies. Range was restricted to 5 m at 3 MHz and set to 10 m for 
the remaining three frequencies. 

The optic system consisted of the integrated dual-mode HD camera 
onboard the ROV. The camera was situated behind a dome port and 
recorded video at 1080 p (30 fps). The ROV was pitched and tilted as 
orthogonally as possible. The vertical aperture of the camera field of 
view (FOV) was 65.4◦, with a horizontal aperture of 99.1◦. The imaging 
sonars were mounted atop the ROV, in the same vertical plane as the 
onboard camera (Supplementary Fig. 1). The ROV was tethered to the 
surface via an umbilical, and an Ultra-short Baseline (USBL) Positioning 
System was fitted to the ROV determine its location. The ROV also 
housed a depth meter. 
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2.3. Survey design 

The towers comprise three conspicuous depth strata: the lower strata 
(the base of the towers, from the seabed to approximately 3 m above the 
seabed), the upper strata (the top of the towers, between approximately 
3–6 m above the seabed), and the spire (the pyramidal structure atop the 
towers, between approximately 6 and 12.5 m above the seabed, Fig. 1). 
At the lower and upper strata, sampling was conducted by holding the 
ROV stationary for twenty seconds at four sampling stations that 
collectively encompassed the entire periphery of the towers at both 
strata: at the middle of each of the length-ward and width-ward sides of 
the tower facing inward. Twenty seconds was chosen as the sampling 
duration at each station to generate sufficient footage for analyses whilst 
minimising the challenge of holding the ROV steady in instances of 
strong current. Furthermore, no adverse impacts of the ROV on fish 
behaviour, such as avoidance or attraction, were observed, so no accli
mation time was incorporated into the sampling duration. To maintain a 
consistent sampling volume, the ROV was held as stationary as possible 
at each sampling station, between 1.42 and 2.75 m away from the 
structure as determined using the distance gradings on the Oculus 
Viewpoint display (www.blueprintsubsea.com/oculus/support.php). At 
the spire, continuous point-count transects were conducted by flying the 

ROV up one leg of the spire to the apex, then down the adjacent leg to 
the intersection of the spire and the upper stratum. 

2.4. Data processing 

The twenty second intervals of continuous optic and imaging sonar 
footage taken at each sampling station in the lower and upper strata 
were partitioned into five still frames taken every five seconds. This 
generated twenty still frames per instrument (including twenty still 
frames per imaging sonar frequency) across all sampling stations per 
stratum. All fishes present in each frame per instrument were counted 
manually by one observer (E.C.P. Sibley) to avoid the possibility of inter- 
observer variation in counts (Jones et al., 2021; Keefer et al., 2017). For 
both imaging sonar and optic still frames, only fishes that were fully in 
the FOV were counted. Consecutive still frames were used to discrimi
nate and subsequently count individual fishes in instances of high fish 
density, such as schooling, where fishes were occasionally obscured 
from detection by other individuals. This was done independently for 
each instrument (i.e., optical footage was not used to help resolve the 
number of fishes on the simultaneous imaging sonar display, and vice 
versa). To avoid the challenge of manually tracking individual fishes 
over sequences of continuous footage, fishes were counted in still frames 
from each sampling station, mitigating the risk of multipassing. Multi
passing occurs when the same fish exits and re-enters the FOV in 
continuous sequences of footage, and is therefore counted twice in the 
same sampling interval, causing overestimation in fish abundance 
(Shahrestani et al., 2017; Viehman and Zydlewski, 2015). The number of 
fishes in each frame was counted only once, with the count of fishes from 
each frame per instrument used as a metric of fish abundance. 

Preliminary inspection of the imaging sonar and simultaneous optic 
still frames showed the upper strata and spires of both towers to be 
densely colonised by protruding soft corals, sponges, and algae. Fishes 
occupying the upper strata and spires could not be consistently 
discriminated from benthic growth using imaging sonar, and fishes in 
close proximity to the towers were frequently obstructed from sonar 
detection by extensive benthic growth (Fig. 2a). The 0.75 and 1.2 MHz 

Fig. 1. Map of the study site, the north and south Rottnest fish towers, south of Rottnest Island and southwest of Perth, Western Australia. Inset: schematic of the 
towers, which are identical in structure. 

Table 1 
Specifications of the three Blueprint Subsea Oculus multibeam imaging sonars 
used in this study.  

