N
N

N

HAL

open science

Species identification of fish shoals using coupled
split-beam and multibeam echosounders and two
scuba-diving observational methods

Viviane David, Anne Mouget, Pierre Thiriet, Corentin Minart, Yannick

Perrot, Loic Le Goff, Olivier Bianchimani, Solene Basthard-Bogain, Tristan

Estaque, Justine Richaume, et al.

» To cite this version:

Viviane David, Anne Mouget, Pierre Thiriet, Corentin Minart, Yannick Perrot, et al.. Species identifi-
cation of fish shoals using coupled split-beam and multibeam echosounders and two scuba-diving obser-
vational methods. Journal of Marine Systems, 2024, 241, pp.103905. 10.1016/j.jmarsys.2023.103905 .
hal-04179881

HAL Id: hal-04179881
https://hal.univ-brest.fr /hal-04179881v1

Submitted on 22 Nov 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License


https://hal.univ-brest.fr/hal-04179881v1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

Journal of Marine Systems

January 2024, Volume 241, Pages 103905 (11p.)
https://doi.org/10.1016/j.jmarsys.2023.103905
https://archimer.ifremer.fr/doc/00835/94744/

Species identification of fish shoals using coupled split-
beam and multibeam echosounders and two scuba-diving
observational methods

David Viviane 12", Mouget Anne 24, Thiriet Pierre 1, Minart Corentin -2, Perrot Yannick 2,
Le Goff Loic 1, Bianchimani Olivier 5, Basthard-Bogain Soléne 3, Estaque Tristan 5, Richaume Justine °,
Sys Jean-Francois 1 ¢, Cheminée Adrien °, Feunteun Eric 2 4, Acou Anthony !, Brehmer Patrice 2

1 PatriNat (OFB-MNHN-CNRS-IRD), Centre d'expertise et de données sur le patrimoine naturel, Station
de Biologie Marine de Dinard, 38 rue du Port Blanc, 35800 Dinard, France

21RD, Univ Brest, CNRS, Ifremer, UMR Lemar, Plouzané, France

3 Laboratoire BOREA, Museum National d'Histoire Naturelle, CNRS, Sorbonne Université, IRD,
UniCaen, Univ Antilles Guadeloupe, 57 rue de cuvier, 75005 Paris, France

4 Station Marine de Dinard, CRESCO, 38, rue du port Blanc, 35800 Dinard, France

5 Septentrion Environnement, Campus Nature Provence, 89 Tra. Parangon, 13008 Marseille, France

6 Comité Francais UICN, Brest, France

* Corresponding author : Viviane David, email address : viviane.david.66@gmail.com

Abstract :

Species identification remains crucial for interpreting acoustic backscatter delivered by active acoustic
methodologies. The study took place in a Marine Protected Area where highly restricted areas were
present such as no take zones. We used an innovative methodology coupling split-beam and multibeam
echosounders to detect and classify monospecific fish shoals (i.e. schools or aggregations). Species
identifications were realised by underwater visual censuses made by scientific divers. Two experimental
protocols, where the divers gave the identifications instantaneously thanks to a communication wireframe,
were tested: three roving scuba divers locating the shoals or a towed scuba diver directly behind the
vessel. Energy responses, 3-D morphological, shape indexes and spatial descriptive variables of multiple
independent samples of 4 observed fish species shoals (Atherina sp., Boops boops, Chromis chromis
and Spicara maena) were calculated from the acoustic data. According to their behaviour and feeding
strategy, significant differences in the acoustic variables were found between species. The combined use
of acoustic data from both echosounders significantly improved the fish species classification. They were
well discriminated using a Linear Discriminant Analysis (LDA), including for B. boops, C. chromis and S.
maena, which were all observed in aggregations. Finally, we used this LDA model to allocate species to
unknown shoals monitored by acoustics methods in the studied site, highlighting the interest of our
methodology to predict bentho-pelagic and pelagic fish distributions in shallow waters. We suggest that
these acoustic methods to discriminate fish species could provide valuable insights for marine
management and decision-making.
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Highlights

» A setup coupling split-beam and multibeam echosounders to classify fish shoals. » Species
identifications made in a Marine Protected Area by scientific divers. » Interest of coupling the acoustic
tools shown by comparing three classifier models. » A case-study application of the classifier was made
on unlabeled data.

Keywords : Active acoustics, Multibeam echosounder, split-beam echosounder, underwater visual
census, species identification



1. Introduction

Hydroacoustics tools provide a non-invasive and non-extractive method to estimate the
biomass and map the geographical distribution of pelagic fish (Benoit-Bird & Lawson 2016).
Essential acoustic tools are split-beam echosounders, which cr. operate from about 12 kHz
up to about 200 kHz with a usually vertical sound beam trar smission (Misund 1997), giving
quantitative backscatter data. Furthermore, school morptro,~av and shape information are also
often provided by the echosounders but there are u- 1all\" restricted to the appearance inside
the vertical echosounder images, giving only ra ‘ial information on the length, height and
surface area of the echotraces (Reid 2007 r:2ramo et al. 2007). Nevertheless, the use of
multibeam echosounders is increasing (Geritto et al. 2000, Lamouret et al. 2019, David et al.
2022). Especially, they allow to huv:. an entire view of fish shoals (Paramo et al. 2007,
Guillard et al. 2006), which is ot Lossible with split-beam echosounders (Brehmer et al.

2002).

Species identificuuon (Zinains a critical requirement in interpreting acoustic backscatters
(Horne 2000). Several studies have attempted to identify and classify the echotraces based on
the information provided by the echosounders, using single-frequency or multi-frequency
information from the echotraces (Scalabrin et al. 1996, Fernandes 2009, Lezama-Ochoa et al.
2011, D’Elia et al. 2014a, Tsagarakis et al. 2015). The frequencies usually used to
discriminate fish species were 38, 70, 120 and 200 kHz (Benoit-Bird & Lawson 2016). In
coastal shallow waters (< 20 m) and using pole-mounted transducer deployment (Brehmer et

al. 2006), 38 kHz is difficult to operate because of the size and weight of the transducer. In



addition, the species composition and behaviour of fish communities of shallow waters differ
from offshore communities. They are also more abundant and more diverse (Smith & Brown
2002, Cascdo et al. 2019), making species identification challenging. However, in shallow
waters, multibeam echosounders have been used for ecological and behavioral studies
(Gerlotto et al. 2000, Brehmer et al. 2003) as well as to discriminate species using the 3D
morphological characteristics of the echotraces (Guillard et al. 2011). Consequently, coupling
different acoustic tools (split-beam and multibeam echosounders) could help identifying
species by increasing the number of variables used for species cicssification (Brehmer et al.

2002).

In addition, direct sampling methods are often ne«essc "y to identify species and to validate
the acoustics echotraces. Moreover, they provide . 'gitional biometric information such as fish
length and abundance. Pelagic trawlings have been generally used to describe fish species
composition (Doray et al. 2018). Howev.r. they are selective fishing gears (Brabant &
Nedelec 1988). Furthermore, specie, entifications using pelagic trawls are not adapted to
the constraints of shallow water< an. can be forbidden in Marine Protected Areas (MPAS).
Alternative sampling methods ~re then required and could use underwater visual observations
by divers or cameras (3rei mer et al. 2019, Minart et al. 2021, Salvetat et al. 2022a).

Especially, in shallow wa 2rs, the light penetration facilitates the use of these methods.

