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A B S T R A C T

The coastal area of north-west (NW) Africa is a highly productive ecosystem due to the presence of a strong 
upwelling. This ecosystem supports large populations of small pelagic fish, such as sardinellas, which have 
significant socio-economic value for local populations. In this study, we analyzed the acoustic data collected 
during a one-month survey along the Senegalese coast at the beginning of the upwelling season. Hierarchical 
clusterings were performed to classify the acoustic data from the epipelagic zone (down to 120 m-depth) 
separately for daytime and nighttime. The analysis identified five echo-groups during the day and six at night. 
The resulting echo-groups were then compared to stratified midwater trawl samplings to support hypotheses 
about the organisms responsible for the echoes. Additionally, a remotely operated towed vehicle (called Scan
fish) was used to monitor environmental variables down to 100 m depth. Two machine learning models were 
applied to link the classified echo-groups to the environmental data for both day and night. Each daytime echo 
group had a corresponding nighttime echo group, with also similar environmental preferences. Fish schools were 
mainly found in shallow coastal waters while dense sound-scattering layers detected at 38 kHz, likely composed 
of small fish or fish larvae, were observed in the temperature range of 17◦-21 ◦C for both day and night. The other 
echo-groups were composed of fluid-like zooplankton or gas-bearing zooplankton. The sixth night echo-group 
corresponded to migrant organisms and was predominant at night. Overall, the analyses of the abiotic habi
tats for each echo-group allow us to better understand the organism distributions during the beginning of the NW 
Africa upwelling season.

1. Introduction

The north-west (NW) coastal area off Africa is a highly productive 
ecosystem that has been exploited by local populations for centuries. 
The wind regime drives a quasi-permanent offshore Ekman pumping 
and a seasonal coastal upwelling from November to May, between Cape 
Roxo (12◦20′ N, Senegal) and Cape Blanc (21◦N, Mauritania) (Capet 
et al., 2017). Differences in the shape and slope of the continental shelf 
induce distinct dynamics in the north and south of the Cape Verde 
Peninsula (Roy, 1998; Auger et al., 2016). During the upwelling season, 
spatial variability is particularly pronounced, and turbulent structures 

such as cold filaments of nutrient-rich waters are present (Strub et al., 
1991). Wind-forced upwelling of subsurface, nutrient-enriched water is 
a key driver of pelagic primary productivity in these coastal waters 
(Lathuilière et al., 2008; Messié and Chavez, 2015), supporting a strong 
food web and higher trophic levels. However, its temporal variability is 
still poorly known (Carr and Kearns, 2003; Auger et al., 2016) and the 
overall understanding of the NW African upwelling remains limited 
(Ndoye et al., 2014; Capet et al., 2017). In addition, these ecosystems 
support large populations of Small Pelagic Fish (SPF) (Roy et al., 1989; 
Cury and Roy, 1989), such as the sardinellas (Clupeidae), Sardinella 
aurita Valenciennes 1847 and Sardinella maderensis Lowe 1838, whose 
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nurseries (Fréon, 1983) are present along the Senegalese coast. Clupei
dae are omnivorous, feeding both on phytoplankton and zooplankton 
(James, 1988) and S. aurita and S. maderensis represent important re
sources for industrial and artisanal Senegalese fisheries (Belhabib et al., 
2014). Their spawning strategies may rely on the variability of the 
coastal upwelling intensity as well as on food availability (Demarcq and 
Faure, 2000; Lett et al., 2006; Mbaye et al., 2015), but this still requires 
further investigations. In addition, the NW African ecosystem is 
vulnerable to strong anthropogenic pressures (i.e. overfishing, climate 
change, pollution) with a risk of disruption across all trophic levels, 
including the SPF populations (FAO, 2013; Ba et al., 2016). Therefore, a 
better understanding of the upwelling ecosystem, including the envi
ronmental drivers of the SPF population dynamics, is crucial for the 
sustainable exploitation of the ecosystem.

Active acoustic methods can simultaneously provide information on 
the distribution of organisms, from zooplankton to top-predators 
(Benoit-Bird and Lawson, 2016). Calibrated echosounders with several 
frequency transducers provide information that can be used to classify 
various types of organisms. With an appropriate frequency range, 
backscattering sources depending on the organism’s complexity (i.e. 
shape, material properties) can be classified into broad groups. 
Zooplankton, for instance, can be classified into (i) fluid-like organisms 
such as copepods or euphausiids, (ii) elastic-shelled organisms such as 
pteropods, (iii) gas-bearing organisms such as siphonophores (Stanton 
and Chu, 2000; Lavery et al., 2007). For fish, the presence of a swim
bladder is a key parameter influencing their scattering responses, 
although other parameters like size and behavior can also play a role 
(Foote, 1987; Kloser et al., 2002). Physical elements such as micro
structures, bubbles and suspended sediments can also produce strong 
scatters (Ross et al., 2007; Lavery et al., 2010). Indeed, microstructures 
have been shown to contribute significantly to scattering, thus repre
senting a confounding factor when analyzing biological scatterings. 
Nevertheless, theoretical frequency response curves from biological and 
physical scattering processes present distinct shapes that can help 
discriminate them (Stanton et al., 1994b; Warren et al., 2003). Several 
multifrequency methods have been developed for backscatter classifi
cation (De Robertis et al., 2010; Ballón et al., 2011; Béhagle et al., 2017; 
Choi et al., 2021) based on various approaches (i.e. use differential re
sponses between frequencies or the sum of responses at different fre
quencies as classification variables). These methods often require a 
manual annotation by experts, which can be time-consuming, or the 
definition of thresholds for the acoustic variables, which may involve 
uncertainties. Furthermore, acoustic studies often consider volume 
backscattering strengths, rather than target strengths, for logistical 
reasons and because a group of organisms with similar properties would 
keep the same frequency response curve (Benoit-Bird and Lawson, 
2016). Overall, multiple factors including organism types, size, behavior 
and orientation induce variable scattering echo levels (Stanton et al., 
1994a; Zedel et al., 2005), making organism identification in active 
acoustics more challenging. To address this issue, alternative methods 
such as the forward method using theoretical scattering models have 
been developed (Stanton et al., 1994a, 1998; Blanluet et al., 2019; 
Barbin et al., 2024). These models predict the theoretical scattering 
signals from the organisms sampled by trawl, which can then be 
compared to the observed signal on echograms. However, this approach 
often requires biological samplings with a good knowledge of the taxa 
present, as well as their morphological characteristics within scattering 
layers, to reduce uncertainties in scattering signal estimation (Barbin 
et al., 2024).

Furthermore, active acoustic methods have been used to study Mid- 
Trophic-Level Organisms (MTLOs), or micronekton, which include or
ganisms ranging in size from 1 to 20 cm (fish, crustaceans, mollusks, and 
gelatinous organisms) and are present in all oceans (Brodeur et al., 
2005). In particular, characteristic Sound Scattering Layers (SSLs) of 
zooplankton and micronekton were identified during an upwelling 
event along the Senegalese continental shelf by Diogoul et al. (2020). 