Model M750d M1200d M3000d 

Frequency (MHz) 0.75 1.2 1.2 2.1 1.2 3 
Max. Range (m) 120 40 40 10 30 5 
Range Resolution (mm) 4 2.5 2.5 2.5 2 
Horizontal Aperture 130◦ 130◦ 60◦ 130◦ 40◦

Vertical Aperture 20◦ 20◦ 12◦ 20◦

Max. Number of Beams 512 512 512 
Angular Resolution 1◦ 0.6◦ 0.6◦ 0.4◦ 0.6◦ 0.4◦

Beam Separation 0.25◦ 0.25◦ 0.16◦ 0.25◦ 0.1◦
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frequencies particularly lacked the resolution to distinguish these fishes 
from benthic growth. This study was therefore restricted to quantifying 
fishes in the lower depth strata of the towers, where benthic growth was 
sparser. Preliminary inspection also revealed that fishes occupying the 
interstitial space of the towers were obstructed from detection by the 
physical structure of the towers themselves (Fig. 2b). Fishes were also 
occasionally masked by the substrate, in instances where the ROV 
complex was pitched downwards, resulting in the imaging sonar beam 
array intercepting the substrate before the towers (Fig. 2c). Also, the 
towers generated side-lobe interference in the imaging sonar beam 
array, whereby interception of the dense physical structure of the tower 
by one beam in the array interferes with adjacent beams. This generated 
a ‘noise-free zone’ between the sonar and the towers, in which fishes 
could be clearly detected, but masked fishes located beyond the zone 
from detection (Fig. 3). Counts of fishes for both the imaging sonar and 
optic still frames were, therefore, restricted to the ‘noise-free zone’ 
outside of the towers at the lower strata. 

Following Han and Uye (2009), fishes in the near-field zone of the 
imaging sonar (estimated at 0.5 m) were not counted, as targets are 
often undetectable at close ranges. To calculate the volume of water 
ensonified by the imaging sonar, the shape of the beam array was 
determined to be a rectangular-faced segment of a sphere with a base 
that tapered to the apex of the beam array (further details in Supple
mentary Material and Fig. S2), with the volume of water ensonified by 
the imaging sonar calculated as: 

Va =
2
3
× β × r3 × sin

(α
2

)
(1)  

where: β = vertical aperture (expressed in radians); r = distance from 
the sonar face to the nearest point of the structure (i.e., the radius of the 

noise-free zone); and α = horizontal aperture (radians). The volume of 
the near-field zone (r = 0.5 m) was then subtracted from this volume to 
calculate the volume of the noise-free zone in which fishes could be 
reliably detected. This formula and assumed imaging sonar beam array 
shape represents an advance on previous studies that assumed more 
rudimentary beam shapes (e.g., truncated rectangle-based pyramid in 
Han and Uye, 2009; Lankowicz et al., 2020; Shahrestani et al., 2017). 
Rectangle-based pyramids are instead appropriate for calculating the 
volume of optical cameras when the FOV is constrained by a physical 
structure. Here, the ‘base’ of the camera FOV comprised the planar 
exterior of the towers themselves. Both fish counts and distance from the 
sonar face to the tower were determined using the Oculus Viewpoint 
display. 

For the optic still frames, all fishes were counted and identified to 
species level using RJE SubNav software (v1.2.38; www.oceanbotics. 
com/sub-nav), which allows the user to watch footage from the on
board camera of the SRV-8 and log observations both in real-time and 
retrospectively. The identity of fishes was ascertained in order to 
determine the relative abundance of each fish species at the study site. 
This could then inform the relative capacity of each instrument to detect 
reef fishes based on the taxonomic composition of the assemblage. 
Where identification was challenging, adjacent frames were used to 
determine species identity. The sampling volume of the camera was 
assumed to be a rectangle-based pyramid, with the formula: 

Vo =
h × w × d

3
(2)  

where h is the height of the still frame, w is the width of the still frame, 
and d is the depth of the optical camera FOV, proxied as the distance 
between the ROV complex and the tower. The height and width of the 
still frame were determined using discrete structural features of the 

Fig. 4. Fish densities quantified using optics and ensonified across all four 
frequencies of imaging sonar used at the north and south Rottnest fish towers in 
this study. Error bars show 95% confidence intervals. Note the logarithmic scale 
on the y-axis, indicating that similar differences in heights of the bars corre
spond to similar density detection ratios. 