Coastal shallow waters are connected to many socio-cultural domains, including fisheries
or recreational activities. Especially, the Mediterranean Sea is a marine biodiversity hot spot,
hosting more than 17,000 marine species, with a high proportion of endemism (Coll et al.
2010), but it is also exposed to increasing direct and indirect human pressures
(overexploitation by fisheries, habitat loss, chemical and noise pollution, eutrophication and
climate change). MPAs, including various levels of protection such as partial reserve or no-

take zones, are increasingly considered as efficient tools to restore ecosystems and to manage



fish populations (Lubchenco et al. 2003). Several studies used underwater visual census to
investigate the role of environmental factors such as habitats (Harmelin 1987, Pais et al. 2007,
Cheminée et al. 2017, 2021), depths (Milazzo et al. 2011), island sectors (La Mesa et al.
2010) and seasonality (Garcia-Rubies & Macpherson 1995) on juvenile and adult fish in the
Mediterranean Sea. All this information can bring insights for MPA managers. However,
while underwater visual census methods are well suited to monitor necto-benthic species in
coastal habitats (Harmelin-Vivien et al. 1985, Prato et al. 2017), they are not well adapted for
crypto-benthic or pelagic species (Thiriet et al. 2016). Comniementarily, active acoustic
monitoring of these fish populations at small scales is rievossary to better understand this

fragile ecosystem as well as the role of the MPAs.

Within this context, this study took place in *..> Calanques National Park (from 5 to 60 m
depth), located on the French coast of the MedJterranean Sea. A split-beam and a multibeam
echosounders were coupled to monitor diticvent fish shoals. We focused our study on pelagic
and bentho-pelagic species. The spe.i = 1uentifications were performed by underwater visual
census carried out by scientific divess. Two surveys were carried out in August 2020 and
April 2021. Then, different a>oustics descriptive variables were calculated to identify fish

species.

2. Material and methods

2.1. Acquisition of the acoustic data

Two acoustics surveys were carried out in August 2020 and April 2021 in the Calanques
National Park (Mediterranean Sea, France, Figure S1). All samplings were made during

daytime in order to i) allow visual census and ii) maximise fish identifications by targeting a



period when pelagic fish species adopt a typical schooling behaviour to reduce the risk of

daytime predations (Connell 2000).

Data were collected simultaneously with scientific split-beam echosounders (Simrad
EK80) operated at 70, 120 and 200 kHz combined with a multibeam echosounder (Kongsberg
M3 Sonar, 922-20007011) operated at 500 kHz, with or without a tilt of 15°. The sampling
volume of the M3 was crossing the sampling volume of each EK80 beam. The acoustics
emission of the M3 and the three EK80 were synchronizel to avoid interferences. The
multibeam echosounder provides 128 beams in the imaging (noav, 120° swathe, 1.6° angular
resolution, 30° vertical beam widths, detection up to 150 m #ad a pulse duration of 200 ps.
The EK80 echosounders were configured to ping sir ultaeously at a power of 450, 200, and
90 W at 70, 120 and 200 kHz, respectively, wit*, > sample interval of 0.024 ms, ping rate of
2.5 pings per second (pps) and a pulse dur2tio,. of 0.512 ms for all frequencies. Both acoustic
devices were deployed using a side-mounte nole which was specially designed to deploy the
acoustic transducers simultaneousl* .1 Jifferent small boats, including semi-rigid boats
(Figure S2) (Brehmer et al. 200 3). CPS antennas (GP-01 Sky Traq Venus 8) were used to

position the system.

The EK80 echosuac s were calibrated in situ according to the standard target technique
for split-beam echosounders (Foote et al. 1987) using a 38-mm tungsten sphere. The M3
multibeam echosounder was calibrated using a 22-mm tungsten sphere (Perrot et al. 2014,
David et al. 2022). As this calibration is difficult to perform, more details are given in the Sl

for the M3 calibration.

2.2. Species identification protocols



Two protocols of underwater visual censuses were implemented and their efficiency to
identify species composition of fish shoals detected by acoustics was compared. For both
protocols, scientific divers provided detailed descriptions of the observed fish shoals (Minart
et al. 2021): fish species, total length ranges, abundance (number of fish) and depth estimates
of the fish shoal (in meter). The shoals were classified into two types of fish group structures:
aggregation vs. school. Schools refer to a fish group swimming in the same direction in a
coordinated manner (Pitcher 1986) whereas aggregations refer to scattered and overlapped
fish groups (Charef et al. 2010). Finally, the shoals were corsiucred monospecific if more
than 95% of the fish forming it are from the same species +c* poth protocols, the dives were
recorded by underwater cameras (GoPro Hero 5 and Paiclenz) to synchronize and manually
check the different species identifications (Minart et al. ?021). To reduce observer biases, all
divers were previously trained and inter-calibr. e@ by performing previous works together
using underwater visual censuses over tr 2 study site (Thiriet et al. 2016, Monfort et al. 2021,

Cheminée et al. 2021).

The first protocol, called “r-viny scuba divers”, consisted in a team of three scientific
divers equipped with a closeu ~ircuit rebreather (CCR). CCR is used to avoid bubbles, which
could disturb fish and gou1 acoustic acquisitions (Shabangu et al. 2014). Divers used
underwater scooters to mve faster to locate shoals of pelagic fish. To coordinate the vessel
instrumented by the acoustics system and the divers’ team, a small inflatable boat was used to
follow the divers and one of the divers communicated in wireframe with the crew. Once a
shoal was located, the first diver launched an underwater parachute to signal their position, so
that the vessel can precisely navigate above the observed shoal and proceed to the acoustic
acquisition. The second diver noted all the information about the shoal and the goal of the
third diver was to transmit this information instantaneously thanks to the communication

wireframe.



The second protocol called “towed scuba diver” consisted in towing a diver directly
behind the vessel equipped with the echosounders. The line between the boat and the diver
was 20 meters long. The diver had a board to control his depth and the vessel speed was low
(max 2.5 knots) to ensure the divers’ safety. Similarly, to the first protocol, this diver was able
to communicate directly by wireframe with the crew. Once an echotrace was detected on the
split-beam and multibeam echosounders, the crew informed the diver by giving the position
of the shoal in the water column and the location (middle, port or starboard sides) thanks to
the communication wireframe. After that, the diver gave all the ,cquired information on the
targeted shoal. Given the boat speed, from 20 to 30 seconc's sonarated the acoustic acquisition
from the diver observation. Finally, both protocols werc used during the survey in August

2020 whereas only the “tower diver” protocol was us~a . April 2021.

2.3. Acoustic data analysis

Acoustics data were analysed .ith the open-source Matecho software, which is
implemented in Matlab (Perrot et al. “0.8). This software is an automated tool that performs
shoal extractions using the EK£.0 echosounder data, as well as the M3 multibeam echosounder
data, as described in Davia ~t a. (2022). Firstly, raw data were automatically converted into
the HDF5 data formw.. Motzcho automatically creates a bottom line, which can be manually
corrected. Water column noises can be manually cleaned and noise coming from potential
interferences can also be removed when necessary. Then, shoal extractions can be
automatically performed and the shoal descriptors calculated. To do that, this algorithm used
three thresholds: (i) volume backscattering strength S, in dB set to -60 dB, (ii) a maximum
along-ping-axis integration distance in m set to 0.5m, and (iii) a depth integration distances in
m set to 0.1m for our analyses. The extractions were made up to 0.3m from the bottom and
3m from the surface to avoid blind zone and surface noises. All automatically extracted shoals

have been manually checked to avoid false detections. Finally, the GPS coordinates, the



sampling time, the vessel speed and the bottom depth were also recorded. A complete

description of the open source Matecho software could be found in Perrot et al. (2018).

All shoal extractions were then manually filtered to only select the shoals having a species
identification. Hence, an acoustic database was built keeping the fish shoal descriptors
provided by both the EK80 and M3 echosounders as well as the diver’s information. Several
descriptors were from the EK80 echosounder data (Figure S3) such as the mean volume
backscattering strength S, in dB (S, _70kHz, S, 120kHz and S, 200kHz) and their
coefficients of variation at 70, 120 and 200 kHz (CV S,_" Okt z, CV S, _120kHz and CV
Sy_200kHz). In addition, the height, length and surface o the shoals at the three frequencies
were also calculated (H70, H120, H200, L70, L120, ' 20v and S70, S120, S200) as well as the
CVs for the height along pings (CV_H70, CV_H129, and CV_H200).