MTLOs play an important role in the food web, as they are predated by 
higher trophic levels, including high value commercial species such as 
tuna (Bertrand et al., 2002; Lehodey et al., 2015). Zooplankton and 
micronekton perform extensive Diel Vertical Migrations (DVMs), mostly 
to feed and acquire energy in the upper layer (0–200 m) at night before 
migrating back down to the mesopelagic zone (200–1000 m) to avoid 
predation and reduce metabolic expenditures during the day (Cushing, 
1951; Bollens and Frost, 1989a, 1989b; Hays, 2003; Lampert, 1989). 
These migrations contribute actively to vertical fluxes of nutrients and 
organic matter (Hays et al., 1997; Ariza et al., 2015; Cotté et al., 2022). 
Furthermore, DVM behavior is thought to be influenced by various 
environmental factors such as food availability, dissolved oxygen con
centration, light intensity and turbidity. A deeper understanding of these 
factors is needed as DVM likely results from a complex set of trade-offs 
(Klevjer et al., 2016). In particular, dissolved oxygen concentration may 
strongly influence vertical migration patterns and swimming speed 
depending on the species (Mutlu, 2006; Bianchi et al., 2013).

Several active acoustic studies focus on the coast of west Africa 
(Demarcq and Samb, 1991; Sarré, 2017; Diogoul et al., 2021; Mouget 
et al., 2022) to better understand this ecosystem. Especially, acoustic 
data were compared with environmental data to study the upwelling 
ecosystem in this region. Diogoul et al. (2020) showed differences in the 
distribution and structure of the SSLs in inshore and offshore areas 
during an upwelling event. In particular, the vertical distribution of SSLs 
was linked to strong vertical gradients of temperature, dissolved oxygen, 
and water density. Moreover, the long-term distributions from 1995 to 
2015 of two acoustic groups (zooplankton and fish) monitored at 38 kHz 
in this area were compared with sea surface environmental data 
(Chlorophyll-a concentrations, temperature), showing that the marine 
pelagic resources (fish and zooplankton) remained stable despite year- 
to-year variability (Diogoul et al., 2021). Nevertheless, upwelling dy
namics offshore of Senegal have been mostly analyzed using satellite 
and sometimes in situ measurements (Capet et al., 2017), which limits 
our understanding. Although a bi-frequency (38 and 120 kHz) method 
have been used to discriminate copepods of the West Africa coast 
(Diogoul et al., 2024), the application of a multifrequency method to 
classify the acoustic data for a better ecosystem-based understanding of 
this area is still lacking and would be highly beneficial.

In this context, the objective of the study was to provide new insights 
into the spatial distributions of different acoustic groups in the NW Af
rican ecosystem in relation to the environmental conditions measured 
throughout the water column, within the upwelling context. To achieve 
this, we first classified the acoustic data collected during the survey into 
distinct echo-groups using a multifrequency approach and compared the 
results with stratified midwater trawl samplings to hypothesize the 
associated organisms. Secondly, we investigated the environmental 
preferences of each echo-group by coupling the acoustic data with 
environmental measurements down to 100 m obtained using a remotely 
operated towed vehicle (Scanfish) and by applying machine learning 
models based on the XGBoost algorithm (eXtreme Gradient tree Boost
ing) (Receveur et al., 2020).

2. Material and methods

2.1. Survey

The SCOPES survey (DOI: 10.17600/18000662) took place from 
December 17, 2022 to January 5, 2023, onboard the French Research 
Vessel RV Thalassa and covered the Senegalese coast (12◦N-17◦N, Fig. 1) 
at the beginning of the upwelling season. High number of fishing boats 
at night limited our capacity to conduct samplings over the shallow 
areas (< 100 m), which were mainly sampled during the day, while 
deeper areas (≥ 100 m) were mainly sampled at night. The survey route 
was adjusted along the way to sample waters reflecting contrasting 
environmental conditions. Filaments were identified using satellite ob
servations of ocean colour (OC) retrieved from a global ocean gridded L3 
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daily product of Copernicus Marine Service with a 300 m × 300 m 
resolution (European Union-Copernicus Marine Service, 2022). In 
particular, sampling was conducted across a filament located at 13.5◦N 
visible on OC images (e.g. 12/20/2022, Fig. 1).

2.1.1. Active acoustic data
In situ active acoustic data were recorded continuously using an 

EK80 echosounder (Simrad, Kongsberg) in continuous wave (CW) mode, 
connected to six split-beam transducers (18, 38, 70, 120, 200 and 333 
kHz) (Fig. 1), of which only five provided useful data (the 18 kHz was 
dysfunctional and gave an unusable signal over the upper 100 m). The 
remaining five transducers had a nominal aperture of 7◦ at − 3 dB. 
Calibration of the EK80 echosounder following standard protocol 
(Demer et al., 2015) was conducted in April 2022. The water column 
was sampled down to 800, 450, 250, 120 and 80 m, which were the 
maximum ranges in this survey respectively for the 38, 70, 120, 200 and 
333 kHz transducers. Transmit powers were of 2000, 600, 200, 90 and 

40 W respectively for the five channels and the pulse length was set at 
1024 μs for all frequencies. Mean vertical resolution according to this 
pulse length was 0.789 m. Two ping intervals were set depending of the 
bathymetry, with a pivot depth at 200 m: 0.6 s in shallow waters and 2.6 
s in deep waters. Data were acquired at a vessel speed of ~8 knots.

2.1.2. Environmental data
A total of 46 casts (Seabird SBE 911+) were conducted throughout 

the survey. Sea surface environmental variables (temperature, salinity 
and Chl-a) were continuously recorded by a thermosalinograph and a 
Ferrybox system (Petersen, 2014). A Scanfish II (Brown et al., 1997), 
equipped with a CTD SBE49 (reference 201), a SBE43 (reference 
430,214) and an ECO Triplet (reference BBFL2WB-1478) measured the 
temperature and salinity at a rate of 0.06 s and the Chl-a concentrations 
and dissolved oxygen at a rate of 1 s from the surface down to ~100 m 
depth. Approximately 2500 profiles were collected during the 127 h of 
deployment. As the Scanfish was towed between 300 and 600 m astern 
of the ship (depending on location and bathymetry, Fig. 1), acoustic and 
Scanfish data were not perfectly collocated. To correct for the mismatch, 
we computed an offset time for the Scanfish relative to the echosounder 
based on the mean vessel speed and separation distance between the 
Scanfish and the transducer’s location onboard the vessel.

2.1.3. Biological samples
A total of 11 micronekton trawls (Table S1) were conducted in the 

upper layer (down to 70 m) at various stations (Fig. 1 and Table S1) to 
sample key acoustic layers. The micronekton trawl had a mesh size of 80 
mm at the entrance, reduced to 10 mm at the codend. Trawl depth, as 
well as vertical and horizontal openings in meters, were monitored in 
real-time with net sensors (Marport® Trawl Explorer, Reykjavik, Ice
land), with the net vertical opening generally around 10 m. A Wildlife 
Computers TDR (Time Depth Recorder) was attached to the back rope to 
monitor pressure at a recording rate of 1 s. The protocol was standard
ized for each trawl: (i) the fishing depth was first chosen based on the 
echograms, then (ii) the net was stabilized at the echo depth using the 
MARPORT depth-positioning device, and (iii) the net was towed 30 min 
at a vessel speed of 2–3 knots. Collected zooplankton and micronekton 
were sorted onboard by broad taxonomic groups (e.g., fish, crustaceans, 
squids, gelatinous organisms) before being stored at − 20 ◦C. The most 
sensitive species were stored with water to preserve their morphological 
structure.

