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Imaging sonars (ISs) are high-frequency acoustic devices that are increasingly being used to study fish in marine and freshwater habitats. 
A coustic de vices are limited in quantifying species richness, and previous attempts to identify fish species using IS ha v e mostly f ocused on 
assemblages of low species richness or high morphological diversity. This study aimed to determine the ability of IS for identifying fish species 
at a subtropical artificial reef off Perth, Western Australia. Se v eral fish traits that could be defined using IS were identified and described for all 
fish species observed with simultaneous optical f ootage. T hese traits w ere used to create a clustering algorithm to infer the species identity 
of IS detections of the five most abundant species at the reef. The identities of all fish from two species ( Chromis westaustralis and Neatypus 
obliquus ) were inferred with 100% success, though no individuals from the remaining three species ( Seriola dumerili , Coris auricularis, and 
Pempheris klunzingeri ) were correctly identified. An alternative clustering-based approach to categorising fish detected by IS independent of 
taxonomic inference was also implemented. Overall, this study demonstrates that IS can identify reef fish with variable success, and proposes 
an alternative method for describing fish assemblages irrespective of species identity. 
Keywords: acoustics, artificial reef, classification, clustering, schooling, size, taxonomy. 

a  

i
l  

o  

a  

i  

2  

o
m  

n
a  

a  

e
r  

o  

fi
(  

v  

2  

2
 

t
c
m
q
r
s  

t  

D
ow

nloaded from
 https://academ

ic.oup.com
/icesjm

s/advance-article/doi/10.1093/icesjm
s/fsad156/7330253 by U

niversity of Aberdeen user on 04 Septem
ber 2024
Introduction 

Non-invasive approaches to surveying fish populations can be 
broadly categorized as acoustic or optic. Optical survey meth- 
ods (e.g. high-definition video, SCUBA censuses) rely on vi- 
sual appraisal of fish assemblages. In contrast, acoustic meth- 
ods quantify fish through the propagation of sound waves in 

the water column and detection of echoes produced when the 
sound intercepts an object. Unlike optical methods, acoustics 
can operate independently of light and visibility, and are there- 
fore the preferred approach to surveying fish in deep water 
(Giorli and Au, 2017 ; Giorli et al., 2018 ), at night (Becker et 
al. , 2013 ; J ůza et al. , 2013 ), or in turbid water (Moursund et 
al., 2003 ; Mueller et al., 2006 ). 

Imaging sonars (also known as acoustic cameras; hereafter 
termed “ISs”) are high-frequency acoustic instruments that 
generate video-like images of objects (Belcher et al., 2001 ). ISs 
are increasingly used in fisheries acoustics due to the greater 
two dimensional resolution afforded in comparison to lower- 
frequency echosounders that typically operate at 18-200 kilo- 
hertz (kHz; Moursund et al., 2003 ; Simmonds and MacLen- 
nan, 2005 ; Sibley et al., 2023a ), providing detailed images 
of targets at the cost of shorter detection ranges. Although 

broadband split-beam echosounders (SBES) have high resolu- 
tion (Stanton et al., 2010 ), this is in a single dimension (typi- 
cally the vertical): unless objects are sufficiently low in den- 
sity, there may be many objects at the same vertical range 
within the large horizontal extent of the SBES pulse, which 

would not allow for targets to be resolved effectively. SBES 
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lso have smaller beamwidths compared to the sum of the
ndividual beams in many ISs, which means that, particu- 
arly at the short ranges where ISs operate effectively, less
f the water is sampled by SBES. At 1.8 megahertz (MHz)
nd above, objects as small as 1–2 cm can be detected us-
ng ISs in two dimensions (Kimball et al., 2010 ; Dunn et al.,
023 ). Moreover, ISs have been shown to generate estimates
f fish density that are commensurate with alternative survey 
ethods, including mark-recapture (Pipal et al., 2012 ), gill-
etting (Faulkner and Maxwell, 2020 ), trawling (Rakowitz et 
l., 2012 ), and human counts (Holmes et al., 2005 ; Faulkner
nd Maxwell, 2020 ). ISs operating at several frequencies can
ven outperform traditional optical cameras in quantifying 
eef fish density (Sibley et al., 2023b ). Additionally, the res-
lution of ISs is high enough that assorted characteristics of
sh targets can be observed, including morphological traits 
e.g. fins–Langkau et al., 2012 ; Boulêtreau et al., 2018 ) and
arious behaviours, for example, locomotion (Rose et al.,
005 ; Zhang et al., 2014 ) and predation (Becker et al., 2011a ,
011b ). 
However, all acoustic methods are limited in the ability to

axonomically identify fish, principally due to the absence of 
olour that underpins identification of species using optical 
ethods, but also the high resolution needed to accurately 
uantify size and describe shape and behaviour. Despite the 
elatively high frequency of ISs, previous attempts to clas- 
ify detected fish have achieved variable success and are of-
en only relevant for a specific system, circumstance, or fish
3 
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Figure 1. Location of the SRFT, relative to the North Rottnest Fish Tower, Rottnest Island, and Perth. The inset map shows the study region (in by the 
blue rectangle) relative to the western coast of Australia. 
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ssemblage (see e.g. Rose et al., 2005 ; Cotter and Polagye,
020 ; Artero et al., 2021 ). As discussed by Grote et al.
2014) and Jones et al. (2021) , successful identification of
sh detected by ISs often necessitates conspicuous morpho-
ogical variation between the ensonified (i.e. acoustically de-
ected) species. Moreover, successful identification is often
nly achieved for morphologically distinct taxa that are typi-
ally at least 20–30 cm in length (Langkau et al., 2012 ; Jones
t al., 2021 ), reducing the likelihood of identification in fish as-
emblages comprised of small, morphologically homogeneous
sh (e.g. mixed baitfish aggregations—Becker et al., 2011a ;
ecker and Suthers, 2014 ). 
Traditionally, four characteristics have been used to dis-