Fig. 2. Imaging sonar still frames and corresponding optic still frames demonstrating the key limitations of imaging sonar for quantifying fishes on artificial reefs of 
high structural complexity: a) the challenges of discriminating fishes from benthic growth. As shown here, benthic growth can appear as fish scatter (encompassed by 
the pink rectangle on the sonar image), yet contemporaneous optics reveal the true absence of fishes (the approximately corresponding region on the optical image is 
indicated by the pink rectangle); b) failure to detect fishes occupying the interstitial space of the Rottnest fish towers due to masking by the physical structure of the 
towers themselves. In this instance, a school of goldlined seabream (Rhabdosargus sarba) are clearly visible in the optic still frame occupying the back left (yellow 
rectangle) of the interstitial space of the tower respectively. However, these fishes are not present in the corresponding imaging sonar still frame (echoes would 
otherwise appear approximately in the yellow rectangle on the sonar image); c) in several instances, downward pitching of the ROV complex resulted in the seabed 
being ensonified prior to the towers. This may mask fishes: in this example at 3 MHz, the fishes detected in the imaging sonar still frame (mostly West Australian 
pullers, Chromis westaustralis, as evidenced by the simultaneous optics) are challenging to distinguish from the seabed (which appears as intense backscatter starting 
from ~1.4 m to the tower). Two C. westaustralis (circled in grey) are visible on the optical image but are masked by the seabed on the imaging sonar frame (they 
would otherwise appear approximately within the grey circle on the sonar image). Note also the fish detected in the sonar image encompassed by the red rectangle – 
this is not visible in the simultaneous camera image (it would otherwise be present approximately within the red rectangle), and is likely a C. westaustralis that is 
camouflaged against the structure. 

Fig. 3. Side-lobe interference in the imaging sonar beam array at 0.75 MHz 
that generates a hemispherical noise-free zone commensurate with the distance 
from the imaging sonar to the structure, in which fishes (such as the one in the 
centre of the beam array at 1.25 m range, circled in yellow) can be clearly 
detected. Beyond the zone, however, the interference is too strong to detect 
fishes. Side-lobe interference occurs across all frequencies. 
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towers that were visible in the frame, such as crossbars and the pillars 
that comprised the legs of the towers (see McLean et al., 2018). The 
distances in both height and width between these features were deter
mined through comparison with scaled schematics of the towers. In 
frames that included the seabed, the volume obscured by the seabed was 
estimated and subtracted from the total volume of the frame. Visual 
inspection of fish densities across imaging sonar frames showed no 
reduction in fish densities in frames with seabed interference, so the 
volume of the seabed that was ensonified in these frames was not 
calculated nor subtracted from the total sampling volume of the imaging 
sonar. 

Count data (X) from imaging sonar and optic sampling intervals 
(time frames, t) were paired and thus non-independent. To accommo
date these properties a Generalised Additive Mixed Model (GAMM) was 
fitted to the data to determine the effect of instrument and imaging 
sonar frequency on fish density, assuming a negative binomial distri
bution with dispersion θ, of the form: 

Xi,t ∼ NegBin
(
λi,t, θ

)
(3)  

ln(λi,t) = ln(Vi)+ αi,f + γs +ωs,t + εs (4)  

where the term αi,f represents the interaction of instrument i (imaging 
sonar or optical camera) and frequency f; the first order autoregressive 
term ωs,t = ϕωs,t− 1; and γs and εs are random effects of sampling stations 
s and time frames t within station s, accounting for variation in fish 
counts between stations and time frames respectively. The natural log
arithm of sampling volume for each instrument per observation ln(Vi)

was specified as an offset to constrain the model to treat the dependent 
variable as density (number of fishes per unit volume). Density was 
modelled for both the imaging sonar and the optical camera instead of 
raw abundances due to the difference in sampling volume between the 
instruments. The significance of the respective effects of instrument, 
frequency, and the interaction between instrument and frequency was 
determined through Analysis of Deviance with F-tests. Statistical sig
nificance was determined at the threshold of p < 0.05. All statistical 
analyses were conducted in R (Team, 2013), and the model fitted using 
the ‘gamm’ function in the package “mgcv” (Wood and Wood, 2015), 
using treatment contrasts. 

3. Results 

3.1. Imaging sonar and optic fish densities 

The fish densities detected by the imaging sonar and optical camera 
followed similar trends, but were higher for the sonar at 0.75, 1.2, and 
3 MHz (Fig. 4). Density estimated by the sonar was on average 3.014 
times higher than optics (means with standard errors: 3.622± 0.236, 
4.339 ±35.354, 1.053 ±1.625, and 2.356 ±3.982 higher at 0.75, 1.2, 
2.1 and 3 MHz respectively). Analysis of deviance of the GAMM 
revealed a significant effect of imaging sonar frequency, instrument type 
(imaging sonar or optical camera), and the interaction between fre
quency and instrument type on fish density (frequency – df = 3, F =
9.692, p = 6.83 ×10-6; instrument – df = 1, F = 29.642, p = 2.04 ×10-7; 
frequency:instrument – df = 3, F = 2.861, p = 0.039). Summary co
efficients for the GAMM components are presented in Supplementary 
Table 1. Visual inspection of fish density estimates and confidence in
tervals in Fig. 4 suggested that the effect of instrument was primarily 
driven by differences between the imaging sonar and optical camera at 
0.75, 1.2, and 3 MHz; a lack of overlap between 95% confidence in
tervals of the sonar densities and the mean of the optic densities at these 
frequencies indicated that these differences were significant. Minimal 
difference in estimated fish density at 2.1 MHz suggested a weak or no 
effect of instrument at that frequency, although confidence intervals 
were particularly wide, suggesting high variability in observations. The 
significant effect of frequency was likely to be largely driven by overall 