Using data from the M3 multibeam e~hccounder, 3-D morphological descriptors were
calculated: the mean height, length, width, maximal surface (H, L, W, and S) as well as the
CVs for the height and width along p.nas (CV_H and CV_W) (Figure S3). The entire shoal
volume (V) and the ratio of hole= (i.c. samples under the extraction threshold compared to the
total number of samples; Hole2) weare also added (David et al. 2022), as well as the CV of this
ratio along pings (CV_'dolts). We also added elongation variables: the width:length, the
width:height and the heic at:length ratios (noted WL, WH and HL, respectively) and shapes
variables decomposed into indicators of sphericity, rectangularity, roundness, roughness and
flatness (Sph, Rec, Rd, Rg and Flat, respectively). Sphericity and rectangularity are measures
of the degree of resemblance to a sphere or a rectangle respectively, and they are independent
of the size. Roundness is the measure of the sharpness of a form’s edges and corners.
Symmetry variables along the three axes (length, height, width) were also calculated (SymL,
SymW and SymD) as well as perimeter variables along these three axes (PerL, PerW and

PerD). Finally, spatial descriptive variables were calculated from both echosounders. The



altitude in the water column for the M3 and the EK80 was calculated by taking into account
the bottom depth to have a relative measure between 0 and 1 (Alt, Alt EK80). As the
localization of the fish shoals could also be independent of the bottom depth, the absolute
distances between the bottoms or the top of the shoals and the seafloor (MinDist, MaxDist,
MinDist_EK80, MaxDist_EK80) were also taken into account. For the M3 where the entire
shoal could be seen, the CVs of these absolute distances (CV_MinDist and CV_MaxDist)
were added. All descriptors are described in Table 1.

2.4. Statistical analysis

All statistical analyses were made with the R softwai ~ (F. version 3.6.2) (R Core Team
2021). The descriptive variables were compared using pirwise t-test comparisons. The fish
shoal descriptive variables were analysed toget'.c through a Linear Discriminant Analysis
(LDA), a statistical method that calculates li.oar combinations of features that find the best
separation into groups (here, by species) fo. 2 given data set. The packages “MASS” from the
R software and the Ida function was, « ~ea for the analyses (Venables et al. 2002). The LDA
model estimates the mean and v=riance from our dataset formed by the acoustic variables for
each class of species. Indepe.dence was checked by using the correlation matrix and the
highest correlated variab es v 'ere withdrawn from the LDA models. To perform LDA, several
variables were log-transiormed to follow the assumption of normality. Co-linearity was
checked within the LDA function. All Q-Q plots and the correlation matrix can be found in
the Sl (Figures S7 and S8). To avoid biases in the model as LDA is significantly biased
towards objects from the majority group, a bootstrap method was used to have the same
number of observations per species (n = 250 per class). The accuracy of the model was
evaluated by computing the confusion matrix, which compared the model predictions and the

species observations.



To assess the interest of using the split-beam EK80 and multibeam M3 echosounders
conjointly, LDA models were also run using only the EKB80 variables (energetic,
morphological and spatial variables) on one hand and the M3 variables (energetic,
morphometric, elongation, shape, perimeter, symmetry and spatial variables) on the other
hand (Table 1 and Figure S3). Confusion matrices were computed for each model. Statistical
metrics such as the accuracies of these LDA models were then compared to the metrics of the

LDA model using data from both the echosounders to conclude on the best model.

2.5. Application of the LDA model in the Calanques : 'ational Park

For the predictions, we used a dataset of 440 uchotiaces with no species identification
(without observations from divers) (Figure SZ23). 1he echotraces were collected in the same
conditions, i.e. during the same survey ‘1 April 2021. Based on the comparison of the
accuracies, we used the best LDA mzder o predict the species of these unknown echotraces.
The method estimates the probzon.*v that the new set of acoustics variables belongs to a
particular species. The speciec w.s predicted only if the echotrace was included in the validity
domain of the discrimir.an. tunctions. In addition, for Atherina sp., which had the most
remarkable shoal shapes, ve visually checked each prediction on the echogram by comparing
the shape of the shoals for this species to conclude on the model predictions. Finally, these
predictions were used in a case study to compare the acoustic variables of the fish shoals
inside and outside of the no-take zones (NTZs) in the Calanques National Park. The same

statistical analysis was made including or not the predicted shoals.

3. Results



3.1. Diver observations on fish shoals

A dataset totalling 98 independent shoals was built combined information from the EK80
and M3 echosounders and the divers: 20 of juvenile Atherina sp., 35 of Boops boops, 33 of
Chromis chromis and 10 of Spicara maena. Illustrations of echotraces for each species can be
found in Figure S4. Some other species (Sarpa salpa, Oblada melanura, Sphyraena viridensis
and Diplodus sargus) were observed but, since the number of replicates was too low (only 1

or 2), we excluded them from further analyses.

The three species B. boops, C. chromis and S. maer.Z woie observed as aggregations
whereas schools were observed for Atherina sp. Estin.>ted abundances ranged from 20 to
20000 individuals, depending on species. Higher aburances were observed for Atherina sp.
Total length ranged from 3 to 17 cm for B. boo.s C chromis and S. maena whereas Atherina

sp. were smaller (from 1.5 to 5 cm) and t'.ey ' vere all observed as juveniles (Table 2).

3.2. Fish shoal descriptors

Significant differencs. w («he fish shoal descriptors were observed between species,
mostly between Atherirc sp. and the other species (B. boops, C. chromis and S. maena)
(Figure S5 and Table S1). Atherina sp. shoals had a significantly higher mean volume
backscattering strength S, at 70, 120 and 200 kHz compared to the other species. The CVs for
the height at the three frequencies (70, 120 and 200 kHz) were significantly lower. The ratio
of holes in the shoals was also significantly lower. On the contrary, the elongation ratio (WH)
and the roundness index were also significantly higher for Atherina sp. compared to the other
species. Finally, differences in the spatial variables (altitude and mean absolute distances)

were also observed with the shoals of Atherina sp. being significantly higher in the water



column compared to the other species. In addition, significantly lower CVs for the absolute
distances between the bottom as well as the top of the shoals compared to the seafloor were

observed for Atherina sp. compared to the other species.

The shoals of C. Chromis were significantly closer to the seafloor compared to B. boops.
The CVs for the height at the frequencies (70, 120 and 200 kHz) were significantly higher for
B. boops compared to C. chromis. There were no significantly different descriptive variables
between S. maena versus B. boops and C. chromis. Boxplots «f the descriptive variables and

statistical results can be found in the SI (Figure S5 and Table 31).

In addition, significant relationships were found betv.=en the descriptive variables and the
observed abundances. Indeed, the 3-D shoal moro..~i0gy characteristics (height, width,
length, surface and volume) significantly increzser with the shoal abundances as well as
perimeter variables, the symmetry alone the length and the rectangularity. On the contrary,
shoal roundness and roughness indexc~ decreased significantly with abundances. Shoals with
larger abundances were significant’'y higher in the water column. The mean volume
backscattering strength S, at 70, 120 and 200 kHz significantly increased with shoal

abundances as well as the C' / at /0 kHz (Figure S6).

3.3. LDA model using the variables from both the EK80 and M3 echosounders

The highest correlated variables were withdrawn from the analyses (S, H, L120, S120,
H120, L200, S200, H200 and Flat). Percentage of separations achieved by the first, second
and third discriminant functions of the LDA model were 85.2, 9.7 and 5.1%, respectively. The
accuracy of the model (number of true positives for all species) was estimated to be 89.8%

(95% CI: [0.8776; 0.9161]). Especially, the accuracy for each group was 100, 89.5, 88.3 and



95.1% for Atherina sp., B. boops, C. chromis and S. maena, respectively. The sensitivity,
specificity and precision are also given in Table S2. Indeed, the LDA model discriminated
well the group of Atherina sp. compared to the three other species (B. boops, C. chromis and

S. maena). These last species were also discriminated but they overlapped a little (Figure 1).

For LDA, the coefficients of variables indicated their importance in the different
discriminant functions. Here, the CVs of the volume backscattering strengths at the three
frequencies (CV_S,70, CV_S,120 and CV_S,200) and the pcrrentage of holes (Holes) had
the strongest positive and negative loadings on the first di: crin inant function (Figure 2a).
Concerning the second discriminant function, the CV of 1.~e volume backscattering strengths
at 70 kHz, as well as the WL elongation ratio and the CV. of the height and width (CV_H and
CV_W) had the most important influence (Figurz ™b). For the third discriminant function, the
roughness index (Rg), the CVs of the vo!''ni> backscattering strengths at 70 and 200 kHz
(CV_S,70 and CV_S,200) as well as the v."'. elongation ratio had the strongest positive and
negative loadings (Figure 2c). Other v. “iaules also influenced the three discriminant functions

like the CVs of the spatial and m<rpnclogical variables.