riminate fish in manual processing of IS footage: swimming
attern (e.g. Parsons et al., 2014 ; Keefer et al., 2017 ), body
hape (e.g. Rose et al., 2005 ; Becker et al., 2011a ; Boulêtreau
t al., 2018 ), length (e.g. Magowan et al. , 2012 ; Gurney et al. ,
014 ), and discrete morphological features (Frias-Torres and
uo, 2009 ; Boulêtreau et al., 2018 ; Jones et al., 2021 ). In many
ircumstances, however, species inferences are made via the
ollection of alternative evidence that provides information
n the composition of the target assemblage, a process some-
imes referred to as “ground truth” (McClatchie et al., 2000 ).
lternative evidence for IS data have been collected using var-

ous methods, including extractive techniques such as gillnet-
ing (Lin et al., 2016 ; Van Hal et al., 2017 ) and electrofishing
Hughes and Hightower, 2015 ), and optical instruments (e.g.
ameras–Cotter and Polagye, 2020 ; Lankowicz et al., 2020 ).
owever, acquiring alternative evidence is not always possi-

le. For example, ISs have been used extensively in artificial
abitats of high structural complexity (e.g. piers - Able et al.,
013 ; Grothues et al., 2016 ; Shahrestani et al., 2017 ) where
etting methods are not viable due to entanglement risk. Fur-
hermore, the viability of the method used to gather alterna-
ive evidence is contingent on the limitations of that method.
or example, if the system is highly turbid and very shallow
e.g. estuaries), both optics (Magowan et al., 2012 ) and net-
ing (Lankowicz et al., 2020 ) are not viable. Therefore, defini-
ively quantifying the ability of ISs to classify fish species is
mperative, not only to compensate for instances when alter-
ative evidence cannot be collected, but to mitigate the need
or alternative methods that can be intrusive, costly, and time-
onsuming to deploy. 

This study aimed to resolve the potential of ISs to clas-
ify fish by making taxonomic inferences of the most abun-
ant species ( n = 5) at a biodiverse sub-tropical artificial reef
ff Perth, Western Australia. This was achieved through the
eployment of ISs operating at two frequencies (0.75 and
 MHz) and collection of simultaneous high-definition optical
ootage as alternative evidence. The principal objective of the
tudy was to provide a standardized approach to identifying
nd classifying fish ensonified by ISs through the quantifica-
ion and interrogation of fish traits that can be captured by IS
t both low (0.75 MHz) and high (3 MHz) frequencies, and
hat are relevant for all fish assemblages. Moreover, the study
imed to provide an alternative protocol for classifying fish re-
ardless of species identity that can be used to describe ensoni-
ed fish assemblages beyond estimations of density. Both ob-
ectives were achieved using a cluster-based approach to anal-
se the fish traits captured by IS that were both categorical
nd numerical. 

ethods 

tudy site 

imultaneous IS and optical footage was collected from the
outh Rottnest Fish Tower (SRFT), 27 km off the coast of
erth, Western Australia, at 32 

◦ 07’.527 S, 115 

◦ 27’.013 E
 Figure 1 ). The SRFT is one of a pair of purpose-built artifi-
ial reefs deployed as fish aggregating devices in 2017, stand-
ng 12.5 m tall, 10 m long, and 7.8 m wide, and positioned
n unconsolidated soft sediment. A further description and a
chematic of the SRFT can be found in Sibley et al. ( 2023b ).
ampling took place on 28th September 2021 during daylight
ours (09:30–13:30). Optical visibility was estimated at 15–
5 m throughout the study using the onboard camera of the
emotely operated vehicle (ROV; see "Instruments" Section). 
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Table 1. Species detected using the optic camera at the SRFT ( n = 29), clustered on maximum size and schooling tendency. The relative abundance of 
each species is also categorized as rare ( < 5 individuals), infrequent (5–20 individuals), or common ( > 20 individuals). ∗ Denotes the five dominant species 
(in bold) at the SRFT that were carried forward for the species prediction process. † Denotes the medoid species for each cluster. 

Cluster 1 Schooling tendency 

Common name Latin name Max. size (cm) Solitary Pair Schooling Abundance 

Western Shovelnose Stingaree Trygonoptera mucosa 44 .0 � � � Rare 
Whitebarred Boxfish † Anoplocapros lenticularis 33 .0 � � � Rare 
Cluster 2 
Banded Seaperch Hypoplectrodes nigroruber 30 .0 � � � Rare 
Breaksea Cod Epinephelides armatus 56 .0 � � � Rare 
Magpie Morwong † Goniistius gibbosus 30 .0 � � � Rare 
Tarwhine Rhabdosargus sarba 80 .0 � � � Infrequent 
Cluster 3 
Rough Bullseye ∗ Pempheris klunzingeri 18 .0 � � � Common 
Splendid Perch Callanthias australis 49 .0 � � � Infrequent 
Yellowtail Grunter † Amniataba caudavittata 30 .0 � � � Rare 
Cluster 4 
King George Whiting Sillaginodes punctatus 72 .0 � � � Infrequent 
Mosaic Leatherjacket Eubalichthys mosaicus 60 .0 � � � Rare 
Roundface Batfish † Platax teira 70 .0 � � � Rare 
Skipjack Trevally Pseudocaranx wrighti 70 .0 � � � Infrequent 
Cluster 5 
Baldchin Groper † Choerodon rubescens 90 .0 � � � Rare 
Blacktip Trevally Caranx heberi 88 .0 � � � Rare 
Silver Trevally Pseudocaranx georgianus 94 .0 � � � Infrequent 
Cluster 6 
Greater Amberjack ∗ Seriola dumerili 190 .0 � � � Common 
Samsonfish † Seriola hippos 150 .0 � � � Infrequent 
Cluster 7 
Bluespotted Leatherjacket Eubalichthys caeruleoguttatus 38 .0 � � � Infrequent 
Moonlighter Tilodon sexfasciatus 40 .0 � � � Infrequent 
Old Wife Enoplosus armatus 50 .0 � � � Rare 
Rosy Goatfish Parupeneus chrysopleuron 55 .0 � � � Rare 
Southern Maori Wrasse † Ophthalmolepis lineolata 40 .0 � � � Rare 
Western King Wrasse ∗ Coris auricularis 40 .0 � � � Common 
Cluster 8 
Brokenline Wrasse Stethojulis interrupta 13 .0 � � � Rare 
Footballer Sweep ∗ Neatypus obliquus 22 .0 � � � Common 
Redband Wrasse † Pseudolabrus biserialis 17 .2 � � � Infrequent 
West Australian Puller ∗ Chromis westaustralis 8 .5 � � � Common 
Western Talma Chelmonops curiosus 26 .0 � � � Rare 
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Instruments 