higher fish densities recorded by both imaging sonar and optical camera 
at 3 MHz. This is attributable to a higher fish density at the north 
Rottnest fish tower (site of the 3 MHz survey), with respect to the south 
tower (site of the 0.75, 1.2, and 2.1 MHz surveys). The first order 
autoregressive coefficient was estimated to be ϕ = 0.216. Respective 
standard deviations (sd) of the random effects of time frames 
(6.033 ×10-5) and sampling station (1.160) suggested that most of the 
variation in fish densities occurred between sampling stations. 

3.2. Fish assemblage composition 

A total of 546 fishes from 13 species were recorded on optic still 
images at the Rottnest fish towers. Across all frequencies, the most 
abundant species was West Australian puller (Chromis westaustralis), 
comprising 67.949% of all fishes; followed by western king wrasse (Coris 

Table 2 
Total counts and percentage contribution of all species (n = 13) recorded on 
optic still images. Counts of each species corresponding to the frequency of the 
simultaneous imaging sonar used are also presented, used to determine the 
proportion of each species present when sampling with each frequency.  

Species Frequency (MHz) Count Percentage Contribution 

Bodianus frenchii 0.75 0 0.000 
1.2 0 0.000 
2.1 0 0.000 

3 3 0.829 
Choerodon rubescens 0.75 1 1.176 

1.2 0 0.000 
2.1 0 0.000 

3 0 0.000 
Chromis westaustralis 0.75 53 62.353 

1.2 10 37.037 
2.1 39 54.167 

3 269 74.309 
Coris auricularis 0.75 24 28.235 

1.2 16 59.259 
2.1 29 40.278 

3 77 21.271 
Eubalichthys cyanoura 0.75 2 2.353 

1.2 0 0.000 
2.1 0 0.000 

3 0 0.000 
Eubalichthys mosaicus 0.75 1 1.176 

1.2 0 0.000 
2.1 0 0.000 

3 0 0.000 
Labroides dimidiatus 0.75 0 0.000 

1.2 0 0.000 
2.1 0 0.000 

3 1 0.276 
Neatypus obliquus 0.75 2 2.353 

1.2 0 0.000 
2.1 1 1.389 

3 0 0.000 
Parupeneus chrysopleuron 0.75 2 2.353 

1.2 0 0.000 
2.1 0 0.000 

3 0 0.000 
Pseudocaranx georgianus 0.75 0 0.000 

1.2 1 3.704 
2.1 1 1.389 

3 0 0.000 
Pseudolabrus biserialis 0.75 0 0.000 

1.2 0 0.000 
2.1 2 2.778 

3 0 0.000 
Scorpis georgiana 0.75 0 0.000 

1.2 0 0.000 
2.1 0 0.000 

3 1 0.276 
Trachinops brauni 0.75 0 0.000 

1.2 0 0.000 
2.1 0 0.000 

3 11 3.039  
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auricularis, 26.740%); bluelined hulafish (Trachinops brauni, 2.015%); 
western footballer (Neatypus obliquus) and foxfish (Bodianus frenchii) 
(both 0.549%); redband wrasse (Pseudolabrus biserialis), silver trevally 
(Pseudocaranx georgianus), yellow striped goatfish (Parupeneus chrys
opleuron), and bluetail leatherjacket (Eubalichthys cyanoura) (all 
0.366%); and baldchin groper (Choerodon rubescens), bluestreak cleaner 
wrasse (Labroides dimidiatus), banded sweep (Scorpis georgiana), and 
mosaic leatherjacket (Eubalichthys mosaicus) (all 0.183%). Proportions 
of each species at each frequency are displayed in Table 2. 