3.4. Benefit of a conjo 'nt use of both echosounders

For both models using only one echosounder, the group of Atherina sp. was still well
discriminated compared to the others. However, the three other species (B. boops, C. chromis
and S. maena) overlapped (Figures S9 and S11). The variables having the most important
influence for the three discriminant functions were the same as for the model including the
data from both echosounders. In particular, the CVs of the volume backscattering strengths at
the three frequencies (CV_S,70, CV_S,120 and CV_S,200) as well as the altitude and the

height, surface and length at 70 kHz (Alt_EK80, H70, S70 and L70) were important for the



three discriminant functions of the model based on the data from the EK80 (Figure S10).
Concerning the model based on the data from the M3, the elongation ratios (HL and WL), the
roughness index and volume (Rg and V) and the PerL perimeter variable had a strong

influence in the discriminant functions (Figure S12).

The accuracy of the LDA model using only the data from the EK80 was estimated to be
74.0% (95% CI: [0.7116; 0.7669]). Especially, the accuracy was estimated at 97.8, 71.8, 76.8
and 84.2% for Atherina sp., B. boops, C. chromis and S. macn3, respectively. Furthermore,
the accuracy of the LDA model using only the data from the Ms was estimated to be 75.0%
(95% CI: [0.7219; 0.7766]). The accuracy was estimatra at 7.8, 78.5, 81.5 and 75.5% for
Atherina sp., B. boops, C. chromis and S. maera, \3spectively. For both models, the
sensitivity, specificity and precision are also givi, in Tables S3 and S4 and a comparison of
the confusion matrices from each LDA meAde s given in Table 3. As seen from the different
metrics, the use of the data from both eci.osounders in the statistical analysis improved the

LDA model performance, especially v the species living in aggregations.

3.5. Application of thz LDA model in the Calanques National Park

Predictions of the species were made with the dataset without species identification (440
unknown shoals, Figure S13) in the Calanques National Park. The majority of the detections
(11 and 30 respectively) were attributed to B. boops and C. chromis. Fewer detections were
attributed to Atherina sp. and S. maena (10 and 9 respectively) (Figure S14 and Table S5). By
visually checking each prediction on the echogram for Atherina sp., we found that all
predictions were indeed consistent with the shape of the Atherina sp. schools (Figure S15). In

addition, the localization of the observed and predicted shoals for each species can be



visualized in Figure 3. Larger shoals (higher volumes) were observed near the islands,

especially near the Riou, Calseraigne and Jarre islands.

We found significant differences between inside and outside the NTZs for 31 acoustic
variables using both predicted and observed shoals. The same statistical analysis using only
the observed species data led to 21 variables having significant differences (Table S6).
Including the predicted shoals increased the statistical power of the analyses, especially for
Atherina sp. and B. boops, showing that the shoals were signi“tcantly larger inside compared
to outside the NTZs (larger height, surface and volume) as sen \vith both the M3 and EK80
data (Figure 4). Significant increase of the sphericity 1>de*. and the ratio of holes were
observed inside the NTZ. On the contrary, the shoe's o1 C. chromis were larger outside the
NTZ. Concerning S. maena, the number of obsr..2d shoals inside the NTZs was too low to

compare the shoals structure inside and out<iae the NTZs.

4. Discussion

The combination of the Sirarad M3 and EK80 allowed us to have numerous acoustic
descriptive variables \>ne.getic, morphologic, elongation, shape, symmetry, perimeter and
spatial) providing integrative characterisations of the fish shoals. The configuration using
these two different acoustic tools could be used routinely during hydroacoustics surveys.
Especially, the side-mounted pole was built to be able to deploy simultaneously the
synchronized acoustic devices. This pole could be fixed on different vessels including small
boats, allowing to sample shallow water areas. This would be particularly pertinent in some
coastal Marine Protected Areas, which are not easily sampled by conventional research

vessels (Brehmer et al. 2006). Here, we focused our analysis on only four species for which



we had enough replicates to provide consistent results. By combining acoustic and underwater
visual censuses, the analysis has shown the efficiency of the methodology to classify fish

assemblages with a high degree of accuracy.

For species identification, the use of a wired communication with the scientific divers
enabled to produce a database with a high degree of certainty. Especially, the protocol with
the towed scuba diver was found promising for species identification because the
implementation of the method was easier and the commuiication was more direct and
efficient. Moreover, this last protocol allowed us to have a larger number of species
identifications (Minart et al. 2021) as we could make sta.2ht transects for the visual census.
This is the reason why we only selected this protocr( fo. the second survey (April 2021). In
addition, these diver protocols did not have the Ii:,. tations of pelagic trawls such as selectivity
(Brabant & Nedelec 1988). Nevertheless, 1"mlin> visual observations, trawl operations allow to
collect biological samples informing the sp.~cies composition and length distributions of the
target detected by the echosounders 1 fornation which is then used for biomass estimations
by echointegration (Doray et 2' 2u28). In addition, scuba-diving is constrained by other
limitations including the requi.»mcnt of a high degree of expertise, underwater time, maximal
diving depth, diver safet/ as ‘well as observer bias (Williams et al. 2006, Goetze et al. 2019).
To overcome these limiations, the use of underwater cameras for species identification
(Brehmer et al. 2019, Salvetat et al. 2022) could be a promising alternative to replace divers in
similar contexts. In particular, towed cameras are a practical and efficient method to monitor
shallow waters (Davis et al. 2019, Cresswell et al. 2021). Nevertheless, underwater cameras
also present limitations such as field of view, image quality, battery life and data storage as
well as challenge in species identification but the techniques regarding underwater cameras

are increasingly progressing (Mallet & Pelletier 2014). Especially, in lowly turbid waters,



stereo underwater cameras could be of great interest as they provide accurate estimates of fish

length regardless of user experiment (Harvey et al. 2010, Langlois et al. 2020).

Significant differences between species were observed according to the acoustic variables.
The variable “ratio of holes” significantly decreased between Atherina sp. and the other
species, which is consistent with the fact that Atherina sp. was observed forming compact
schools. Indeed, small individuals could form large schools for foraging purposes and
cooperative feeding strategies (Pitcher et al. 1982). Moreno ¢ Castro (1995) explained that
juvenile species exert a more prolonged use of the coastal aiea a: they exploit lower trophic
levels of the pelagic ecosystem (small-sized zooplanktcn feerers). Here, Atherina sp. had a
position in the water column significantly higher corpai >d to the other species and could be
easily spotted by predators. This could result ir. o1 advantageous strategy of being in large
fish schools (Pitcher 1986). The shoals of Atheina sp. also exhibited higher mean backscatter
strengths at the three frequencies (70, 120 ~nd 200 kHz) compared to species (B. boops, C.
chromis and S. maena). The overa’s “2ceived signal is complex to analyze as it could be
related to different characterist.cs .uch as the abundance and the size distributions of
organisms (Benoit-Bird & L« vsun 2016). Here, these stronger values in acoustic energies
could be related to the lerger abundances as observed by the scientific divers for Atherina sp.
Finally, the CVs for the ieight along pings at the three frequencies (70, 120 and 200 kHz)
were significantly lower for Atherina sp. compared to the other species, their schools had a
roughly constant height as also observed visually on the echogram. For further improvements,
the use of frequency modulation vs continuous wave mode could potentially improve the
species discrimination as they increase the amount of information available for spectral
characterization of detected targets (Benoit-Bird & Waluk 2020), however it would also cost

more extensive data storage and processing.