Fish at the SRFT were acoustically detected us- 
ing two Blueprint Subsea Oculus multibeam ISs 
( www.blueprintsubsea.com/ oculus/ oculus- m- series ): the 
M750d (operating at 0.75 MHz, range set to 10 m), and the 
M3000d (3 MHz, 5 m). The specifications of both ISs are de- 
tailed in Table S1 . Each IS was interchangeably deployed atop 

an Oceanbotics SRV-8 ROV ( www.oceanbotics.com/ srv-8/ ).
Each IS was mounted in the same vertical plane as the on- 
board camera of the ROV to permit simultaneous capture of 
IS and optical footage ( Figure S1 ). The camera was situated 

behind a dome port and recorded video at 1080p (30 fps),
with vertical and horizontal viewing angles of 65.4 

◦ and 

99.1 

◦, respectively. The ROV was tethered to the surface 
via an umbilical, with an ultra-short baseline (USBL) posi- 
tioning system used to determine its location. The ROV also 

housed an altimeter to record depth. The ROV was orientated 

(pitch and tilt) orthogonally to the SRFT throughout the 
survey. 

Data acquisition and IS trait assignation 

IS data and optical footage were collected by piloting the ROV 

around the periphery of the SRFT at three depth strata: the 
ower strata (the base of the tower, from the seabed to ∼3 m
bove the seabed), the upper strata (the top of the tower, be-
ween ∼3 and 6 m above the seabed) and the spire (a pyra-
id of four converging beams projecting from the top of the

ower to 12.5 m above the seabed). To acquire the additional
vidence needed to resolve the species identity of the ensoni-
ed fish (e.g. Becker et al., 2013 ; Lankowicz et al., 2020 ),
ll species observed in the simultaneous optical footage when 

perating the ISs at each frequency were recorded ( n = 29,
able 1 ). 
The optical camera footage revealed the fish assemblage 

f the SRFT to be dominated (i.e. with abundances > 20)
y five species: greater amberjack ( S. dumerili ), western king
rasse ( C. auricularis ), rough bullseye ( P. klunzingeri ), West
ustralian puller ( C. westaustralis ), and footballer sweep ( N.
bliquus ). To ensure sufficient replication for further analyses,
nly fish of these species were recorded for IS trait determina-
ion (see below). Both the optical and IS footage were reviewed
ontinuously, with observations of these species on the opti- 
al footage matched to the simultaneous IS footage to confirm
dentity ( Figure 2 ). Only fish that were completely in the field
f view of both the IS (i.e. not obstructed by the various factors
hat impact IS fish detection described in Sibley et al., 2023b ,
ncluding masking from benthic growth and physical habitat 

http://www.blueprintsubsea.com/oculus/oculus-m-series
http://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsad156#supplementary-data
http://www.oceanbotics.com/srv-8/
http://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsad156#supplementary-data
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Figure 2. Simultaneous IS and optical still frames of the five most abundant species at the SRFT: (a) a school of greater amberjack ( S. dumerili ); (b) a 
solitary western king wrasse ( C. auricularis ), circled in white and black on the IS and optic frames respectively; (c) a school of rough bullseye ( P. 
klunzingeri ); (d) a school of West Australian puller ( C. westaustralis ), circled; and (e) a school of footballer sweep ( N.obliquus ). All IS frames were 
captured at 0.75 MHz. The ensonified ph y sical str uct ure of the SRFT can be seen in the background of each IS frame as a dense reflective object. The IS 
frames are cropped from the original display as best to depict each species. 
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tructure ensonification) and the optical camera (i.e. such that
pecies identification was possible) were used ( n = 296). The
ample size for each species comprised the minimum num-
er of each species observed using the optical footage at each
S frequency trial: S. dumerili , n = 24 (combined n at each
requency = 48); C. auricularis , n = 21 (42); P. klunzingeri ,
 = 27 (54); C. westaustralis , n = 41 (82); and N. obliquus ,
 = 35 (70). IS footage from all sites was inspected and anal-
sed using Oculus Viewpoint software ( www.blueprintsubsea.
om/ oculus/ support.php ). Optical footage was inspected us-
ng RJE SubNav software (v1.2.38; www.oceanbotics.com/ 
ub-nav/). 

Fish that were retained for further analyses (i.e. one of
he five dominant species listed above) were described using
hree traits derived from the IS. The traits chosen for this
lassification were those that could be readily quantified us-
ng most IS post processing software, including Oculus View-
oint, and are applicable to all marine fish assemblages. Three
raits were selected: fish size, schooling tendency, and body
hape. 

Fish size was defined as the total linear body length of the
sh in cm, and estimated using the measuring tool on the
culus Viewpoint software. The continuous IS footage was
aused whilst size was measured. Across all frequencies, the
inimum size measurable was 5 cm, identified as the mini-
um length that could be consistently quantified using the
easuring tool at the lowest frequency (0.75 MHz). All fish

hat were the same length or smaller than this minimum mea-
urable size were recorded as 5 cm. Measurements were taken
hen fish were oriented as close to linear (i.e. not perpendicu-

ar relative to the IS beam array) and as conspicuous in the dis-
lay (i.e. as close to the centre of the beam array) as possible.
nly fish within 4 m range were measured as size estimates
t long ranges are known to be erroneous due to decreased
esolution and greater absorption of sound waves (Burwen et
l. , 2010 ; Hightower et al. , 2013 ; Giorli et al. , 2018 ; Daroux
t al., 2019 ). Although Helminen et al. ( 2020 ) deemed these
ffects to be negligible within 29 m at 1.1 MHz, the incidence
f this range effect is likely greater at the 3 MHz frequency
sed here. 
The schooling tendency of fish detected on the IS was al-