2.2. Acoustic data processing

All raw acoustic data were processed using the open-source Matecho 
software (Perrot et al., 2018). Automatic bottom detection and data 
cleaning were applied to remove unwanted detections including ghost 
bottom echoes and interferences from other acoustic devices. Empty 
pings were discarded and background noise reduction was made (De 
Robertis and Higginbottom, 2007). To suppress the near-fields effects 
and surface noise, the first 8 m from the surface were removed for all 
frequencies. After pre-processing, data were echo-integrated into 1 m 
vertical layers and over 0.05 nmi Elementary Sampling Unit (ESU) using 
a − 100 dB minimal threshold. The echo-integration was performed 
from 10 m down to the maximum range of each frequency (DOI: 10.17 
882/96903). Sound celerity and Time Varying Gain (TVG) corrections 
were applied using temperature and salinity profiles from the 46 CTD 
casts collected during the survey. The closest-in-time CTD cast was used 
for each ping to recalculate the TVG. For each echointegrated cell, the 
mean volume backscattering strength (Sv in dB, re 1 m− 1) was calculated 
for each frequency (MacLennan et al., 2002) as well as their coefficients 
of variation (CVs), defined as the ratio of the standard deviation to the 
mean. The linear form of the volume backscattering strength sv (m− 1) 
was used for all required calculations (e.g. in the echo-integration step 
procedure, the CV calculations and the map representations). Finally, 
the Nautical Area Scattering Coefficient (NASC or sA, m2 nmi− 2) was 

Fig. 1. Cruise tracks of the survey conducted from the RV Thalassa along the 
Senegalese coast. The plain lines (orange and green) represent the ship track for 
which the EK80 echosounder recorded data. The orange line represents the 
portions for which the Scanfish was towed behind the vessel. Red squares 
represent trawl sampling positions. The thin black lines represent the isobaths. 
The location of the explored filament at 13.5◦N is indicated by an arrow. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)
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calculated per ESU of 0.05 nmi, according to MacLennan et al. (2002), 
providing a proxy of biomass.

2.3. Statistical analysis

2.3.1. Data clustering
As the Scanfish operated from the surface down to 100 m depth, only 

the 38, 70, 120 and 200 kHz frequencies were used to classify echoes, as 
data acquired with the 333 kHz frequency does not cover this depth 
range. The echo-integrated cells ranging from 10 to 120 m were used for 
clustering. During the cruise, the activity of artisanal fishermen pre
vented us from occupying the continental shelf at night. This field 
constraint limited our ability to explore diurnal cycle behaviors. 
Crepuscular periods (sunrise and sunset) were excluded from the clus
tering as they are associated with rapid vertical displacements of many 
organisms and strong variations in the individual orientations.

Hierarchical clusterings were performed using the Ward2 method, 
which minimized the total within-cluster variance (sum-of-squares cri
terion). The clusterings were carried out using 12 variables described 
below. First (i), as often used in multifrequency classifications (De 
Robertis et al., 2010), we used pairwise frequency differences for each 
echointegrated cell (i.e., ΔSv,i− j = Sv,i − Sv,j, where i and j are indices 
corresponding to two different frequency in kHz). It resulted in six 
possible pairwise combinations for a total of four frequencies (ΔSv,70− 38, 
ΔSv,120− 38, ΔSv,200− 38, ΔSv,120− 70, ΔSv,200− 70 and ΔSv,200− 120). To enhance 
the contrast between fish and macrozooplankton backscatters, we 
summed (ii) the mean volume backscattering strengths (Ballón et al., 
2011) for each echointegrated cell using three frequencies 
(Sv,38 + Sv,70 + Sv,120 and Sv,70 + Sv,120 + Sv,200). These two sums were 
specifically chosen because resonance at lower frequencies such as 38 
kHz is pronounced for fish with swimbladders whereas low backscat
tering organisms such as zooplankton scatters at higher frequencies 
(Lavery et al., 2007; Davison et al., 2015). Finally, we used (iii) the 
coefficients of variation (CVs) of the volume backscattering strengths at 
four frequencies (CV38, CV70, CV120 and CV200) for the clustering pro
cess as they can add effective discriminant information (David et al., 
2024). Weighting these variables have been also tested to enhance 
classification accuracy. Then, the Within-Cluster Sum of Squares (WSS) 
curves were computed to identify the optimal numbers of clusters, 
minimizing WSS for night and day separately. We subsequently 
compared the results to the Ward-linkage cluster dendrogram plots to 
verify that these numbers of clusters were appropriate. Finally, for 
nighttime, the clustering process was rerun for one of the clusters to 
separate the echo-integrated cells scattering strongly at 70 kHz. These 
cells were not well clustered at first due to their lower cell number at 
night. To perform the hierarchical clusterings, we used the « fastclus
tering » package of R (version 4.2.2) which can handle large datasets.

2.3.2. Echo-group interpretations
Hereafter, the different clusters were referred to « echo-groups ». For 

each echo-group, the Nautical Area Scattering Coefficient (NASC or sA, 
m2 nmi− 2, MacLennan et al., 2002) was calculated. In addition, the 
frequency response curves were analyzed with reference to theoretical 
scattering models from the literature (Lavery et al., 2007). For this 
purpose, acoustic data measured at 333 kHz for each echo-group, for 
depths appropriate to this frequency, were also used to obtain broader 
frequency response curves.

Trawl data were analyzed as follows. At each trawl station 
(Table S1), echoes within the sampled layer were extracted by over
laying trawl tracks onto echo-integrated echograms using the pressure 
recorded by TDR and a 10 m vertical opening. The trawl was towed 
behind the vessel, so an offset time for the trawl data was computed in 
the same manner as for the Scanfish data (see Section 2.1). For each 
echo-group, the echo cells within the depth range of the trawl track were 
extracted. The number of cells per echo-group found in the trawl were 

then computed. Finally, acoustic results for each trawl were compared to 
its biological content. Correlation matrices using the Pearson method 
were used to relate the number of echo-integrated cells per echo-group 
to the weight proportions of each group of organisms found in the 
trawls. Especially, as suggested by Mutlu (2007), we multiplied the 
weight of the organisms by their reflection coefficients (R) (Table S2) to 
improve the correlation matrices. Three matrices were calculated, using 
separately the day or night data, as well as for day and night combined.

2.3.3. XGBoost models
To analyze the relationship between acoustic echo-groups and 

environmental conditions, we applied the XGBoost algorithm (eXtreme 
Gradient tree Boosting). This “machine-learning” method has already 
been used for active acoustic data (Receveur et al., 2020). The envi
ronmental variables provided by the Scanfish and surface variables 
(temperature, salinity and Chl-a) were used for the modelling. Envi
ronmental data were averaged at the same resolution as the acoustic 
data (cells of 0.05-nmi wide and 1-m deep). As the Scanfish was not 
deployed during the entire survey, only periods with simultaneous 
acoustic and Scanfish acquisitions were kept for these analyses.

Two models were built separately for daytime and nighttime. The 
models were first fitted on a training dataset (75 % of the data randomly 
chosen) and then tested on a validation dataset (the remaining 25 %). 
Concerning the XGBoost parameters, the learning rate η was set to 0.5 
and six maximum tree depths were chosen to prevent over-fitting. For 
each model, statistical information such as accuracies and their 95 % 
confidence interval (CI), sensitivities and specificities were computed 
(Kuhn, 2008). A manual backward selection of the variables was made 
in order to keep the best models. To build the models, we used the « 
xgboost » package available in R (Chen and Guestrin, 2016). As in 
Receveur et al. (2020), SHapley Additive exPlanation (SHAP) values 
were computed to rank the importance of covariates for the overall 
models and for each echo-group. SHAP values indicated how much a 
given covariate value would change the predicted value compared to a 
prediction made without this covariate (Lundberg and Lee, 2017). 1000 
Monte Carlo simulations were performed (Štrumbelj and Kononenko, 
2014) to approximate the SHAP values for the different echo-groups.