In addition, the shoals of B. boops were found to be significantly higher in the water
column compared to C. chromis which typically feeds above rocky reefs and seagrass
meadows (Posidonia oceanica) during the day (Pinnegar 2018). Compared to Atherina sp.,
the three species (B. boops, C. chromis and S. maena) formed loose aggregations in which the
individuals are dispersed and swim disorderly (Myrberg et al. 1967, Bottari et al. 2014) which
is consistent with the higher values of the “ratio of holes” variable. No difference in the mean
height of the shoals at 70, 120 and 200 kHz was found between the two planktivory species
(B. boops and C. chromis) whereas the CVs of the height ware -ignificantly higher for B.
boops compared to C. chromis, suggesting that the distr’uuion of fish within aggregations

was more varied for this species.

The LDA model using the descriptive variab'c. from both the EK80 and M3 echosounders
easily discriminated the schools of Atherina <o., which was logical as several significant
differences were found for this species com>ared to the others. However, the LDA model was
also a promising tool to discriminat= ."e nhree species (C. chromis, B. boops and S. maena)
which were all observed as agctega.’ons. The LDA models using the descriptive variables
from only the EK80 or the ™o echosounders showed that these species were less well
discriminated, the accuracie.; of the models being lower for B. boops, C. chromis and S.
maena. Especially, B. boc ps and S. maena are taxonomically and ecologically related sparids
(Benhamou et al. 2017). They are both demersal, found over seaweed beds, on sand or muddy
bottoms (Froese & Pauly 2022), and omnivorous feeding mainly on copepods (Stergiou &
Karpouzi 2002, Benhamou et al. 2017). Consequently, coupling the descriptive variables from

both echosounders improved the classification of these closely related species.

In addition, we found that the CVs of the different acoustic variables were important as
these variables strongly influenced the discriminant functions of the LDA models. To our

knowledge, the use of these CVs is still scarce in classification models (Fernandes 2009,



D’Elia et al. 2014b). These results showed that integrating the CVs of the acoustic variables
into the analyses could be of great interest to improve the classification procedures. Indeed,
they had a higher discriminant power than the mean backscatter strength variables. Employing
a multifrequency approach was also important (Benoit-Bird & Lawson 2016) as the CVs of
the volume backscattering strengths did not vary the same way between species and
frequencies. Furthermore, variables such as the ratio of holes and the sphericity index
calculated with the multibeam echosounder had a significant discrimination power,
highlighting the benefit of adding the shape analyses to better ~lac<ify the shoals (Paramo et

al. 2007).

Finally, we highlighted an application of LD/~ mudels to predict the fish species of
unknown shoals sampled in the Calanques Natio~...! Park. Overall, more shoals were predicted
to be of C. chromis and B. boops which ‘*as 'ngical as the populations of these gregarious
species are abundant in the Mediterranean Sea (Kalogirou et al. 2010, Pinnegar 2018). The
scientific divers also observed more o arcgations for these two species. As C. chromis was
suggested of being a possible ndicator species for human disturbance (Pinnegar 2018),
predicting the distribution of tis species in the Calanques National Park would be of great
interest. Furthermore, we shcowed that the predictions could be used to increase the number of
samples (here the shoals) .n our statistical analyses to compare the shoal structures inside and
outside the NTZs for each species. Indeed, the number of shoals, which can be seen in Supp.
Info., was multiplied by 1.4 to 4 depending on the species and the conditions (inside or
outside the NTZs). By comparing the statistical analyses using both predicted and observed
shoals for each species to the analyses including only the observed shoals, we showed higher
significant differences on several acoustic variables like the 3-D morphological acoustic
variables (length, height, surface and volume), especially for Atherina sp. and Boops boops.

Indeed, increasing the sample size improves the accuracy of the statistical description of the



acoustic variables of the fish shoals inside and outside the NTZs. However, the number of
detections inside and outside the NTZs was not directly compared, as it would be biased

because the sampling effort was higher outside than inside the NTZs.

As the 3-D morphological acoustic variables significantly increased with the shoal
abundances given by the divers, larger shoals in the NTZs could present higher abundances.
Similar results were found by Marshak et al. (2020) as fish species (B. boops, C. chromis, O.
melanura, and S. salpa) were observed at the greatest densitiec in the most protected areas of
the Tabarca reserve in the Mediterranean Sea. More generallv, hi3her fish density in no-take
zones was shown to be positively correlated with the lev2i ~f MPA enforcement, age and size
with fish densities being higher in MPAs of smaller size (Giakoumi et al. 2017). In addition,
the volume of the shoals of Atherina sp., B. “oops and C. chromis in some specific
localizations like near the islands (Riou, “aceraigne and Jarre) was higher. The seagrass
meadows of Posidonia oceanica, that are e,*ent around these islands, are thought to represent
suitable habitats for juveniles anc «tuws of numerous species (Kalogirou et al. 2010,
Cheminée et al. 2021). Hence, *king account of the habitats versus shoal localizations and
characteristics would improve tne understanding of the NTZs effects on fish distribution

patterns and conservatior .

Finally, the model was used here to predict the species composition of shoals by using
acoustic methods and direct observations that were collected during the same survey in April
2021. The performance of the model would likely decrease for Atherina sp., as the juveniles
grow and their strategies of food exploitation and space occupation evolve (Moreno & Castro
1995). Overall, as the costs and benefits of being in schools can vary extensively through life
depending on species, more species identifications over different seasons should be obtained
to use the model at different periods and investigate the temporal variations of the acoustic

descriptive variables. Moreover, all data were used to train the LDA model due to the small



database. Hence, cross-validated procedures were not possible but they should be taken into
account with a larger database to limit over-fitting results. In addition, the majority of the
predictions were undetermined, which was not surprising since the LDA model was trained
on only four species. Among the undetermined species, we could assume that the species
(Sarpa salpa, Oblada melanura, Sphyraena viridensis and Diplodus sargus) that were
observed by the divers but excluded from the analysis (too low number of observations),
could be present. Hence, enriching the database and integrating other species would also be of
great interest to test the LDA performance in a broader contevt r>r example, it would be of
high interest to apply this methodology to indicator sp~cics such as the common dentex
(Dentex dentex) and the brown meagre (Sciaena umbra), 2s their abundance is an indicator of
pressure exploitation of both professional and recreator.2! fisheries (Harmelin 1991, Marengo

et al. 2014, Harmelin-Vivien et al. 2015).

5. Conclusion

We demonstrated the inte.2su of combining split-beam and multibeam echosounders to
better characterize the fish chools and aggregations and therefore improve the ability to
discriminate species. We found that both underwater visual census protocols for species
identification provided robust information on fish composition with high certainty, although
the towed scuba diver protocol was more efficient. The differences in the descriptive acoustic
variables used were highly informative to discriminate species as they reflected their different
behavior, ecology and feeding strategy. The LDA achieved good performance in species
discrimination even if they were biologically and ecologically similar. Model predictions
could allow to improve the understanding of current management strategies, such as NTZs, by

extrapolating species to unknown shoals and analyzing their characteristics and distributions.



Promising perspectives would be to use the method for a larger number of fish species, sites
and seasons. Finally, we recommend such a method in any non-turbid waters where fish

species distribution mapping is needed to acknowledge marine management decisions.

6. Acknowledgments

The authors wish to thank the two anonymous reviewers fcr their valuable comments and
suggestions for improvement. This project was funded by tqe n easure 80 of the European
Maritime and Fisheries Fund EMFF agreement (PFEA8(0.19)M0530003). The authors wish
to thank all people who contributed to the surveys i* cluding the captain (V. Blondeaux) and
crewmembers of the CroMagnon boat as well a. other participating scientific divers from
Septentrion Environnement (A. Ody). We thonk the administrative support of the MNHN
(Dinard and Paris) and the IRD Delegation Regional France West (Plouzané). We also thank

UAR Imago (IRD) for logistical sup’so * atong the project.