ocated by combining several definitions of fish schooling
rom previous studies (Pitcher, 2001 ; Viehman and Zydlewski,
015 ; Becker et al., 2016 ; Van Hal et al., 2017 ). Fish were
ltimately assigned to one of three schooling tendency cate-
ories: solitary, paired, or schooling. A solitary fish was alone
nd not swimming in the same direction as, nor behaving sim-
larly to, nor a similar size to any other fish. Paired fish were
wo fish swimming in the same direction as, behaving simi-
arly to, and of a similar size to each other. Fish in the school-
ng category were defined as swimming in the same direction
s, behaving similarly to, and of similar size to two or more
ther fish. Preliminary inspection revealed paired and school-
ng fish to be in variable proximity to the nearest other fish
rrespective of body length. Therefore, proximity in terms of
ody lengths was not incorporated into the schooling defi-
ition. Adjacent frames were used to confirm schooling ten-
ency when it could not be determined from individual still
rames. 

Body shape was determined through preliminary inspection
f the IS footage to be either ellipsoidal or filiform. Ellipsoidal
sh tapered from head to tail and were widest near the middle
f the body). Filiform fish were eel-like with consistent girth
cross the length of the body. Targets that are detected by ISs
n three-dimensional space are displayed in two dimensions,
orizontal, and range (i.e. X and Z; Martignac et al., 2015 ).

http://www.blueprintsubsea.com/oculus/support.php
http://www.oceanbotics.com/sub-nav/
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Vertical-dimensional traits, therefore, cannot be observed, so 

complete profiles of body shape are not possible. Body shape 
categorization by ISs is very limited, and is further restricted 

by the lower resolution of ISs than optics. For example, de- 
pressiform and compressiform fish cannot be readily distin- 
guished from one another, unless either phenotype is particu- 
larly conspicuous (e.g. the expansive compressiform shape of 
large Mobula rays–McCauley et al., 2014 ; Artero et al., 2021 ),
or supplemented by other distinguishing morphological traits 
(e.g. the fencing sword-like tails of Mylobatid rays–Parsons et 
al., 2017 ). The majority of both depressiform and compres- 
siform fish, as well as all fusiform fish, therefore fit the defi- 
nition of ellipsoidal. This leaves filiform fish (e.g. Muraenids,
Fistularids) as the only other broad fish morphology that is 
distinguishable using ISs. 

All recordings and trait assignations were made by the same 
observer (E.C.P. Sibley) to negate potential inter-observer vari- 
ation (Keefer et al., 2017 ; Jones et al., 2021 ). Measured fish 

were simultaneously tracked using continuous optic footage 
to mitigate double counting and repeat measurements (e.g.
Becker et al., 2016 ), to minimize the risk of pseudo-replication 

as experienced in Jones et al. ( 2021 ). However, repeat mea- 
surements of more motile (e.g. footballer sweeps) and densely 
schooling species (e.g. greater amberjack) that can recurrently 
move in and out of the frame and are challenging to isolate 
from conspecifics may still have occurred on occasion (as per 
the multipass hypothesis of Brehmer et al., 2006 ), particularly 
for any fish that followed the ROV (McLean et al., 2020 ; Wetz 
et al., 2020 ). 

Clustering and species predictions 

The clustering and species prediction processes comprised five 
stages. Firstly, prior to processing the IS footage, all fish species 
optically detected at the SRFT were assigned three traits anal- 
ogous to the IS traits described above ( Table 1 ). Maximum 

size was sourced from FishBase ( www.fishbase.se/search.php ,
Froese and Pauly, 2023 ), quantified as standard length for C.
westaustralis , and total length for the remaining four species.
Though mean size was preferred, this was unavailable for 
most of the species observed at the SRFT. Schooling tendency,
allocated as either solitary, paired, or schooling as per the defi- 
nitions in Section "Data Acquisition and IS trait assignation",
was assigned to each species based on deliberations by sev- 
eral of the authors (E.C.P. Sibley, A.S. Madgett, T.S. Elsdon,
and M.J. Marnane) with a combined experience in reef fish 

surveys spanning several decades. Due to a paucity of species- 
specific knowledge on fish schooling tendency, this trait was 
assigned at the family level (for example, all members of the 
family Pempheridae were listed as schooling based on the 
known gregariousness of different species within that family).
Previous experiences of stochastic events that trigger school- 
ing behaviours (e.g. predation; see Viscido et al., 2004 , 2007 ) 
were not considered; schooling tendency was defined based on 

“normal” behaviour. Body shape (either ellipsoid or filiform) 
was assigned to each species based on assumptions as to the 
appearance of each species on an IS display, facilitated by pre- 
vious studies that describe the appearance of various taxa of 
diverse morphology (e.g. Parsons et al., 2017 ; Francisco and 

Sundberg, 2019 ; Artero et al., 2021 ; Jones et al., 2021 ). 
Secondly, all of the 29 fish species optically observed at the 

SRFT were clustered on these traits. A cluster distance ma- 
trix was formulated using Gower’s distance, which accommo- 
dates variables of mixed types (Gower, 1971 ). All fish species 
ere ellipsoid, so body shape was dropped as a variable in the
istance matrix formulation. Maximum length was weighted 

ouble relative to the remaining variables. The stochasticity 
nd overlap in schooling tendencies among the species ob- 
erved meant schooling tendency was likely less important 
han maximum size in the definition of the clusters, a con-
inuous variable that was substantially more effective in dis- 
retizing species (see Kaufman and Rousseeuw, 2009 ). The 
ptimum number of clusters was determined using partition- 
ng around medoids (PAMs) based on the Gower’s distance 
alculation, and silhouette width (SW) calculated for 2–20 

lusters. Using the Gower’s distance calculation, PAM aggre- 
ates observations based on similarity, by first identifying rep- 
esentative observations (termed “medoids”), then assigning 
imilar observations to each medoid to create clusters. The 
umber of clusters that best represents the data is determined
sing SW, a measure of similarity between pairs of observa-
ions relative to both other observations in the same clus-
er, and observations in the nearest neighbouring cluster. Fur- 
her description of PAM and SW use in cluster determina-
ion can be found in the Methods of Lawrence and Fernandes
 2022 ). 