3. Results

3.1. Environmental conditions over the southern Senegalese shelf

Sea surface environmental variables were highly variable along the 
Senegal coast during the SCOPES survey (Fig. S1). Temperatures ranged 
from 19◦ to over 27 ◦C. The lowest temperatures were recorded in areas 
of coastal resurgence, particularly to the north (15◦N and 16◦N) and 
south of the Cape Verde Peninsula. Coastal waters were bordered by 
warmer offshore waters and a progressive cooling of surface waters was 
observed throughout the survey. For instance, surface water tempera
tures were closed to 27 ◦C at the beginning of the survey and 23 ◦C at the 
end of the survey for offshore waters at 14◦20′N (Fig. S1a). In response to 
subsurface upwelling, the coldest waters were also the saltiest. These 
colder, saltier areas were associated with the highest surface phyto
plankton biomass and oxygen levels, suggesting developing phyto
plankton biomass. A notable exception was found in the south (12.5◦N), 
where enrichment was observed but salinity remained low (Fig. S1b). 
Localized patches of high sea surface Chl-a concentrations were 
observed in shallow waters (< 100 m), mostly close to the coast 
(Fig. S1c). At the start of the survey (between December 17 and 25), 
waters off the shelf and in the southern part of the system presented 
salinities 1 unit lower than over the northern part of the shelf. This 
highlighted the influence of freshwater inflows during the monsoon 
season from the southern regions of the system, which were then 
transported northward by the West African Boundary Current (Kounta 
et al., 2018).

As the vessel repeatedly crossed the filament at 13.5◦N, vertical shifts 
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of the environmental conditions were observed (Fig. 2). The position of 
the subsurface chlorophyll maximum varied between 40 and 10 m 
depth. In addition, average vertical profiles of the environmental vari
ables (down to 100 m-depth; Fig. S2) were shown for daytime and 
nighttime. For both periods, sharp transitions were observed between 40 
and 20 m depth for temperature, dissolved oxygen and salinity. Chl-a 
concentrations were higher during the day with a maximum above 20 
m depth and values >1 μg.L− 1 when the maximum was located around 
30 m depth and ~ 0.7 μg.L− 1 during the night.

3.2. Description of the echo-groups

The NASC distributions along the track for both daytime and night
time was given at 38 kHz, a frequency for which some organisms like 
fish with swimbladders can have strong resonance (Fig. S3). It showed 
higher biomass concentrations (represented in red) at specific locations: 
north of the survey tracks, south of the Cap Verde peninsula and near 
Casamance.

Two hierarchical clustering were constructed based on 1,301,856 
and 750,482 cells for nighttime and daytime, respectively. Adding the 
CVs and the two sums (Sv,38 + Sv,70 + Sv,120 and Sv,70 + Sv,120 + Sv,200) 
provided additional information for the clustering, which was crucial to 
be able to separate pelagic fish schools from scattering layers. Never
theless, Sv differences were key information for separating the other 
scattering groups, except for fish schools, and were weighted by a factor 
2 to optimize the clustering and obtain different frequency response 
curves. Based on the WSS curves (Fig. S4a,b), the curve bend occurred 
between 5 and 6 clusters. Indeed, the WSS curves decreased rapidly 
between one and six clusters, after which the slope flattened. We 
compared these results with the Ward-linkage cluster dendrogram plots 
(Fig. S4c,d), and confirmed that 5 and 6 echo-groups were adequate 
respectively for daytime and nighttime. Selecting 6 clusters for night
time was also more biologically interpretable and facilitated the com
parison with the daytime echo-groups. Thereafter, the echo-groups will 
be numbered D1 to D5 for daytime and N1 to N6 for nighttime. Examples 
of the echogram and the corresponding echo-groups for daytime and 
nighttime are shown in Fig. 3.

Note that numbering (from 1 to 5) was chosen such that day and 
night echo-groups with the same number had the most similar acoustic 
characteristics among echo-groups, based on the frequency response 

curves (Fig. 4). Additional information on the different echo-groups can 
also be found on Figs. S5 to S9. The NASC distribution along the Sene
galese coast also differed between the echo-groups (Fig. 5). More pre
cisely, the D1 and N1 echo-groups were characterized by frequency 
response curves, or Sv(f) curves, with increasing acoustic density be
tween 70 and 333 kHz, which could correspond to fluid-like organisms 
(Lavery et al., 2007), but with a peak observed at 38 kHz. These echo- 
groups were found over all bottom depth but mainly in the deeper 
areas (> 100 m) (Figs. 4a,f and 5). The D2 and N2 echo-groups were 
characterized by high values at 70 kHz and decreasing curves between 
70 and 333 kHz (Fig. 4b,g). Such a shape could correspond to gas- 
bearing organisms (e.g. physonects or cystonects siphonophores) 
(Lavery et al., 2007; Blanluet et al., 2019). D2 was found mainly south of 
the Cap Vert peninsula, while N2 was located along the entire Sene
galese coast, both over the shelf and at the shelf break. The D3 and N3 
echo-groups were characterized by decreasing Sv(f) curves from 38 to 
333 kHz (Fig. 4c,h) and could correspond to fish larvae or small fish with 
swimbladders. These echo-groups were located along the entire Sene
galese coast, with higher biomass in areas with depth ≥ 30 m. The D4 
and N4 echo-groups had similar Sv(f) curves to D3 and N3 (Fig. 4d,i), but 
with a higher density at 38 kHz and with the lowest CVs for each fre
quency. They could also correspond to fish larvae or small fish with 
swimbladders (Lavery et al., 2007). Their distributions were patchier 
along the Senegalese coast. The D5 and N5 echo-groups were charac
terized by high values of CVs and, for D5, combined with high values for 
the sum of frequencies. These echo-groups were associated with a flat 
curve with high Sv values (Fig. 4e,j) which could correspond to fre
quency responses of fish with swimbladders. Visual inspections of the 
echogram confirmed that D5 and N5 corresponded to schooled fish 
(mostly for daytime) or isolated fish (mostly nighttime). Higher pro
portions of D5 and N5 were encountered close to the coast and mostly 
south of the Cap Vert peninsula. Finally, the last echo-group N6 was 
characterized by a decreasing Sv(f) curve from 38 to 333 kHz but 
showed a small relative maximum at 120 kHz compared to 70 and 200 
kHz (Fig. 4k). It could also correspond to Sv(f) curves of small fish or fish 
larvae with swimbladders. This N6 echo-group was located along the 
entire Senegalese coast.

Finally, for daytime, the D3 echo-group regrouped 41 % of the cells 
while D1 represented 23 %; D4: 22 %; D2: 10 % and D5: 4 %. For 
nighttime, the N6 echo-group gathered the majority of cells (39 %) 

Fig. 2. (a) Satellite observations of Chl-a concentrations observed on 12/20/2022 during the survey. The black line corresponds to the transect made by the vessel 
across the 13.5◦N filament. Observations of ocean colour (OC) were retrieved from European Union-Copernicus Marine Service. (b) Sequence of Scanfish profiles 
across the filament at 13.5◦N. From top to bottom, vertical profiles of temperature, salinity, Chl-a, and D.O. concentrations. Data were recorded from 8 p.m. the 12/ 
21/2022 to 4 a.m. the 12/22/2022. ESU means Elementary Sampling Unit.
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followed by N3 (23 %) and the other echo-groups (N1: 15 %; N4: 11 %; 
N2: 9 % and N5: 3 %). In addition, we observed that despite the fact that 
the sampling areas were not exactly the same during daytime and 
nighttime (shallow waters vs offshore), the nighttime echo-groups were 
very similar to the daytime ones, except for N6. Indeed, to compare with 
daytime, proportions for the nighttime were also calculated excluding 
the N6 echo-group, as it was only present during nighttime. The ob
tained proportions were then equivalent to those for daytime, N3: 38 %; 
N1: 25 %; N4: 18 %; N2: 15 %; and N5: 4 %.