/. CRediT author s -ate nent

Viviane David: Investigation, Formal analysis, Methodology, Writing - Original Draft. Anne
Mouget: Investigation, Formal analysis, Methodology, Writing - Review & Editing. Pierre
Thiriet: Supervision, Investigation. Corentin Minart: Formal analysis, Methodology,
Writing - Original Draft. Yannick Perrot: Software, Methodology. Loic Le Goff:
Investigation. Olivier Bianchimani: Investigation. Solene Basthard-Bogain: Investigation.
Tristan Estaque: Investigation. Justine Richaume: Investigation. Jean-Francgois Sys:

Investigation. Adrien Chemineée: Investigation, Writing - Review & Editing. Eric Feunteun:



Writing - Review & Editing, Project administration. Anthony Acou: Conceptualization,
Project administration, Supervision, Writing - Review & Editing. Patrice Brehmer:

Conceptualization, Supervision, Writing - Review & Editing.

8. References

Benhamou F, Marzoug D, Boutiba Z, Kostadinova A, Pére.-Del-Olmo A (2017) Parasite
communities in two sparid fishes from the western Me'iterranean: a comparative
analysis based on samples from three localities off the Alg 2rian coast. Helminthologia
54:26-35.

Benoit-Bird KJ, Lawson GL (2016) Ecological Insight. frum Pelagic Habitats Acquired
Using Active Acoustic Techniques. Annu Rev Ma: Sci 8:463-490.

Benoit-Bird KJ, Waluk CM (2020) Exploring the promise of broadband fisheries
echosounders for species discriminat*or, with quantitative assessment of data
processing effects. The Journal of the Ac%ustical Society of America 147:411-427.

Bottari T, Micale V, Liguori M, Rinelli P, Busai. :ct.i B, Bonfiglio R, Ragonese S (2014) The
reproductive biology of Boops bozns (!innaeus, 1758) (Teleostei: Sparidae) in the
southern Tyrrhenian Sea (Cen’cal Mediterranean). Cahiers de Biologie Marine
55:281-292.

Brabant J-C, Nedelec C (1988) Les cha:'its. Conception, construction, mise en oeuvre.

Brehmer P, Gerlotto F, Guillard J :2nquinéde F, Guénnegan Y, Buestel D (2003) New
applications of hydroaceust = methods for monitoring shallow water aquatic
ecosystems: the case of '‘muss2l culture grounds. Aquatic Living Resources 16:333—
338.

Brehmer P, Gerlotto F, Rouad't ~ (2002) In situ inter-standardization of acoustics data : an
integrated database :~r tish school behaviour studies. Acta Acustica United With
Acustica 88:730- 735.

Brehmer P, Guillara v, Gucnnegan Y, Bigot J-L, Liorzou B (2006) Evidence of a variable
unsampled pelagic fish biomass in shallow water ( 20 m): the case of the Gulf of Lion.
ICES Journal of Marine Science 63:444-451.

Brehmer P, Sancho G, Trygonis V, Itano D, Dalen J, Fuchs A, Faraj A, Taquet M (2019)
Towards an Autonomous Pelagic Observatory: Experiences from Monitoring Fish
Communities around Drifting FADs. Thalassas 35:177-189.

Cascdo I, Domokos R, Lammers MO, Santos RS, Silva MA (2019) Seamount effects on the
diel vertical migration and spatial structure of micronekton. Progress in Oceanography
175:1-13.

Charef A, Ohshimo S, Aoki I, Al Absi N (2010) Classification of fish schools based on
evaluation of acoustic descriptor characteristics. Fish Sci 76:1-11.

Cheminée A, Le Direach L, Rouanet E, Astruch P, Goujard A, Blanfuné A, Bonhomme D,
Chassaing L, Jouvenel J-Y, Ruitton S, Thibaut T, Harmelin-Vivien M (2021) All
shallow coastal habitats matter as nurseries for Mediterranean juvenile fish. Sci Rep
11:14631.



Cheminée A, Rider M, Lenfant P, Zawadzki A, Merciére A, Crec’hriou R, Mercader M,
Saragoni G, Neveu R, Ternon Q, Pastor J (2017) Shallow rocky nursery habitat for
fish: Spatial variability of juvenile fishes among this poorly protected essential habitat.
Marine Pollution Bulletin 119:245-254.

Coll M, Piroddi C, Steenbeek J, Kaschner K, Lasram FBR, Aguzzi J, Ballesteros E, Bianchi
CN, Corbera J, Dailianis T, Danovaro R, Estrada M, Froglia C, Galil BS, Gasol JM,
Gertwagen R, Gil J, Guilhaumon F, Kesner-Reyes K, Kitsos M-S, Koukouras A,
Lampadariou N, Laxamana E, Cuadra CML-F de la, Lotze HK, Martin D, Mouillot D,
Oro D, Raicevich S, Rius-Barile J, Saiz-Salinas JI, Vicente CS, Somot S, Templado J,
Turon X, Vafidis D, Villanueva R, Voultsiadou E (2010) The Biodiversity of the
Mediterranean Sea: Estimates, Patterns, and Threats. PLOS ONE 5:11842.

Connell SD (2000) Is There Safety-in-Numbers for Prey? Oikos 88:527-532.

Cresswell AK, Ryan NM, Heyward AJ, Smith ANH, Colquhoun J, Case M, Birt MJ, Chinkin
M, Wyatt M, Radford B, Costello P, Gilmour JP (2021 A quantitative comparison of
towed-camera and diver-camera transects for monitorinz cural reefs. PeerJ 9:¢11090.

Cruz-Matias 1, Ayala D, Hiller D, Gutsch S, Zacharias M, =stradé S, Peir6 F (2019)
Sphericity and roundness computation for particles, u.‘ng the extreme vertices model.
Journal of Computational Science 30:28-40.

David V, Mouget A, Perrot Y, Le Goff L, Thiriet P, Diogoul N, Feunteun E, Acou A,
Brehmer P (2022) Insights from a multibe~m «chosounder to survey pelagic fish
shoals and their spatio-temporal distributizn *n ultra-shallow waters. Estuarine,
Coastal and Shelf Science 264:107705.

Davis TR, Cadiou G, Williams J, Coleman MA, Duwis TR, Cadiou G, Williams J, Coleman
MA (2019) Costs and benefits of :~w.4 videos and remotely operated vehicles for
sampling shallow reef habitats ar: f ficn. Mar Freshwater Res 71:953-961.

D’Elia M, Patti B, Bonanno A, Fontana I, Giacalone G, Basilone G, Fernandes PG (2014a)
Analysis of backscatter properu.~s and application of classification procedures for the
identification of small pelaric fisn species in the Central Mediterranean. Fisheries
Research 149:33-42.

D’Elia M, Patti B, Bonanno A, “‘ontwna I, Giacalone G, Basilone G, Fernandes PG (2014b)
Analysis of backscatte; nroperties and application of classification procedures for the
identification of smah neiagic fish species in the Central Mediterranean. Fisheries
Research 149:33-42.

Doray M, Petitgas P. Rymajnan JB, Huret M, Duhamel E, Dupuy C, Spitz J, Authier M,
Sanchez F, Be.2er L, Dorémus G, Bourriau P, Grellier P, Massé J (2018) The
PELGAS survev: Ship-based integrated monitoring of the Bay of Biscay pelagic
ecosystem. Progress in Oceanography 166:15-29.

Fernandes PG (2009) Classification trees for species identification of fish-school echotraces.
ICES Journal of Marine Science 66:1073-1080.

Foote KG, Knudsen HP, Vestnes G, MacLennan DN, Simmonds EJ (1987) Calibration of
acoustic instruments for fish-density estimation : a practical guide.

Froese R, Pauly D (2022) www.fishbase.org

Garcia-Rubies A, Macpherson E (1995) Substrate use and temporal pattern of recruitment in
juvenile fishes of the Mediterranean littoral. Marine Biology 124:35-42.

Gerlotto F, Georgakarakos S, Eriksen PK (2000) The application of multibeam sonar
technology for quantitative estimates of fish density in shallow water acoustic surveys.
Aquatic Living Resources 13:385-393.