Thirdly, the PAM algorithm was customised to specify the 
umber of clusters ( k ) with the highest SW (Batool and Hen-
ig, 2021 ). 
Fourthly, to predict the species identity of the fish observed

n the ISs at each frequency (as defined by the traits listed
n Section "Data Acquisition and IS Trait Assignation" with 

pecies identity confirmed by simultaneous optics), all fish 

etected on the IS were assigned to one of the clusters de-
ned in stage 2. The schooling tendency of the ensonified fish
as matched against the schooling tendencies of each cluster 
edoid. Clusters with medoids that did not have a match-

ng schooling tendency were excluded. Conjunctively, the size 
f the ensonified fish was compared to the mean average of
he maximum size of all fish species in each cluster (hereafter
ermed “mean maximum size”), and assigned to the cluster 
ith the closest value. Successful predictions occurred when 

he assigned cluster contained the species of fish that was iden-
ified to be the ensonified fish using the optics. For exam-
le, if an ensonified fish was predicted to belong to a clus-
er containing C. westaustralis and the optics confirmed that 
he fish was indeed C. westaustralis , the prediction would be
uccessful. 

Fifthly, following the clustering process for species assign- 
ent predictions, all fish observed on the IS display underwent

he same clustering procedure described in stage 2 in order to
lassify ensonified fish independent of species identity. Again,
ll fish observed were ellipsoid, so body shape was dropped.
ize was again double weighted relative to the schooling ten-
ency categories. The clustering procedure was identical to the 
bove, except the PAM algorithm was constructed on four 
lusters. All clustering was done in R (R Core Team, 2013 ).
istance matrices and PAM algorithms were formulated using 

he “daisy” and “pam” functions, respectively, in the package 
cluster” (Maechler et al., 2012 ). 

esults 

or clustering of the 29 species observed at the SRFT, SW
as highest at k = 8 (SW = 0.69). The resulting PAM al-

orithm was formulated on eight clusters; although there was
igh overlap in the mean maximum size of most clusters, vari-

http://www.fishbase.se/search.php
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Figure 3. B o xplots sho wing the distribution of maximum siz e per cluster, where the horiz ontal black lines designate the mean maximum siz e, the 
whiskers represent 1.5 times the interquartile range above and below the third and first quartile, respectively, and the colour designates the schooling 
tendency of the medoid species of each cluster. The number of species in each cluster is denoted abo v e each box. 
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tion in schooling tendency allowed for the distinction of the
ight clusters ( Figure 3 ). Predictions for both C. westaustralis
nd N. obliquus were both 100% successful across both fre-
uencies (indicated by the doughnut charts in Figure 4 d and
); all individuals observed on the ISs from both species were
llocated to a cluster containing five species (including C. wes-
australis and N. obliquus ), each exhibiting all three school-
ng tendencies. The mean maximum size of this cluster was
7.3 cm. Success rates for S. dumerili , C. auricularis , and P.
lunzingeri were all zero for both frequencies (i.e. no individ-
als from these species observed on the ISs were allocated to
he cluster that contained that species, as shown by the dough-
ut charts in Figure 4 a–c). 
Investigation of the length distributions for each of the

ve species that underwent the prediction process generally
emonstrated that fish recorded on the ISs were markedly
maller than the maximum known size for each species (as
hown by the histograms in Figure 4 ), except for C. westaus-
ralis whose size ranged from 5 to 18 cm, despite a maximum
nown size of 8.5 cm ( Figure 4 e). The observed schooling ten-
encies of ensonified fish were broadly commensurate with
he expected schooling tendencies of their respective species
 Table 1 , Figure 4 ). Only P. klunzingeri was not listed as prac-
icing all three schooling tendencies, instead described as ex-
lusively schooling species. Solitary individuals comprised 3.7
nd 14.8% of P. klunzingeri observations at 0.75 and 3 MHz,
espectively. 

All fish observed on the ISs ( n = 296) were clustered via
AM at k = 4 (SW = 0.87). Because there was no differ-
nce in prediction success between 0.75 and 3 MHz (evi-
encing no difference in the ability to discriminate individual
pecies), nor any conspicuous difference in recorded lengths
or each species per frequency, all fish recorded at both fre-
uencies were clustered together. The resulting clusters (here-
fter termed imaging sonar groups, ISGs) each contained fish
isplaying only one schooling tendency. Based on this and
he sizes of the constituent fish, ISGs were annotated as fol-
ows: ISG 1 = medium-sized solitary fish ( n = 132); 2 = large
chooling fish ( n = 42); 3 = medium-sized paired fish ( n = 26);
nd 4 = small schooling fish ( n = 96). The size distribution,
chooling tendencies, and species composition of each cluster
re displayed in Figure 5 . 

iscussion 

revious investigations into the capacity of ISs to identify fish
pecies have been predominantly based on the detection and
iscrimination of conspicuous morphological features that
istinguish species (e.g. Langkau et al., 2012 ; Boulêtreau et
l. , 2018 ; Jones et al. , 2021 ). However, these approaches have
chieved variable success and have generally only been im-
lemented on assemblages containing just a handful of dif-
erent species (Langkau et al., 2012 ). This study advances
n prior investigations by using two traits, body size and
chooling tendency, to categorize and cluster fish detected
y IS at a species rich artificial reef off the coast of West-
rn Australia, achieving variable success in the identification
f the five most abundant species at the reef (observed us-
ng simultaneous optical footage). The systematic approach
o species classification presented here can be applied to all
sh communities in all ecosystems and contexts, based on
he clustering of traits that can be quantified by ISs for all
sh species. In addition, a method of classifying ensonified
sh that is independent of species identity was explored,
or use when the collection of alternative evidence (e.g. op-
ical camera footage) to inform species composition is not
ossible. 