4. Discussion 

This study provides one of the first comparisons between imaging 
sonar and optics in surveying fish assemblages in complex habitats. 
There was a significant effect of instrument type (imaging sonar or op
tical camera) on recorded fish densities, with the greatest differences in 
densities occurring at 0.75, 1.2 and 3 MHz, where sonar density was 
higher than optic density. This study also reports a significant effect of 
frequency; fish density was likely much higher at the north tower, where 
only 3 MHz was used, therefore it was not possible to distinguish the 
effect of local density versus frequency. However, this did not prevent us 
from estimating the difference in detection rates between the two in
struments at this frequency, which was comparable to that observed at 
0.75 and 1.2 MHz. The higher densities quantified by imaging sonar in 

this study conform with reports of imaging sonar quantifying higher fish 
densities than optical methods (Accola et al., 2022; Egg et al., 2018). 
This study reinforces these findings by providing a comparison between 
imaging sonar and optics for a more speciose fish assemblage in a deeper 
habitat, and as such is more broadly appropriate for inferring the rela
tive performance of imaging sonar to quantify fishes in diverse marine 
ecosystems. 

4.1. Limitations of imaging sonar 

In addition to the general, extensively described drawbacks of 
acoustics (e.g., limited resolution for species identification – Bollinger 
and Kline, 2017; Egg et al., 2018; MacLennan and Holliday, 1996), this 
study has identified several key limitations of imaging sonar that 
compromise its effectiveness for surveying fishes around complex, hard 
substrate habitat (Table 3). Preliminary inspection of the imaging sonar 
footage revealed that imaging sonar consistently failed to distinguish 
fishes from soft benthic growth of medium and high complexity (e.g., 
sponges, and soft corals, respectively; as determined using simultaneous 
optical footage), even when inspecting consecutive sequences of 
footage. This restricted analyses to footage collected from the deeper 
strata of the Rottnest fish towers where benthic growth was sparser, 
limiting imaging sonar application for fish surveys on heterogeneous 
habitats such as coral reefs. Thresholding of the echo to only include 

Table 3 
Description of the challenges, implications, and potential solutions associated with the limitations of imaging sonar demonstrated and discussed in this study.  

Limitation Challenge Implication for Assessments and 
Interpretation 

Possible Solutions 

Lack of spectral resolution Colour-based discrimination (e.g., species 
identification) is very limited even for high- 
frequency imaging sonars 

Imaging sonar assessments of fish 
assemblages are often restricted to metrics 
that are quantifiable independent of 
spectral resolution (e.g., abundance) 

Gathering "alternative evidence" for factors 
like species identification, such as 
simultaneous optic surveys. 

Limited dynamic range Acoustic scatter from fish and non-fish 
objects, like soft benthic taxa (e.g., soft 
corals, sponges), can be difficult to 
apportion 

Fish and non-fish objects may not be 
discriminable (e.g., benthic, site-attached 
fishes are likely to be underestimated by 
imaging sonar at habitats with profuse 
benthic growth) 

Thresholding the sonar echoes to only 
include high-intensity fish scatter may 
reduce target obstruction by lower-density 
objects (e.g., soft corals, sponges), whilst 
concurrent use of optics could discriminate 
fishes from high-density targets (e.g., 
scleractinian corals). 

Physical interferences Side-lobe interference: when one beam in 
the sonar array intercepts a dense object, 
side lobes from adjacent beams may also 
detect that object, creating noise in those 
adjacent beams at range 

Sampling volume around architecturally 
complex and structurally dense habitats is 
constrained 

Deploying sonar at greater ranges from the 
habitat to reduce the proportion of side- 
lobe interference within the sampling 
volume. 

Structural interference: when dense 
physical objects (e.g., the steel crossbars of 
the Rottnest fish towers) prevent beam 
penetration, obscuring fishes behind the 
objects from detection 

Detection of fishes occupying interstitial 
refugia within complex habitats is limited 

Using optic instruments to survey 
interstitial fishes, and orienting and/or 
moving the sonar in and around the 
interfering objects. 

Near-field zone At very short ranges (usually <0.5 m), the 
sonar beam array is still forming, so any 
objects within that range are not fully 
ensonified 

Targets within the near-field zone may 
appear differently to objects at greater 
ranges (e.g., less detailed), or not at all 

Increasing the range of the sonar from the 
target habitat to account for the near-field 
zone, or use optics to quantify fishes in close 
proximity to the sonar. 

High frequency geometric scattering Fish body parts of varying density scatter 
high frequency and narrow acoustic beams 
differently, often resulting in segmentation 
within an individual fish that appears as 
multiple targets 

Counts of targets may be overestimated Employ a data processer experienced in 
identifying geometric scattering, as well as 
use of an optic instrument and continuous 
sonar footage to confirm the presence and 
number of individual targets where 
possible. 