Giakoumi S, Scianna C, Plass-Johnson J, Micheli F, Grorud-Colvert K, Thiriet P, Claudet J,
Di Carlo G, Di Franco A, Gaines SD, Garcia-Charton JA, Lubchenco J, Reimer J, Sala



E, Guidetti P (2017) Ecological effects of full and partial protection in the crowded
Mediterranean Sea: a regional meta-analysis. Sci Rep 7:8940.

Goetze JS, Bond Todd, McLean DL, Saunders BJ, Langlois TJ, Lindfield S, Fullwood
LauraAF, Driessen D, Shedrawi G, Harvey ES (2019) A field and video analysis guide
for diver operated stereo-video. Methods in Ecology and Evolution 10:1083-1090.

Guillard J, Brehmer P, Colon M, Guennégan Y (2006) Three dimensional characteristics of
young—of—year pelagic fish schools in lake. Aquatic Living Resources 19:115-122.

Guillard J, Fernandes P, Laloe T, Brehmer P (2011) Three-dimensional internal spatial
structure of young-of-the-year pelagic freshwater fish provides evidence for the
identification of fish school species. Limnology and Oceanography Methods 9:322—
328.

Harmelin J-G (1991) Statut du corb (Sciaena umbra) en Méditerranée. In: Les Espéces
Marines a Protéger en Méditerranée, Boudouresque, C.F., Avon, M., Gravez, V. GIS
Posidonie Publ., p 219-227

Harmelin J-G (1987) Structure et variabilité de I’ichtyofaune d’»c Zone rocheuse protégée en
Meéditerranée (Pare national de Port-Cros, France). Mc vine Ecology 8:263-284.

Harmelin-Vivien M, Cottalorda J-M, Dominici J-M, Harr .1 -G, Le Diréach L, Ruitton S
(2015) Effects of reserve protection level on the yui.~erable fish species Sciaena umbra
and implications for fishing management a4 policy. Global Ecology and
Conservation 3:279-287.

Harmelin-Vivien ML, Harmelin JG, Chauvet C, Duvar ©, Galzin R, Lejeune P, Barnabé G,
Blanc F, Chevalier R, Duclerc J, Lu 2arre G (1985) Evaluation visuelle des
peuplements et populations de poissois m¢chodes et problémes. Revue d’Ecologie,
Terre et Vie 40:467-539.

Harvey E, Goetze J, McLaren B, Langlc's T, Shortis M (2010) Influence of Range, Angle of
View, Image Resolution and Im«e Compression on Underwater Stereo-Video
Measurements: High-Definitior, and Broadcast-Resolution Video Cameras Compared.
Marine Technology Society o1..nar 44:75-85.

Horne JK (2000) Acoustic appro=ch.s to remote species identification: a review. Fisheries
Oceanography 9:356-372

Kalogirou S, Corsini-Foka M, Ciomas A, Wennhage H, Pihl L (2010) Diversity, structure and
function of fish assemu!2gus associated with Posidonia oceanica beds in an area of the
eastern Mediterranea> Sea and the role of non-indigenous species. J Fish Biol
77:2338-2357.

La Mesa G, Molinar: ~, 1unesi L (2010) Coastal fish assemblage characterisation to support
the zoning of a n.w Marine Protected Area in north-western Mediterranean. Italian
Journal of Zoology 77:197-210.

Lamouret M, Abadie A, Viala C, Boissery P, Thirion-Moreau N (2019) Measuring fish
activities as additional environmental data during a hydrographic survey with a multi-
beam echo sounder. In: OCEANS 2019 - Marseille. p 1-10

Langlois T, Goetze J, Bond T, Monk J, Abesamis RA, Asher J, Barrett N, Bernard ATF,
Bouchet PJ, Birt MJ, Cappo M, Currey-Randall LM, Driessen D, Fairclough DV,
Fullwood LAF, Gibbons BA, Harasti D, Heupel MR, Hicks J, Holmes TH, Huveneers
C, lerodiaconou D, Jordan A, Knott NA, Lindfield S, Malcolm HA, McLean D,
Meekan M, Miller D, Mitchell PJ, Newman SJ, Radford B, Rolim FA, Saunders BJ,
Stowar M, Smith ANH, Travers MJ, Wakefield CB, Whitmarsh SK, Williams J,
Harvey ES (2020) A field and video annotation guide for baited remote underwater
stereo-video surveys of demersal fish assemblages. Methods in Ecology and Evolution
11:1401-1409.



Lezama-Ochoa A, Ballon M, Woillez M, Grados D, Irigoien X, Bertrand A (2011) Spatial
patterns and scale-dependent relationships between macrozooplankton and fish in the
Bay of Biscay: an acoustic study. Marine Ecology Progress Series 439:151-168.

Lubchenco J, Palumbi SR, Gaines SD, Andelman S (2003) Plugging a Hole in the Ocean: The
Emerging Science of Marine Reserves. Ecological Applications 13:3-7.

Mallet D, Pelletier D (2014) Underwater video techniques for observing coastal marine
biodiversity: A review of sixty years of publications (1952—-2012). Fisheries Research
154:44-62.

Marengo M, Durieux EDH, Marchand B, Francour P (2014) A review of biology, fisheries
and population structure of Dentex dentex (Sparidae). Rev Fish Biol Fisheries
24:1065-1088.

Marshak AR, Cebrian J, Heck KL, Hightower CL, Kroetz AM, Macy A, Madsen S, Spearman
T, Sénchez-Lizaso J-L (2020) Spatiotemporal Dynamics of Mediterranean Shallow
Coastal Fish Communities along a Gradient of Marine F *atection. Water 12:1537.

Milazzo M, Palmeri A, Falcon JM, Badalamenti F, Garcia-Chartor, 1A, Sinopoli M, Chemello
R, Brito A (2011) Vertical distribution of two sympe‘ric abrid fishes in the Western
Mediterranean and Eastern Atlantic rocky subtiua. 10cal shore topography does
matter. Marine Ecology 32:521-531.

Minart C, David V, Mouget A, Brehmer P, Acou A, 0¥ LL, Feunteun E, Thiriet P (2021)
An innovative sampling protocol for fish spacie: identification methods in shallow
waters: towed diver, towed video and stereosrop.~ camera system. In: OCEANS 2021:
San Diego — Porto. p 1-10

Misund OA (1997) Underwater acoustics in ma. ae fisheries and fisheries research. Reviews
in Fish Biology and Fisheries 7:1-2"

Monfort T, Cheminée A, Bianchimani €. [vap P, Puzenat A, Thibaut T (2021) The Three-
Dimensional Structure of Meu.*erranean Shallow Rocky Reefs: Use of
Photogrammetry-Based Descnitors to Assess Its Influence on Associated Teleost
Assemblages. Frontiers in M n. .~ Science 8.

Moreno T, Castro JJ (1995) Comm 'r.ty structure of the juvenile of coastal pelagic fish
species in the Canary Islcds viaters. Estudio de la comunidad de juveniles de especies
pelagico costeros en ag. as av las Islas Canarias.

Myrberg AA, Brahy BD, En.~ry AR (1967) Field Observations on Reproduction of the
Damselfish, Chromis v ltilineata (Pomacentridae), with Additional Notes on General
Behavior. Copeic 1967:819-827.

Pais A, Azzurro E, Gui=tu P (2007) Spatial variability of fish fauna in sheltered and exposed
shallow rocky ree?s from a recently established Mediterranean Marine Protected Area.
Italian Journal of Zoology 74:277-287.

Paramo J, Bertrand S, Villalobos H, Gerlotto F (2007) A three-dimensional approach to
school typology using vertical scanning multibeam sonar. Fisheries Research 84:171—
179.

Perrot Y, Brehmer P, Habasque J, Roudaut G, Behagle N, Sarre A, Lebourges Dhaussy A
(2018) Matecho: an open-source tool for processing fisheries acoustics data.
Acoustics Australia 46:241-248.