3.3. Echo-group interpretations with regards to trawl contents

We aimed to validate the interpretation of the echo-groups in terms 
of dominant marine organisms with the trawls’ content. Distribution 
maps of the biological content of all trawls for daytime and nighttime 
can be found in Supplementary Information (Fig. S10). During daytime, 
gelatinous organisms and fish were caught, but the biomass collected 
was very low (Table S1 and Figs. S11 to S15), except for trawl T5_D. 
Hence, linking the daytime echo-groups to the trawl data was not 
straightforward, and results of the correlation matrix for daytime 

Fig. 3. Examples of echograms and the corresponding echo-groups during daytime (a) and nighttime (b). The echograms are presented in Red Green Blue (RGB) 
composite images generated with MATLAB based on the 38 (red), 70 (green) and 120 (blue) kHz echo-integrated acoustic data. The echo-groups D1 to D5 and N1 to 
N6 are represented by colors (blue, green, yellow, red, purple, and grey respectively). ESU means Elementary Sampling Unit. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Frequency response curves of the echo-groups from daytime (panels a to e) and nighttime (panels f to k). Blue, green, red, yellow, purple, and dark lines are 
for the echo-groups 1 to 6, respectively. Light shaded areas represent the 95 % confidence interval. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.)
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(Fig. 6a) should be interpreted with caution. Overall, the D1 echo-group 
showed a positive correlation with crustaceans, squids, gelatinous, and 
fish larvae. The D2 echo-group was primarily positively correlated to 
siphonophores, but also to crustaceans and fish. The D3 and D4 echo- 
groups were both positively correlated to fish, with D3 also correlated 
with squids and gelatinous organisms and D4 also correlating with fish 
larvae, pyrosomes and crustaceans. Finally, the D5 echo-group was 
correlated to gelatinous organisms.

During nighttime, fish, gelatinous organisms, crustaceans and 
cephalopods were caught in the trawls, with fish being the most abun
dant in all trawls (Figs. S16 to S21). In particular, myctophids were 
present in all night trawls except for trawl T9_N (Table S1). This specific 
trawl was mainly composed of other fish species. A high quantity of 
cephalopods was captured only in trawl T6_N, in combination with fish 
species. Finally, only a few siphonophores were captured during 
nighttime.

All echo-groups were found in the last trawl (T11_N, Fig. S21) con
ducted during nighttime, which was consistent with the high abun
dances of various organisms observed in this trawl. Globally, the N2, N3, 
N4 and N6 echo-groups were the most preponderant in trawls during 
nighttime. Moreover, the N1 echo-group was mostly positively corre
lated to shrimps, euphausiids, siphonophores and tetraodontidae 
(Fig. 6b). The N2 echo-group was positively correlated to squids and 

myctophids (Fig. 6b). Nevertheless, the N2 echo-group was only pre
ponderant (46 %) in trawl T6_N. This trawl was heterogeneous, mainly 
composed of gelatinous organisms, squids and fish species, making the 
interpretation in terms of echo-group difficult. The N3 and N4 echo- 
groups were present when fish or fish larvae were caught, but the as
sociation is ambiguous because gelatinous organisms, crustaceans and 
cephalopods were often caught in the same trawls. Indeed, the N3 echo- 
group was mostly positively correlated with fish larvae, gelatinous and 
crustaceans (Fig. 6b) and the N4 echo-group was mostly positively 
correlated with fish and shrimps (Fig. 6b). The N5 echo-group was only 
important in T9_N, where fish belonging to the families Sphyraenidae, 
Scombridae and Priacanthidae were caught, which could explain the 
strong N5 echoes. Indeed, the N5 echo-group was positively correlated 
with these fish families (Fig. 6b).

Furthermore, comparing the correlation matrices using data from 
both daytime and nighttime to the one using only data from nighttime 
was informative, as it provided globally similar results for all echo- 
groups. This could be related to the fact that trawl catchability was 
greater at night. For example, results for the N5 echo-group were very 
similar for the matrices using only nightime data (Fig. 6b) and the one 
using both daytime and nighttime data (Fig. 6c), showing that daytime 
trawls were not informative for this echo-group.

Comparing these correlation matrices was helpful to interpret the N6 

Fig. 5. Spatial distributions of the echo-groups along the Senegalese coast during SCOPES (17 December to 05 January). The colors represent the acoustic density of 
the Nautical Area Scattering Coefficient (NASC, m2 nmi− 2) at 38 kHz. Top panels are for daytime (D1 to D5) and bottom panels are for nighttime (N1 to N6).
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echo-group. Indeed, this echo-group was absent during daytime, and 
adding day and night data highlighted taxa only present at night 
(Fig. 6b,c), such as myctophidae. On the contrary, for the D3 and N3 
echo-groups which were present both during daytime and nighttime, the 
correlation coefficient was lower for myctophidae in Fig. 6c compared to 
Fig. 6b as these organisms were only present at night. Finally, results 
showed that the N6 echo-group was positively correlated with several 
type of organisms such as fish (including myctophidae), squids, shrimps 
and euphausiids (Fig. 6c). Indeed, the N6 echo-group appeared (up to 
53 %) whenever micronektonic species were caught during nighttime 
(Table S1). Conversely, the lowest proportion of N6 (15 %) was observed 
in trawl T9_N, in which myctophids were absent (Fig. S19). This echo- 
group could then represent micronektonic species. This finding was 
further supported by visual observations of the N6 layers performing 
DVM (e.g. Fig. S22). For clarity, the echo-group interpretations are 
summarized in Table 1.

3.4. Environmental factors driving the echo-groups

Among the potential explanatory variables, those associated with the 
sea surface were the least important covariates. They were removed 
from the retained models to increase their accuracies (data not shown). 
Model accuracy was higher for daytime (0.75 and 95 % CI [0.74, 0.79]) 
than for nighttime (0.59 and 95 % CI [0.58, 0.59]). Detailed statistics by 
echo-groups can be found in Tables S3 and S4. Sensitivity and specificity 
differed between echo-groups, N4, N6, D1, D2 and D3 were better pre
dicted than N2, N5 and D5. The SHAP values were calculated for the 
entire models for both day and night periods (Fig. S23). The variables 
that best explain the models were temperature, local bathymetry, and 
latitude; with Chl-a concentrations also being important for the daytime 
model.

SHAP values calculated for each echo-group are given in Figs. 7 and 
8, and plots of the SHAP values for each explanatory variable and each 
echo-group are shown in Figs. S24 and S25 (e.g.). The D1 and N1 echo- 
groups were associated with low temperature (< 18 ◦C) combined with 

Fig. 6. Correlation matrices relating the number of echo-integrated cells per echo-group to trawl biological contents for day (a) and night (b) separately, and for day 
and night combined (c). The colors correspond to the correlation values. Each column represents an echo-group, which should be interpreted in relation to the blue 
squares, indicating positive correlations with a group of organisms, taking into account their weight in trawls and their reflection coefficient (R). The crosses in panel 
a indicates that these organisms were absent from daytime trawls. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.)

Table 1 
Echo-group interpretations. Summary of the hypothesis and overall confidence.