ish clustering 

he two most abundant species, West Australian puller ( C.
estaustralis ) and footballer sweep ( N. obliquus ), were both
llocated to their corresponding cluster with 100% accu-
acy at both frequencies. Therefore, it was inferred that all
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Figure 4. Counts, size distributions, and schooling tendencies of the five most abundant fish species surveyed at both frequencies at the SRFT: (a) 
greater amberjack ( S. dumerili ), (b) western king wrasse ( C. auricularis ), (c) rough bullseye ( P. klunzingeri ), (d) West Australian puller ( C. westaustralis ), 
and (e) footballer sweep ( N. obliquus ). Presented on each histogram are the maximum known sizes (red line) of each species derived from FishBase 
(Froese and Pauly, 2023 ). Adjacent doughnut charts show the proportions of individuals from each species that were recorded on the IS assigned to the 
eight clusters presented in Figure 1 based on their size and schooling tendency, with the number in the middle of each chart indicating the cluster to 
which the corresponding species was allocated. The success of the prediction process is thereby represented in these charts. For example, all C. 
westaustralis and N. obliquus individuals were allocated to cluster 8 across both frequencies, the same cluster to which each species was assigned 
in Table 1 . Prediction success was therefore 100% for both of these species at both frequencies. Conversely, all C. auricularis individuals were allocated 
to either cluster 1 or 8, yet C. auricularis was assigned to cluster 7. Prediction success was therefore 0% at both frequencies. Shading in the doughnut 
charts indicates the frequency of the IS used, with hashed areas representing 0.75 MHz, and filled areas representing 3 MHz. 
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individuals from these species were one of five species (i.e.
the number of species in the corresponding cluster for each 

species; Table 1 ) as opposed to one of 29 species (the total 
number of species identified using simultaneous optics at the 
SRFT). Key to this classification success were the ensonified 

fish displaying schooling tendencies that reflected the tenden- 
cies of their corresponding families, and the length distribu- 
tions of the ensonified fish being consistent with the maximum 

known sizes of each species. Notably, the published maximum 

size of C. westaustralis was smaller (8.5 cm) than the largest 
C. westaustralis recorded here (18 cm). This could be a prod- 
uct of length overestimation of smaller fish using IS reported 

from previous studies (Hightower et al., 2013 ; Cook et al.,
2019 ; Daroux et al., 2019 ; Helminen et al., 2020 ). However,
rough bullseye ( P. klunzingeri ) exhibited a size distribution 

similar to C. westaustralis whilst not exceeding the maximum 

known size for the species. Therefore, it is likely that the max- 
imum size of C. westaustralis is much larger than previously 
reported, instead of the large sizes reported here being a prod- 
uct of measurement error (see Section " Instrumental effects").
Ultimately, this discrepancy did not impact the successful pre- 
diction of all C. westaustralis individuals, particularly because 
the other four species in the cluster that contained C. westaus- 
tralis were all larger, increasing the mean maximum size of the 
luster to one at the scale of the larger C. westaustralis indi-
iduals detected. 

Conversely, no individuals of greater amberjack ( S. dumer- 
li ), P. klunzingeri , and western king wrasse ( C. auricu-
aris ) were inferred successfully. Although these species ex- 
ibited schooling tendencies that generally agreed with their 
amily-level schooling behaviours, their size distributions were 
maller than the known maximum sizes for each species. This
as particularly apparent for S. dumerili : the largest individ-
al recorded was 122 cm smaller than the known maximum
ize for the species, and amberjacks were instead assigned to
everal clusters of mean maximum sizes that were more com-
ensurate with the size distribution quantified. The magni- 

ude of the difference between the known maximum size and
he recorded size distribution suggests that the S. dumerili en-
onified here are of an earlier life stage than mature amberjack
hat would otherwise be closer in size to the known maxi-
um size. Additionally, the majority of ensonified S. dumer- 

li exhibited schooling behaviour; as S. dumerili mature from 

uveniles to adolescents, schooling behaviour typically onsets 
Miki et al., 2011 ). Also, the S. dumerili observed on the op-
ical camera did not possess the vertical bars along the body
hat are characteristic of juveniles. These observations in com- 
ination imply that the S. dumerili around the SRFT are ado-
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Figure 5. Size distributions (including mean size indicated by the black horizontal line, and whiskers representing 1.5 times the interquartile range above 
and below the third and first quartile, respectively), for each of the four ISGs as derived from the clustering of the five most abundant species at the 
SRFT, pooled across both frequencies. All ISGs comprised fish that displa y ed either a solitary, paired, or schooling tendency, as represented by the 
colours of each box. Also presented are doughnut charts of the proportional abundance of each species within each ISG. 
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escents. Therefore, this study demonstrates the importance of
he SRFT in the development of S. dumerili , further reinforc-
ng the role of artificial structures in carangid reproduction
nd recruitment (Folpp et al., 2013 ; Madgett et al., 2022 ). 

Markedly, this study mirrors previous reports concerning
he issue of using size to discriminate fish species ensonified
y ISs. In Grabowski et al. ( 2012 ), the application of discrete
ize criteria to identify individual species resulted in the fre-
uent misclassification of juveniles whose size distribution did
ot agree with that of adults from their corresponding species.
his parallels the misclassification of S. dumerili detected in

his study, despite size being measured on a continuous scale.
he issue of cohort size variation was mitigated in Crossman
t al. ( 2011 ), where IS estimates of sturgeon size were com-
ared with known length-at-age data to discriminate between
ndividuals from different cohorts, albeit in a monospecific
ontext. Here, this study considers that the number of suc-
essful species inferences made for S. dumerili , P. klunzingeri ,
nd C. auricularis would likely be far higher if the mean size
f each species ( in lieu of cohort-specific size data) had been
sed in the clustering process instead of the maximum size.
owever, such data were scarce for the majority of observed

pecies, due to the need for the sampling of a large number
f individuals, instead of using anecdotal and opportunistic
eporting of particularly large individuals from which max-
mum size is defined. Most of the species at the SRFT are
ot common fisheries targets, so length estimates from catch
ata are not available. Additionally, although the common (i.e.
ean) size of S. dumerili is published on FishBase as 100 cm,

his is still 32 cm greater than the largest individual measured
ere. Therefore, use of mean size would likely result in similar
utcomes for S. dumerili classification as the use of maximum
ize here. 