Seabed masking Ensonification of the seabed (a high-density 
object) can obscure targets between the 
sonar and the seabed 

Targets near the seabed, or targets detected 
when the sonar is pitched toward the 
seabed, may be underestimated 

Ensure the sonar is not ensonifying the 
seabed prior to sampling, or use an optic 
instrument for surveying targets in 
instances of seabed masking. 

Dimensional compression Acoustic targets in 3-D space (horizontal, X; 
vertical, Y; range, Z) are displayed in two- 
dimensional space 

Targets in the same Y plane may obscure 
one another on acoustic displays 

Calibrated stereo-camera systems that 
provide information of fish arrangement in 
3-D space may be used, however these 
cannot discriminate fishes in the same Z 
plane.  
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high-intensity fish scatter, as commonly practiced using 
lower-frequency acoustic instruments (e.g., echosounders), may reduce 
the masking of fishes by benthic growth (Lankowicz et al., 2020). 
However, this is unlikely to prove effective for high-density benthic 
growth (e.g., scleractinian corals). This study recommends that 
contemporaneous optic footage be used to distinguish fishes from 
benthic growth using visual characteristics such as colour where 
necessary, provided visibility is adequate. Continuous imaging sonar 
footage may also be used to discriminate fishes from benthic growth, but 
this is challenging if the fishes do not exhibit active behaviour (Artero 
et al., 2021; Staines et al., 2022). Nevertheless, the consistent detection 
of benthic growth in this study corroborates the use of imaging sonars to 
profile heterogeneous biogenic habitats (Griffin et al., 2020). 

The imaging sonar used in this study consistently failed across all 
four frequencies to detect fishes occupying the interstitial waters of the 
towers. The size and structural complexity of the towers generate ample 
sheltered interstitial space occupied by a diversity of fishes. However, 
the assorted crossbars that border the interstitial space are strong re
flectors of the acoustic beam array, inhibiting beam penetration, hence 
preventing the detection of interstitial fishes. Nevertheless, in contrast to 
Van Hal et al. (2017), this study found no evidence of masking of fishes 
in close proximity to structure by backscatter from the structure itself, 
further indicating that imaging sonars are suitable for quantifying 
site-attached fishes, provided there is no structural obstruction between 
the sonar and the targets. Furthermore, the degree of structural inter
ference for both interstitial and peripheral fishes is likely less apparent 
for artificial habitats that are less structurally complex than the Rottnest 
fish towers, such as wind turbine monopiles (Van Hal et al., 2017) and 
piers (Able et al., 2013; Accola et al., 2022). 

Across all four frequencies, interception of the beam array by the 
physical structure of the towers generated strong side-lobe interference. 
This produced a hemispherical ‘noise-free void’ with a radius equal to 
the distance between the sonar and the nearest point of the structure, in 
which targets could be easily identified. Beyond the void, interference 
was too strong for target detection. This phenomenon was strongest at 
the two lowest frequencies: 0.75 and 1.2 MHz, a finding in contrast to 
Cotter and Polagye (2020) who reported stronger side-lobe interference 
at higher frequencies. This discrepancy may be due to differences in the 
type of marine habitat surveyed, particularly the density and complexity 
of the habitat physical structure, though further investigation as to the 
drivers of side-lobe interferences is warranted. The volume in which 
fishes can be detected by imaging sonar is further reduced by the 
near-field zone (around 0.5 m – Han and Uye, 2009), in which objects 
cannot be consistently detected as the beam array is still forming within 
these ranges. Future imaging sonar studies may look to define survey 
volume commensurate with the radius of the noise-free void and 
near-field zone. Here, deploying the ROV at further distances from the 
towers would increase the range of the sonar pulse to the structures, 
generating a larger noise-free void in which fishes can be quantified, and 
compensating for the redundant volume of water taken up by the 
near-field zone in which fishes cannot be fully ensonified. Imaging so
nars may ultimately play a key role in remote sensing of marine habitats 
and assemblages, particularly at lower frequencies of greater range (e.g., 
10 m at 0.75, 1.2, and 2.1 MHz in this study). 

Finally, geometric scattering of the high frequency imaging sonar 
pulse may have resulted in double counting of fish targets. Geometric 
scattering occurs due to the very small wavelengths of high frequency 
beam arrays hitting relatively large objects such as fishes, causing the 
beams to variably scatter off different body parts of contrasting density, 
such as bones, muscle tissue, and swimbladders (Foote, 1980; Simmons 
and MacLennan, 2005). The smaller the wavelength, the greater the 
capacity to discriminate internal components of fishes. On imaging 
sonar displays, this can result in segmented targets that may objectively 
appear as two or more discrete individuals. To mitigate inflation of fish 
counts, the data processor (E.C.P. Sibley) spent several hours identifying 
and recognising different forms of geometric scattering and used 

continuous footage where necessary to determine the true or false 
presence of multiple targets in instances of scattering. Prior to making 
manual counts of fishes, this study advocates training of observers in 
identifying these sources of error, particularly in being able to consis
tently discriminate fishes from non-fish objects (Jones et al., 2021; 
Keefer et al., 2017). Differences in the experience of observers in pro
cessing imaging sonar footage may result in disparities in fish counts 
that ultimately impact estimates of fish density (Keefer et al., 2017; 
Lagarde et al., 2020; Petreman et al., 2014). 