Echo-groups Type of organisms Elements of support Overall 
confidence

Comments

D1 and N1 Fluid-like zooplankton mixed 
with other organisms

Increasing Sv(f) curves between 70 and 333 kHz, with a peak at 
38 kHz, consistent with trawl analysis

Medium Responses that may be polluted by 
higher scatters

D2 and N2 Organisms with a pneumatophore Decreasing Sv(f) curves with a peak at 70 kHz Low
D3 and N3 Fish larvae or small fish Decreasing Sv(f) curves, scattering at 38 kHz but lower peaks 

than for D4 and N4
Low Possible mix of organisms and/or 

lower biomass than D4 and N4
D4 and N4 Fish larvae or small fish Decreasing Sv(f) curves, scattering at 38 kHz, observations of 

SSLs
Medium

D5 and N5 Schools and isolated fish Flat Sv(f) curves, observations of schools and isolated fish on the 
echogram, consistent with trawl analysis

High

N6 MTLOs Decreasing Sv(f) curves, only found at night, observations of 
vertical migrations and consistent with trawl analysis

High
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high salinity (> 35), deep bathymetry (> 500 m), low concentrations of 
Chl-a (< 1 μg.L− 1), and low dissolved oxygen concentrations (< 100 
μmol.kg− 1). Low salinity (< 35), latitude (between 13◦ and 15◦N), 
longitude (east of − 17.4◦W), combined with bathymetry <500 m and 
high temperature (> 22 ◦C) were the main characteristics of D2 and N2 
echo-groups. The D3 and N3 echo-groups were mostly explained by high 
temperature (> 20 ◦C) and salinity (> 35), while D4 and N4 echo-groups 
were explained by temperatures ranging from 17◦-21 ◦C, bathymetry 
<500 m, latitude between 12 and 16◦N and longitude west of − 17.2◦W, 
combined with high salinity (> 35) and Chl-a concentrations above 1 μg. 
L− 1. The D5 and N5 echo-groups were mostly explained by shallow 
bathymetry (< 200 m) and low temperature (< 20 ◦C), latitude north of 
14◦N and longitude east of − 17.4◦W. Finally, the N6 echo-group was 
mostly explained by latitude north of 12.5◦N and low salinity (< 35) as 
well as low temperatures (< 17 ◦C) but also, to a lesser extent, by higher 
temperatures (> 21 ◦C).

3.5. Microscale analysis around a filament

Horizontal and vertical variations in environmental characteristics 
were observed (Fig. 2 and S26) around the filament located at 13.5◦N on 

21st December, during a Scanfish transect. Especially, localized con
centrations of Chl-a were elevated, coinciding with upwelling waters 
characterized by lower temperatures, lower dissolved oxygen concen
trations and higher salinities. To compare with the echo-group stratifi
cations, the 23 ◦C isotherm was overlaid over the echogram (Fig. 9). The 
depth variations of the N2 and N4 echo-groups followed the depth 
variations of the 23 ◦C isotherm, with a clear transition between these 
echo-groups corresponding to the isotherm depth. Hence, effects of the 
stratification on the N2 and N4 echo-groups were consistent with the 
horizontal and vertical variations of the environmental variables. No 
noticeable changes in stratification were observed for the N1 and N6 
echo-groups, while the N3 echo-group followed the variations observed 
for the N4 echo-group.

4. Discussion

By analyzing the acoustic data combined with the environmental 
variables throughout the water column, we provided new insights into 
the spatial distribution of organisms in the Senegalese coastal area at the 
beginning of the upwelling season. We proposed a methodological 
framework to perform a hierarchical classification of the active acoustic 

Fig. 7. SHAP (SHapley Additive exPlanation) values for each echo-group from daytime. The dot colour represents the normalized values for each variable (Low and 
high refers respectively to the minimum and maximum values for the considered variable, e.g. temperature). 1000 Monte Carlo simulations were made to compute 
the SHAP values for each echo-group.

Fig. 8. Same as Fig. 7 for nighttime.
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data and to relate the defined echo-groups to the environmental vari
ables using a machine learning method (Receveur et al., 2020).

Firstly, the acoustic data were echointegrated before being classified 
into several echo-groups. To limit computational costs, the integration 
distance was set to 0.05 nmi (~ 93 m) in the echointegration and the 
vertical resolution for the echo-integration was set to 1 m. As a result, 
multiple organisms with different acoustic properties (type, shape and 
material properties) could be present in the echo-integrated cells. This 
complicated the interpretation of the frequency response of a given 
volume backscattering (Benoit-Bird and Lawson, 2016). The integration 
resolutions could be reduced in the future as greater computing re
sources become available. Strong gradients in temperature and salinity 
could also have complicated the interpretation of acoustic scatters, 
increasing uncertainties about whether the sources of the scattering 
were biological or physical (Warren et al., 2003). Moreover, for practical 
reasons, the echosounders were calibrated several months prior to the 
survey in a different ocean sector (north eastern Atlantic area). Conse
quently, calibration biases could have occurred due to changes in the 
water temperature conditions as shown in Demer and Renfree (2008), 
although the variations were 1 dB or less with temperatures ranging 
from 1 to 18 ◦C in their study. However, their tested temperatures were 
also lower than the ones encountered during our survey.

Nevertheless, our clustering approach revealed several distinct echo- 
groups having specific frequency responses, with similar echo-groups 
observed during the day and night. The clustering relied on four fre
quencies: 38, 70, 120 and 200 kHz. In particular, the 38 kHz has been 
commonly used to assess the biomass of fish with swimbladders 
(Receveur et al., 2020; Diogoul et al., 2021) as the swimbladder reso
nance could induce a high 38-kHz backscatter. However, incorporating 
a lower frequency, such as 18 kHz, could have improved the discrimi
nation of echo-groups and their biological interpretation. Indeed, the 
overall shapes of frequency responses differed depending on the types of 
organisms, as zooplankton resonate more at higher frequencies whereas 
fish resonate at frequencies lower than 38 kHz (Lavery et al., 2007; 
Davison et al., 2015). In addition, a frequency lower than 38 kHz could 
help discriminate fish with large swimbladders, whereas the 38 kHz 
frequency is more suitable for fish with small swimbladders (Kloser 
et al., 2002). Finally, the interest of using high frequencies to study 
zooplankton restricted our classification to the first 120 m depth (the 
maximum range of the transducer at 200 kHz being 120 m).

One of the major limitations in our study was the low number of 
trawl samples available, particularly during the daytime, which reduced 
our ability to validate our echo-group classification. As a result, the 
correlation matrix using both daytime and nighttime data provided 
similar results to the one using only nighttime data. This is likely due to 
the higher organism diversity and biomass observed in night trawls. 
Increasing the number of trawls could help refine the calculations of the 

correlation coefficients for each echo-group and strengthen the biolog
ical interpretations. Furthermore, our target trawl depths were around 
30 m, and avoidance behavior could be more pronounced in both the 
day and night in the surface layers. Indeed, oganisms could detect the 
vessel, due to different sources of stimulation such as light or vessel 
noise (Draštík and Kubečka, 2005). Therefore, a strong avoidance 
behavior could explain the low catchability rate during daytime, 
although this behavior is likely to occur also during nighttime. Due to 
biases in our biological sampling and the limited number of trawl 
samples, we did not use alternative methods such as the forward scat
tering approach to predict the acoustic response of trawls, as it requires a 
thorough knowledge of the taxa present. Especially, Barbin et al. (2024)
highlighted significant differences (up to 20 dB) between observed and 
predicted acoustic responses, particularly in the epipelagic layer, 
showing that this method is not optimal for these depth ranges. Never
theless, integrating a forward scattering approach could be valuable to 
better understand the echo-groups in the mesopelagic layer, where 
divergence between acoustics and trawls might be smaller.