The taxonomic inferences made in this study would also
e further discretized, and therefore likely improved, through
edicated profiling of schooling tendencies at the species or
enus level. Given the paucity of species-specific schooling
nformation for reef fish, this study allocated schooling ten-
encies to the 29 species at the SRFT at the family level, re-
ulting in high overlap between species. For example, four of
he five most abundant species were annotated as displaying
olitary, paired, and schooling behaviour. Refining the school-
ng tendencies of these species at a higher taxonomic resolu-
ion would likely partition each species further during clus-
ering, increasing the resolution of taxonomic inferences. Fur-
hermore, schooling behaviours in many fish species can be
ighly variable, and a product of both biotic and abiotic in-
uences (Viscido et al., 2004 , 2007 ; Rieucau et al., 2015 ).
tochastic schooling behaviours that are not representative of
eneral schooling tendency may have been ensonified in this
tudy, undermining taxonomic inferences. However, the cu-
ulative impact of this is likely to be minimal, given the over-

ap in schooling tendencies across the five focal species. Fur-
hermore, most P. klunzingeri individuals showed exclusively
chooling behaviour, agreeing with our prior categorization
f schooling tendency for the family Pempheridae . Regardless,
o successful species inference for any P. klunzingeri individ-
al was made, suggesting the categorical variable of schooling
endency is less important than the continuous variable of size
or accurate taxonomic inferences, despite the species medoid
f the cluster containing P. klunzingeri annotated to also show
chooling behaviour only. 

The mixed success of taxonomic inferences from IS detec-
ions reported here prompted alternative consideration as to
ow to classify ensonified fish, not least to provide fish as-
emblage descriptions beyond density estimates. This study
lustered all fish detected by the ISs, defined by size and school-
ng tendency, into four ISGs. Interestingly, each ISG was char-
cterised by one particular schooling tendency that generally
orresponded to the schooling tendencies of the composite
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species (made available by the use of simultaneous optical 
footage). Most conspicuously, fish from ISG 2 were exclu- 
sively schooling, and were all identified to be S. dumerili us- 
ing the simultaneous optical data. Given that this study an- 
notated S. dumerili as exhibiting solitary, paired, and school- 
ing tendencies, the exclusively schooling composition of ISG 2 

confirmed that all constituent fish were schooling S. dumerili .
Moreover, the majority of P. klunzingeri (exclusively school- 
ing) were found in ISG 4, which was also categorized as a 
distinctly schooling group. 

ISGs were also defined by an apparent dichotomy in size 
distribution; the fish in ISG 2 had a much larger mean size 
than fish from ISGs 1, 3, and 4, which in turn were similar 
in mean size to each other. This is reflected by the species 
composition of each ISG, with the larger mean size for ISG 

2 attributable to the exclusive composition of S. dumerili that 
are much larger than the other four species. Combined, the 
schooling tendencies and size distributions of fish in each ISG 

allowed this study to describe the SRFT assemblage indepen- 
dent of taxonomic inference, albeit this was still made possible 
by the collection of optical alternative evidence. Using ISGs 
only, the SRFT assemblage comprised: medium-sized solitary 
fish ( n = 132), large schooling fish ( n = 42), medium-sized 

paired fish ( n = 26); and small schooling fish ( n = 96). This an- 
notation provides significantly more insight into the dynam- 
ics of the assemblage than basic density estimates. This study 
advises the adoption of this classification approach in future 
studies where the collection of alternative evidence to infer 
species composition is not viable. In addition to body shape 
for morphologically diverse assemblages, the approach can be 
refined by including other traits that are quantifiable on ISs,
like schooling density (see Rieucau et al., 2015 ), that are perti- 
nent in particular contexts, such as when examining predator- 
prey interactions (e.g. Becker et al., 2011a , 2011b ; Boulêtreau 

et al., 2018 ). 

Instrumental effects 

The taxonomic inferences made on the SRFT fish assemblage 
were inherently relative to the capacity of ISs for detecting and 

measuring fish, as well as observing fish behaviour. In particu- 
lar, this study emphasises that measurements of fish size using 
IS are relative and not absolute (Artero et al., 2021 ), especially 
given that no alternative methods to measure fish size were 
applied that can quantify measurement error (e.g. Lin et al.,
2016 ; Kerschbaumer et al., 2020 ; Artero et al., 2021 ; Bennett 
et al., 2021 ). Nevertheless, to reduce the incidence of measure- 
ment error, only fish within a relatively short range (4 m) were 
included in this study. 

The need for relative appraisal and interpretation of fish 

sizes stems from the assorted drivers of erroneous fish mea- 
surements using ISs, as reported by numerous previous studies 
that have ensonified and measured fish of known size. These 
drivers often concern characteristics of the fish themselves, in- 
cluding aspects of fish locomotion (such as swimming style,
speed, and behaviour–Burwen et al., 2010 ; Hightower et al.,
2013 ; Zhang et al., 2014 ; Keefer et al., 2017 ; Egg et al., 2018 ; 
Cook et al., 2019 ), fish orientation relative to the IS (specif- 
ically the incident angle of the fish, the distance of the fish 

from the IS, and the position of the fish in the beam array–
Tušer et al., 2014 ; Egg et al., 2018 ; Giorli et al., 2018 ; Cook 

et al., 2019 ), and morphological differences between fish (e.g.
length, girth, body shape, and the focal body parts used in 
easurement–Burwen et al., 2010 ; Hightower et al., 2013 ;
ušer et al., 2014 ; Cook et al., 2019 ; Daroux et al., 2019 ;
elminen et al., 2020 ; Lagarde et al., 2020 ). Correction fac-

ors for erroneous IS size estimates under these various cir-
umstances are imperative, as inaccurate measurements pose 
roader connotations for ecological observations and fisheries 
anagement, especially when accurate biomass estimates are 
ecessary. 
IS specifications can also influence measurement accuracy,

ith the frequency used being particularly critical. Lower 
requencies provide greater range at the cost of resolution,
uch that targets appear less detailed on the IS display. Given
hat length measurements are typically made in data post- 
rocessing, this means that targets ensonified at lower fre- 
uencies are measured with reduced accuracy compared to 