Perrot Y, Brehmer P, Roudaut G, Gerstoft P, Josse E (2014) Efficient multibeam sonar
calibration and performance evaluation. International Journal of Engineering Science
and Innovative Technology 3:808-820.

Pinnegar JK (2018) Why the damselfish Chromis chromis is a key species in the
Mediterranean rocky littoral — a quantitative perspective. Journal of Fish Biology
92:851-872.



Pitcher TJ (1986) Functions of Shoaling Behaviour in Teleosts. In: The Behaviour of Teleost
Fishes. Pitcher TJ (ed) Springer US, Boston, MA, p 294-337

Pitcher TJ, Magurran AE, Winfield 1J (1982) Fish in Larger Shoals Find Food Faster.
Behavioral Ecology and Sociobiology 10:149-151.

Prato G, Thiriet P, Franco AD, Francour P (2017) Enhancing fish Underwater Visual Census
to move forward assessment of fish assemblages: An application in three
Mediterranean Marine Protected Areas. PLOS ONE 12:e0178511.

R Core Team (2021) R: A language and environment for statistical computing.

Reid DG (2000) Report on Echo Trace Classification.

Salvetat J, Bez N, Habasque J, Lebourges-Dhaussy A, Lopes C, Roudaut G, Simier M,
Travassos P, Vargas G, Bertrand A (2022a) Comprehensive spatial distribution of
tropical fish assemblages from multifrequency acoustics and video fulfils the island
mass effect framework. Sci Rep 12:8787.

Salvetat J, Bez N, Habasque J, Lebourges-Dhaussy A, Lop~s C, Roudaut G, Simier M,
Travassos P, Vargas G, Bertrand A (2022b) Compreher, ive spatial distribution of
tropical fish assemblages from multifrequency acoustics and video fulfils the island
mass effect framework. Sci Rep 12:8787.

Scalabrin C, Diner N, Weill A, Hillion A, Mouchot 1.*-C (1996) Narrowband acoustic
identification of monospecific fish shoals. ICFS Jaurnal of Marine Science 53:181—
188.

Shabangu FW, Ona E, Yemane D (2014) Measurem~n. of acoustic attenuation at 38kHz by
wind-induced air bubbles with sugozsi:d correction factors for hull-mounted
transducers. Fisheries Research 151:47 L~

Smith KF, Brown JH (2002) Patterns of c* et ity, depth range and body size among pelagic
fishes along a gradient of depth. C-lokal Ecology and Biogeography 11:313-322.

Stergiou KI, Karpouzi VS (2002) Feeding “abits and trophic levels of Mediterranean fish.
Reviews in Fish Biology and Fi_heries 11:217-254.

Thiriet PD, Di Franco A, Chemiree A Guidetti P, Bianchimani O, Basthard-Bogain S,
Cottalorda J-M, Arceo H Mcranta J, Lejeune P, Francour P, Mangialajo L (2016)
Abundance and Diversit, of Crypto- and Necto-Benthic Coastal Fish Are Higher in
Marine Forests than ii. Structurally Less Complex Macroalgal Assemblages. PL0S
One 11:e0164121.

Tsagarakis K, Giannoulaki ,.* 2yrounaki MM, Machias A (2015) Species identification of
small pelagic fis' sci ools by means of hydroacoustics in the Eastern Mediterranean
Sea. Mediteriancan vlarine Science:151-161.

Venables WN, Ripley B'), Venables WN (2002) Modern applied statistics with S, 4th ed.
Springer, New York.

Weill A, Scalabrin C, Diner N (1993) MOVIES-B: an acoustic detection description software.
Application to shoal species’ classification. Aquat Living Resour 6:255-267.

Williams 1, Walsh W, Tissot B, Hallacher L (2006) Impact of observers’ experience level on
counts of fishes in underwater visual surveys. Marine Ecology-progress Series - MAR
ECOL-PROGR SER 310:185-191.



9. Figures and tables

Table 1. List of the variables provided by the split-beam and multibeam echosounders. For
the calculations, a, b and c represent the height, width and length listed in the order:
maximum, medium and minor lengths, respectively. CV: coefficients of variation. S, volume
backscattering strength in dB. N_echos: Number of echos. Threshold: threshold used for the

shoal extractions in dB. B_depth: bottom depth and shoal_depth: mean depth of the shoal.

Variable Variables Abbreviation ACOU.S“CS Computations Unit Reference
type device
S, mean weighted 70 dB S,_70kHz EK80 dB
S, mean weighted 120 dB S._120kHz EK80 dB
2 S, mean weighted 200 dB S,_200kHz EK80 dB
] .
g %/d(g the S, mean weighted CV S, 70kHz EK80
- 222\6 szthe Sy mean weighted CV S, 120kHz EK80
SSS ((ijBthe Sy mean weighted CV S, 200kHz EK80
Length at 70 kHz L70 FKy, m
Length at 120 kHz L120 E, o0 m
Length at 200 kHz L200 L'780 m
Height at 70 kHz H70 EK80 m
Height at 120 kHz H120 EK80 m
Height at 200 kHz H200 EK80 m
Surface at 70 kHz S70 EK80 m?2
Surface at 120 kHz S1:29 EK80 m?2
Surface at 200 kHz <200 EK80 m?2
o CV Height at 70 kHz cVv_ 170 EK80
é CV Height at 120 kHz C/_H120 EK80
é CV Height at 200 kHz CV_H200 EK80
§ Height H M3
Width W M3
Length L M3
Surface S M3 m?2
Volume \Y M3 m®
Ratio of holes Holes M3 N_echos< inresnota - Pasacr;nuoiltlez:rarljl.e(tzzg??)
Total N_echos (2011)
CV Height (along pings) CV_H M3
CV Width (along pings) CV_W M3
CV Ratio of holes (along CV Holes M3
pings) -
c  Widthby length WL M3 ¥
En Height by length HL M3 g Weill et al. (1993)
"'_o" Width by height WH M3 %
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Cruz-Matias et al.

axb ) (2019)
. axXbxc
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2Xc
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axis
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= axis
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Table 2. Characteristics of the shoals observed by the divers (species, abundance, length and

fish group structure, i.e. school or aggregation (Pitcher 1986)) and kept for the analyses.

Species n Abundance Total length (cm)  Fish structure
(median, 95% CI) [min., max.]

Boops boops 35 500 [40; 5000] [5.0-17.0] Aggregation

Chromis chromis 33 350 [25; 10 000] [3.0-9.0] Aggregation

Spicaramaena 10  375[154; 1 891] [5.0-15.0] Aggregation

Atherina sp. 20 3167 [198; 16 100] [1.5-5.0] School
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Figure 1. Linear discriminant analysis “L D, plots for classification of the different fish

species observed using fisheries acoustics ools. (a) LD1-LD2 plane of the plot; (b) LD2-

LD3 plane of the plot; (c) LD1-LD? plai.2 of the plot; (d) 3D plot with ellipsoids having an

80% interval.
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Figure 2. Coefficients of the variables in the first (2;, se.and (b) and third discriminant (c)
functions from the Linear Discriminant Analysis. Or.y u>e 25 first variables having the most

importance are represented.



Table 3. Confusion matrices for each model using data from both echosounders, only the

EK80 or only the M3 echosounder.

Observed

Atherina sp. B. boops C. chromis S. maena
Predicted |Both EK80 M3|Both EK80 M3|Both EK80 M3|Both EK80 M3
Atherinasp.[250 239 239 0 O 0|0 O O|O0O O O
B. boops 0 O 01203 115 154{17 18 13| 0 0 21
C.chromis | 0 11 11|11 82 41|195 174 198 0 38 70
S. maena 0O O 0|36 53 55|38 58 39|250 212 159
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Figure 3. Map of the observed and predicted ch.> 4ls for (a) Atherina sp., (b) Boops boops, ()
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Highlights

e A setup coupling split-beam and multibeam echosounders to classify fish shoals
e Species identifications made in a Marine Protected Area by scientific divers
e Interest of coupling the acoustic tools shown by comparing three classifier models

e A case-study application of the classifier was made on unlabeled data