The methodology used to explain echo-group distribution (as a 
function of the 3D environment) based on a machine learning approach 
(XGBoost model) performed better for daytime data than for nighttime. 
Several explanations could explain these contrasted results. Firstly, the 
lower predictive power for N2 and N5 could be explained by the low 
number of samples for these echo-groups. Indeed, the N5 echo-group 
was mainly found in shallow coastal waters where navigation was 
limited at night due to intense artisanal fishing activities. Moreover, the 
nighttime vertical distribution of the organisms associated with the 
echo-groups could be explained by factors not included in the models 
such as complex behavioural strategies related to feeding, predation 
avoidance, community structure or light intensity (Catul et al., 2011). 
Especially, the DVM is related to feeding strategies (Pearre, 2003), with 
migrant organisms optimizing their foraging behavior in the productive 
upper layer. A higher number of mixed organisms in the echo- 
integration cells at night could also lead to greater uncertainties in hi
erarchical classification. Nevertheless, the day echo-groups were 
consistent with the night echo-groups, as seen with the re-calculation 
the echo-group proportions after excluding the N6 echo-group. This 
revealed that the proportion of each remaining echo-group was equiv
alent between daytime and nighttime with D3 and N3 dominating 
(38–41 %) and D5 and N5 being in minority (3–4 %). Hence, the overall 
structure of the ecosystem in the epipelagic zone was roughly similar 
over a daily cycle and from inshore to offshore along the Senegalese 
coast. The corresponding echo-groups between day and night were 
impacted by the same environmental variables, highlighting the con
sistency of the results and the environmental preferences of the under
lying organisms.

As in Receveur et al. (2020), bathymetry was one of the most 

Fig. 9. Echogram showing the echo-groups during nighttime for the filament at 13.5◦N. Colors depend on the echo-group (N1: blue, N2: green, N3: orange, N4: red, 
N5: purple and N6: grey). The black line represents the 23 ◦C isotherm measured with the Scanfish, which helps visualize environmental variations. ESU means 
Elementary Sampling Unit. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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influential variables in the models for both nighttime and daytime. This 
result was expected, as we sampled very contrasted areas along the 
Senegalese coast (inshore vs offshore). Bathymetry also plays a key role 
in shaping the vertical distribution of the SSLs (thickness and depth) in 
inshore areas of the Senegalese continental shelf (Diogoul et al., 2020). 
In addition, bathymetry is suggested to induce school formation in 
shallow waters, although the relationship remains unclear (Kaltenberg 
and Benoit-Bird, 2009). In this study, numerous schools were indeed 
observed in shallow waters, whereas they were scarce in deeper areas. 
Moreover, water temperature was a key variable for both daytime and 
nighttime models, while dissolved oxygen concentrations had little in
fluence for the top 120 m of the water column. Latitude constituted a 
more important variable than longitude for both daytime and nighttime 
models. Latitude may capture differences in the structuring of the 
ecosystem along the Senegalese coast (e.g. distinct dynamics in the 
North and South of the Cape Verde peninsula). Chl-a concentrations 
were mostly important during daytime, which was not surprising 
because areas enriched by upwelling dynamics were mainly sampled 
during the day. Finally, salinity was not a strong explanatory variable of 
the global models. However, it played a significant role for some echo- 
groups such as D2 for which low salinities (< 35) had a strong influ
ence and explained its spatial distribution.

Fish schools and large isolated individuals were classified into the D5 
and N5 echo-groups, with schools mostly present during daytime. These 
echo-groups were characterized by high CV values, which served as 
discriminatory variables. In contrast, SSLs exhibited lower CVs due to 
their generally homogeneous structure compared to the echo-integrated 
cells containing schools or isolated fish. Several clustering tests (not 
shown), excluding the CVs, were inconclusive to classify the D5 and N5 
echo-groups, mainly because they were mixed with SSLs having high 
scatters at 38 kHz. In addition, latitude (14–15◦N) and shallow ba
thymetry (< 200 m) were important variables for explaining their dis
tribution. Indeed, the schools or isolated fish were mostly located in the 
south of the Cap Vert peninsula based on both night and day data (Fig. 5) 
which was not surprising as this location represent spawning areas for 
several SPF species (Boëly et al., 1979; Roy et al., 1989; Ndoye et al., 
2017). This area also corresponds to the location of artisanal fisheries 
during nighttime. Furthermore, the D5 and N5 echo-groups (i.e. pelagic 
schools) showed preferences for low temperatures (< 20 ◦C), and their 
preferential locations were near the coast where the upwelling occured. 
Sea surface temperature was indeed suggested to be a key environmental 
variable, combined with Chl-a concentration, upwelling intensity and 
wind-induced turbulence, for the recruitment success of S. aurita and 
S. maderensis (Diankha et al., 2018). Diankha et al. (2015) also found 
that high abundances of round sardinella in Senegalese waters were 
associated with temperature ranging from 21 to 25 ◦C. These tempera
tures were higher than the ones found for D5 and N5, but this shift could 
be explained by the fact that their data were computed from satellite 
SST. Indeed, fish schools were often observed close to the bottom where 
water temperatures were systematically 4–6 ◦C lower than at the sur
face. Other factors such as food availability could explain fish spatial 
distributions but were not included in the model. Finally, the D5 and N5 
echo-groups were also positively correlated to other fish families, such 
as Sphyraenidae, Scombridae. and Priacanthidae, which could be 
responsible for strong echoes. Tunas were also spotted during the sur
vey. Accordingly, we associated the D5 and N5 echogroups to large fish 
and fish schools with a high degree of confidence.

The D4 and N4 echo-groups were attributed to small fish or fish 
larvae as their frequency curves decreased between 38 and 200 kHz 
(Kloser et al., 2002; Lavery et al., 2007). These echo-groups were 
aggregated into layers having strong scatters at 38 kHz. In addition, the 
thermal preferences of D4 and N4 were found to be between 17◦ and 
21 ◦C and the associated SSLs were located below the thermocline. 
Correlations between the depth of the thermocline and the depth of SSLs 
was shown in previous studies (Marchal et al., 1993; Diogoul et al., 
2020). Nevertheless, further analysis would be required to better 

understand the links between stratification of the SSLs and temperature, 
as this variable could be a proxy for hydrographic features reflecting 
different oceanographic conditions. Diogoul et al. (2020) also attributed 
the SSLs which scatters more strongly at 38 kHz than at higher fre
quencies to small fish or fish larvae. The authors suggested that these 
small fish or fish larvae could originate from nursery areas as juveniles of 
numerous species concentrate there. The D3 and N3 echo-groups 
exhibited frequency response curves similar to those of the D4 and N4 
echo-groups, also suggesting their association with small fish or fish 
larvae. However, D3 and N3 differed by a lower scattering intensity at 
38 kHz (Fig. 4c,h). A hypothesis compatible with this result is that the 
D3 and N3 echo-groups were composed of more mixed types of organ
isms, explaining a global lower scattering at 38 kHz. Indeed, these echo- 
groups were positively correlated to other types of organisms (gelati
nous and crustaceans). This hypothesis could be supported by the higher 
CVs values for D3 and N3 than for D4 and N4. The distinctions between 
these echo-groups (D3 vs D4, N3 vs N4) could also be explained by a 
difference in terms of biomass for fish larvae and small fish. The results 
would then suggest that small fish and larvae are distributed along the 
Senegalese coast where D3, D4, N3 and N4 echo-groups are identified, 
with patches of higher abundance corresponding to D4 and N4. Ndour 
et al. (2018) found low densities of eggs and fish larvae along the 
Senegal-Guinea coast, but high densities of fish eggs were reported in the 
south of Dakar and high density of larvae off Casamance. Their study 
also identified Clupeidae as the dominant larval family (35.8 %), fol
lowed by Myctophidae (14.3 %). Coupling our results with additional 
samplings of organisms would be necessary to go further in the analyses.