4.2. Fish density quantification & instrument comparison 

Fish assemblages were dominated by small, site-attached species, 
most notably West Australian pullers (Chromis westaustralis) and western 
king wrasse (Coris auricularis) that accounted for between 37% and 74% 
and 21–59% of all fishes observed at each frequency in the optic still 
frames respectively (Table 2). The colour of C. westaustralis typically 
varies from dark teal to olive green – a spectrum near identical to that of 
the algal growth that covered most of the lower depth strata of the 
towers. Subsequently, C. westaustralis in close proximity to the towers 
were often camouflaged from optic detection by the towers (Fig. 2c). 
Similarly, C. auricularis are predominantly bleached white in colour. As 
such, individuals near the sandy seabed were often inconspicuous, and 
therefore were likely underrepresented in optic estimates of fish density. 
In contrast, the capacity of imaging sonar to detect physical objects in
dependent of distinguishing features used in optic surveys, such as 
colour, likely underpinned higher sonar fish densities (particularly when 
coinciding with high densities of C. westaustralis and C. auricularis). 
Here, the data processor noted that C. westaustralis and C. auricularis 
could infrequently be discriminated from the towers and seabed 
respectively by fine-scale morphological features such as eye colour, 
that contrasted with the background. However, use of an HD optical 
camera still was not adequate to consistently resolve such characteris
tics. Given the high motility of C. westaustralis and C. auricularis, using 
continuous optic footage may help to discriminate similarly camou
flaged fishes in future studies, provided that the background habitat is 
not homogeneous in colour. 

Previous studies of small, highly site-attached camouflaged taxa 
using ROVs have considered underrepresentation of such taxa in sub
sequent optic analyses due to the limited proximity of the ROV to 
physical habitat due to entanglement and damage risk (Ajemian et al., 
2015; Wetz et al., 2020). Here, this study demonstrates that imaging 
sonar can enumerate fishes irrespective of both degree of camouflage 
and distance to hard structure habitat. For the latter, the distance 
gradings and measurement tool on the Oculus Viewpoint software allow 
the distance between fish targets and habitat to be quantified, gener
ating empirical habitat associations that may prove valuable in future 
ecological studies. Additionally, the ability of imaging sonar to consis
tently detect and quantify the abundant and diverse small-bodied spe
cies at the Rottnest fish towers reinforces the ability of high-frequency 
acoustics to capture small fishes (Becker et al., 2016, 2013; Egg et al., 
2018; Kimball et al., 2010; Mueller et al., 2006). Imaging sonar may 
particularly outperform some optical cameras in this capacity: as re
ported by Egg et al. (2018), the minimum size detection threshold of an 
Adaptive Resolution Imaging Sonar (ARIS) operating at 3 MHz was 
10 cm, versus 15 cm for an HD GoPro Hero 4. Indeed, as described by 
Kimball et al. (2010) using a 1.8 MHz DIDSON, objects as small as 2 cm 
can be consistently detected by imaging sonar. Moreover, underesti
mation of small targets using imaging sonar at greater range due to 
decreasing resolution is only apparent beyond 20 m (summarised in Wei 
et al., 2022), significantly greater than the sampling ranges in this study. 
Nonetheless, this study advises that the accuracy of imaging sonar es
timates of fish density may be impacted at ranges exceeding 20 m. 