argets ensonified at higher frequencies (Martignac et al.,
015 ; Wei et al., 2022 ). However, there appeared to be no
arked differences in the lengths of fish of each species be-

ween the low (0.75 MHz) and high (3 MHz) frequencies used
n this study, suggesting differences in resolution do not gen-
rate conspicuously erroneous size measurements at the scale 
f the fish assemblage surveyed here. Despite this, the mini-
um measurable size was 5 cm at 0.75 MHz, so fish below

his size (likely including smaller C. westaustralis and P. klun-
ingeri ) were not consistently detectable, hence their identity 
ould not be inferred. Additionally, the resolution afforded at 
 MHz was still not sufficient to delineate small fish in close
roximity to one another (e.g. densely schooling P. klunzin- 
eri ), a problem that is widely reported in other IS studies of
sh communities (Becker et al., 2011a , 2011b , 2016 ; Becker
nd Suthers, 2014 ; Van Hal et al., 2017 ). Even at high fre-
uencies, the lower resolution of IS relative to optics means
uantification of length metrics other than total length that 
equire accurate discrimination of certain features (e.g. fork 

ength) is very challenging, unless those features are conspicu- 
us at the frequencies applied As such, total length ought to be
mplemented as the standard measurement for fish when using 
S, though future studies may look to investigate the feasibil-
ty of quantifying alternative length metrics, especially rela- 
ive to alternative methods (e.g. stereo-video; Harvey et al.,
002 ). 
The manner of data processing can also influence measure- 
ent accuracy, with manual length measurement accuracy re- 
orted to be contingent on the experience of the observer
n identifying fish, particularly in their discrimination from 

ackground objects (e.g. non-fish targets, substrate–Viehman 

nd Zydlewski, 2015 ; Capoccioni et al., 2019 ; Helminen
nd Linnansaari, 2021 ), and instrumental artefacts like side- 
obe interference and geometric scattering (Hightower et al.,
013 ; Cotter and Polagye, 2020 ). The observer in this study
E.C.P.S.) is experienced in both the identification and mea- 
urement of fish using ISs, hence post-processing effects on 

ength measurement accuracy here are likely negligible, if 
ot absent. Ultimately, identifying and quantifying various 
rivers of fish measurement error using ISs were beyond the
cope of this study. The absence of a standardized calibra-
ion technique for ISs that can mediate the various causes
f erroneous measurements means length estimates cannot 
e considered absolute (Martignac et al., 2015 ; Artero et al.,
021 ). 
Finally, the compression of IS data from three-dimensional 

etections to two dimensions for display results in the loss
f details that exist in the Y dimension (Martignac et al.,
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015 ). Although this could impact length measurements and
bscure schooling behaviours, the major consequence of tar-
et compression in this study was the loss of body shape de-
ail. Subsequently, and despite the high morphological varia-
ion of reef fish (Claverie and Wainwright, 2014 ), only two
ody shapes (ellipsoid and filiform) were identifiable using
Ss. All detected fish from the five focal species were ellipsoid
n body shape, such that taxonomic inferences could not be
urther refined by this characteristic. The increasing applica-
ion of post-processing software that reconstructs IS data in
hree-dimensions (Jing et al., 2018 ), alongside the continued
evelopment of three-dimensional ISs (Lagudi et al., 2016 ),
ill certainly allow future studies to gauge fish characteristics

n greater dimensional detail, potentially increasing the accu-
acy of taxonomic inferences. Comparably, ISs can be rotated
t regular intervals to facilitate size estimates in both length-
ard and width-ward dimensions, provided target fish occupy

he same position for sufficient lengths of time (Boswell et al.,
019 ). 

onclusion 

his study demonstrated that the species identity of two of
he five most abundant fish species at a subtropical artificial
eef in Western Australia could be inferred using IS at both
ow (0.75) and high frequency (3 MHz). However, this study
ailed to identify any individuals from the remaining three fo-
al species at either frequency. Overall, this investigation con-
ludes that IS can be highly effective at making taxonomic
nferences for some fish, but not for others. Through the trait
ssignation and clustering protocol applied here, this discrep-
ncy appeared to be driven by differences in IS traits between
pecies, in particular fish size, which varies naturally across life
istory stages. For example, all greater amberjack ( S. dumerili )
etected and measured using IS were markedly smaller than
he known maximum size of that species. Accordingly, the am-
erjacks quantified by IS were assigned to different clusters
han the one to which S. dumerili was allocated in the pri-
ary stage of clustering. Conversely, the size ranges of West
ustralian puller ( C. westaustralis ) and footballer sweep ( N.
bliquus ) were both broadly commensurate with their respec-
ive maximum sizes, underpinning a 100% success rate in tax-
nomic inferences for both species. The variable success of
pecies identification achieved in this study prompted alter-
ative consideration as to effectively classifying fish detected
y IS. Through another clustering process, this was achieved
y partitioning ensonified fish into one of four distinct clus-
ers termed ISGs, encompassing a range of sizes and schooling
endencies. This study recommends implementing ISGs for fu-
ure studies of diverse fish assemblages using IS to categorize
sh, analogous to low-order taxonomic and functional classi-
cations in optical surveys of fish. 
As ISs become more advanced, including the three-

imensional reconstruction of IS footage that can more ef-
ectively define morphological characteristics, taxonomic in-
erences will no doubt become more successful than those
chieved here. Nevertheless, a standardized approach for fish
lassification from IS that works at both low and high frequen-
ies can categorize fish assemblages using characteristics other
han species identity. In particular, dedicated investigation of
he size distributions, body shapes, and schooling tenden-
ies of different fish species will likely improve the classifica-
ion approach implemented in this study. Continued profiling
nd classification of fish assemblages that are diverse in both
pecies richness and morphology, coupled with further inter-
ogation of the traits quantifiable using high-frequency acous-
ics that can be used to discriminate different fish species, will
ikely improve the capacity of ISs to provide high-resolution
nsight into fish communities where optical instruments are
ot operable. 
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