Six echo-groups were identified during nighttime versus five during 
daytime. We associated the N6 echo-group with the organisms per
forming DVM. This hypothesis was supported by trawl analyses and 
visual inspections of the echogram showing DVM patterns for this layer. 
We suggested that this N6 echo-group was a mixed echo-group 
composed of MTLOs performing DVM, as indicated by the correlation 
matrices (Fig. 6b,c), but that their frequency response was mainly driven 
by micronektonic fish having stronger scattering. The proportion of 
migrant organisms was preponderant during nighttime (39 %). The N6 
echo-group can be associated with diurnal migratory organisms with 
high confidence. This echo-group was predominant and ubiquitous 
along the Senegalese coast (Fig. 5), suggesting its crucial ecological role 
for the ecosystem (Catul et al., 2011). Indeed, myctophids could repre
sent a significant energy source for marine predators (Lea et al., 2002; 
Goetsch et al., 2018). The migration depth of the N6 echo-group during 
nighttime was mainly located below the surface boundary layer, with 
denser layers around 20–50 m-depth. This is consistent with previous 
studies reporting that the preferred nighttime depth location of mycto
phids is around the thermocline, where prey concentrations are greater 
(Rissik and Suthers, 2000; Peña et al., 2014).

The D2 and N2 echo-groups exhibited frequency responses that were 
characteristic of gas-bearing organisms, such physonects or cystonects 
siphonophores (Warren et al., 2001; Lavery et al., 2007; Blanluet et al., 
2019), for which the pneumatophore is responsible for the strong 
acoustic return. Nevertheless, the presence of siphonophores in trawls 
was low, which could explain the low correlations with the N2 echo- 
group (Fig. 6b). This discrepancy could be attributed to the fragility of 
these organisms, which are likely to be damaged or destroyed during 
trawling (Lavery et al., 2007; Davison et al., 2015). Some locations in the 
south of Dakar presented higher D2 and N2 acoustic density and were 
similar to the ones of the D3, D4 and N3 and N4 echo-group as seen on 
Fig. 5. Uribe-Palomino et al. (2019) found positive correlations between 
siphonophore abundances and those of copepods and fish eggs. Indeed, 
siphonophores are known to feed on copepods and fish larvae (Purcell, 
1985). Hence, this could explain their co-location with the D4 and N4 
echo-groups, corresponding to fish larvae and small fish, especially 
during nighttime. In addition, temperature, salinities and dissolved ox
ygen were found to affect siphonophores communities with positive or 
negative correlations depending on the species (Zoeller et al., 2022). 
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Here, both D2 and N2 were better explained by high temperatures (>
22 ◦C), low salinities (< 35) and to a lesser extent high dissolved oxygen 
concentrations (> 150 μmol.kg− 1) irrespective of the time of the day, 
suggesting that the same communities were observed during daytime 
and nighttime.

Finally, the D1 and N1 echo-groups showed increasing frequency 
response curves from 70 to 333 kHz which could suggest fluid-like 
zooplankton (Lavery et al., 2007). These echo-groups were in fact 
positively correlated to shrimps, euphausiids and other crustaceans, the 
trawl mesh was however not suitable for sampling copepods. Overall, 
the wide diversity of zooplankton species with distinct anatomical fea
tures could result in high variability in the scattering properties (Stanton 
et al., 1994a). In addition, the presence of a peak at 38 kHz on the fre
quency response curves of D1 and N1 suggested that other types of or
ganisms could have been present in the echo-integrated cells. A similar 
shape curve can be observed in Barbin et al. (2024), resulted from a mix 
of pteropods and fish with swimbladders. Indeed, a limitation of our 
acoustic study is that zooplankton scatters may be polluted by stronger 
scatters (Lavery et al., 2007) such as fish schools and SSLs, inducing a 
classification bias. In addition, the D1 and N1 echo-groups were 
observed at all depth and bathymetries but were mainly found offshore 
and at depth deeper than 60 m, where the other echo-groups were ab
sent. These locations were characterized by low temperature (< 18 ◦C) 
and low dissolved oxygen concentrations (< 100 μmol.kg− 1), explaining 
why these variables were important in the models. Consequently, these 
results should be taken with caution as they may result from classifi
cation bias. Especially, specific zooplankton samplings during the survey 
showed that fluid-like zooplankton were found at all depths (data not 
shown). In addition, zooplankton samplings taken along the Senegal- 
Guinea coast showed that copepods are dominant (68.5 %) (Ndour 
et al., 2018), with important biomass near the coast. The difference with 
our results may also have arisen due to temporal variability in the up
welling activity and how it impacts species abundance. Indeed, high 
zooplankton abundance was found offshore during the warm season by 
Diouf (1991). Therefore, interpreting zooplankton distribution is com
plex as their classification was not straightforward. To go further, 
reducing the echo-integration resolution could help to better classify 
these organisms by limiting the mixing of organisms.

Although more acoustic data in the upwelling context would be 
needed to draw robust general conclusions, our study showed that the 
vertical distribution of N2 and N4 echo-groups followed the variations of 
the 23 ◦C isotherm depth (Fig. 9). This isotherm was a proxy of the 
thermocline location and its position changes reflected those of the 
oceanographic conditions. Specifically, the upwelling of cold and deep 
nutrient-rich waters enhanced the presence of the N4 echo-groups in the 
upper water column. The role of upwelling intensity on pelagic fish 
abundances, such as S. aurita, has been previously established (Braham 
et al., 2014; Mbaye et al., 2015; Diankha et al., 2018). Larvae of fish 
species that reproduce near the coast have been observed within up
welling filament structures near the Canary Islands (Rodrıǵuez et al. JM 
et al., 1999, Bécognée et al., 2009), with the filament acting as a 
mechanism transporting the larvae away from the African continent. As 
the N4 echo-group is thought to be representative of small fish or fish 
larvae, our results are consistent with studies suggesting that filaments 
influence fish larvae spatial distributions, inducing changes in their 
vertical distributions. Nevertheless, applying our methodology to other 
filament observations would allow to draw more robust conclusions.

5. Conclusions

Our study revealed different spatial distributions of several echo- 
groups along the Senegalese coast during the upwelling period, identi
fied through a hierarchical classification of the acoustic data. The echo- 
groups exhibited distinct scattering characteristics, allowing us to hy
pothesize the type of organisms responsible of the echoes. Fish schools 
were mostly located in shallow coastal waters, whereas migrant 

organisms were ubiquitous in the ecosystem and predominant during 
nighttime. In addition, the environmental data measured in the water 
column allowed us to better identify the environmental preferences of 
the organisms. By using two machine learning models, we found that 
these preferences were similar during nighttime and daytime. Our 
methodology provided new insights into the spatial distributions of the 
different organisms in the NW African upwelling ecosystem, which is 
crucial for improving ecosystem-based management.
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Olivier Ménage in particular for their useful help with the Scanfish. This 
work was supported by the French oceanographic fleet (“Flotte 
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Cotté, C., Ariza, A., Berne, A., Habasque, J., Lebourges-Dhaussy, A., Roudaut, G., 
Espinasse, B., Hunt, B.P.V., Pakhomov, E.A., Henschke, N., Péron, C., Conchon, A., 
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des poissons pélagiques au Sénégal. In: Pêcheries ouest africaines : variabilité, 
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ressources halieutiques de petits pélagiques dans l’upwelling sénégalo-mauritanien. 
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