The variation in fish density observed across imaging sonar fre
quencies in this study is not considered to be informative. Differences in 
the wavelengths of all four frequencies are too finite relative to the size 
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of the fishes surveyed to incur variations in fish density. Higher fish 
density at 3 MHz is instead likely a product of covariance between fre
quency and the tower surveyed (either north or south). Only the north 
tower was surveyed at 3 MHz, with the south tower surveyed at 0.75, 1.2 
and 2.1 MHz. Accordingly, ecological factors operating on different 
spatial and temporal scales between the towers probably generated the 
higher fish density at the 3 MHz north tower survey. These factors may 
include variable proximity to source habitat or vectors of dispersal, such 
as the Leeuwin current (Caputi et al., 1996; Hutchins and Pearce, 1994), 
or differences in tidal regimes. To negate the influence of inter-habitat 
differences, future studies comparing imaging sonar fish densities 
across multiple frequencies should survey just one habitat, or apportion 
sampling effort equally by method (e.g., frequency) among different 
habitats. At equivalent fish abundance and consistent range, lower 
densities may be expected at higher frequencies. As reported by Cotter 
and Polagye (2020), detections of marine fauna at 2.25 MHz were lower 
than at 0.72 MHz due to attenuation of returning echoes by entrained air 
that shadowed targets at higher frequencies (see also Melvin and 
Cochrane, 2015). However, that study took place at a tidal channel with 
high water turbulence, and the magnitude of acoustic signal attenuation 
is likely lower in calmer waters, such as those around the Rottnest fish 
towers. Inconsistency in fish densities between the frequencies used to 
survey the south tower also indicate intra-habitat differences, a possible 
product of temporal variation in fish assemblage abundance and 
composition, and unlikely to be indicative of instrumental in
consistencies (such as wavelength variation) across 0.75, 1.2, and 
2.1 MHz. 

The fish densities quantified by both imaging sonar and the optical 
camera may have been adversely influenced on occasions where the 
ROV was not fully horizontal. Although conditions were relatively calm 
during the survey period, instances of stronger current caused the ROV 
to pitch and roll beyond an orthogonal axis. This may have falsely 
altered the sampling volumes of the imaging sonar and camera, in turn 
affecting fish density calculations. Furthermore, downward pitching of 
the ROV occasionally resulted in acoustic and optic obstruction by the 
seabed. Though sonar fish densities were not lower in frames with 
seabed interference (despite some instances of fish masking), and seabed 
was accounted for in optic volume calculations, future studies should be 
aware of potential variation in fish densities resulting from inconsistent 
ROV orientation. Finally, an additional factor that likely influenced 
optic volumes was lens barrel distortion caused by the dome port of the 
camera used in this study. Lens distortion requires 3-D image analyses to 
correct (Davies, 2018), which was beyond the scope of this study, 
though the accuracy of future estimates of fish density would be 
improved by remedying various causes of optic instrument distortion. 
Three-dimensional (3-D) image analyses also extend to stereo-video, a 
technique widely used to derive fish length estimates using optics 
(Harvey et al., 2002). Future comparisons between imaging sonar and 
optics may look to employ a stereo-video complex for comparison of 
length estimates from both instruments (Cook et al., 2019), which was 
not possible with the single camera system used here. Stereo-video 
systems would also provide information on the position of fishes in 
the water column; imaging sonar compresses the detection of objects in 
3-D space into two dimensions for display (Martignac et al., 2015). The 
impact of this compression is here considered negligible given that im
aging sonar did not quantify lower fish densities than optics, suggesting 
that there were few or no fishes in the same vertical plane that would 
otherwise obstruct one another on the imaging sonar display. However, 
if arrangement of fishes in 3-D space is desirable, or if the target 
assemblage is very dense (e.g., schooling fishes) such that obstruction of 
fishes in a two-dimensional display is likely, this study suggests also 
implementing a calibrated, multi-camera optical instrument to deter
mine the orientation of fishes detected by imaging sonar. Alternatively, 
rotating the imaging sonar could ensonify fishes in the vertical dimen
sion (Boswell et al., 2019), whilst 3-D modelling and reconstruction of 
imaging sonar footage is also possible (Jing et al., 2018). 

5. Conclusion 

This study reports that imaging sonar enumerated higher fish den
sities than an optical camera at three out of four frequencies tested 
(0.75, 1.2, and 3 MHz). This finding encourages the deployment of im
aging sonars for surveying the fish assemblages of other complex hard 
substrate habitats, including other artificial habitats like rigs-to-reefs 
(Plumlee et al., 2020), and biogenic reefs (Griffin et al., 2020). Most 
notably, imaging sonar outperformed optics in the detection of small, 
camouflaged, site-attached fishes that dominated the assemblages sur
veyed in this study. Further use of imaging sonar to enumerate 
size-diverse and speciose assemblages across different habitats, partic
ularly in comparison with simultaneous optical methods, will provide 
valuable indication of the wider potential of sonars in fish surveys. 
Crucially, this study also identified several limitations of imaging sonar 
in addition to the broader constraints of acoustic instruments that may 
constrain the use of sonar for future investigations, many of which can 
be remedied by simultaneous use of optics (Table 3). The capacity of 
imaging sonar to enumerate higher fish densities than optics consoli
dates both its broader application in marine life assessments, particu
larly as a complimentary tool to optics, as well as its use as a substitute 
for optics in instances of low-light. 
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