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Highlights
e Comparison of nektonic pelagic communities from shelf to offshore using fisheries
acoustics data (29 586 nautical miles)
e Pelagic community structure described by echointegration profiles, scattering layers, and
backscattering
e Different organization observed in inshore, transition, and offshore areas

e Key inter-annual trends identified, highlighting differences between bathymetric areas

Abstract

This study aimed to examine the spatial organization of pelagic communities within the water column
along a horizontal gradient extending from the coast to the offshore area, categorized into three zones:
inshore, offshore, and transition. A total of 29,000 nautical miles of acoustic transects collected during
14 annual standardized surveys were analyzed using two complementary acoustic methods: (i)
extraction of sound scattering layers (SSL) and (ii) echointegration (El) across the entire water column,
both horizontally and vertically averaged. The results revealed significant differences between the
three bathymetric areas based on SSL and El descriptors, with nektonic communities in the transition
area exhibiting intermediate characteristics between those in the inshore and offshore areas. The
relative abundance of nektonic communities decreased from shallow coastal areas to deep offshore
areas. The inshore area is different from transition and offshore area, which is confirmed by diel
vertical migration (DVM) analyse through vertical profiles. All areas exhibited classic DVM type |;
however, offshore and transition areas also presented unexpected DVMs of type Il, i.e., organisms
descend deeper during the night, displaying distinct vertical profiles compared to the inshore area.
This suggests that the functional and specific composition of pelagic nektonic communities differed
between inshore and offshore areas, indicating that organisms adjust their responses to their
environment. Over two decades, the three bathymetric areas showed a significant increase in pelagic
relative biomass and variation in SSL spatial structure. Nevertheless, nektonic communities reacted
differently to interannual changes depending on the bathymetric areas, such as the minimal depth of
the shallowest SSL. Fluctuations in SSL descriptors were highlighted over the study period, which may

be related to multi-decadal oscillations in the Atlantic Ocean.

Keywords

Sound scattering layer, bathymetry, diel vertical migration, pelagic structuration, interannual trends.
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1. Introduction

Bathymetry is recognized as a structuring environmental factors for fish communities (Louisy, 2015),
phytoplankton communities (Huan et al., 2022), and is utilized in various models (Hedger et al., 2004;
Kaschner et al., 2006; Lenoir, Beaugrand and Lecuyer, 2011). Marine organisms are constrained by
bathymetry, but they also follow patterns that exhibit temporal fluctuations according to diel vertical
migration (DVM), interannual variations (Lenoir, Beaugrand and Lecuyer, 2011), and long-term trends

(Beaugrand, Ibafiez and Reid, 2000; Brunel and Boucher, 2007).

The Canary Current Large Marine Ecosystem (CCLME) is situated along the West African coasts from
10°N to 40°N (Spall, 1990). Economically important for countries (Gorlitz and Interwies, 2013; Diankha
etal., 2017; Sarré et al., 2018), the CCLME's functioning is quite complex, depending on depth, latitude,
coast specificity, and upwelling events (Diogoul et al., 2021). Previous studies on the CCLME (Barton et
al., 1998; Aristegui et al., 2009; Auger et al., 2016) do not highlight the effect of upwelling on other
environmental aspects on pelagic organism spatial structuration. Bottom depth is an environmental
variable that well explains marine community structure (Majewski et al., 2017). The way depth controls
the spatio-temporal organization of pelagic communities over the continental shelf remains poorly

understood.

The most common method to describe the spatial organization of nektonic and zooplanktonic
communities in the marine environment is based on non-intrusive acoustic surveys (Simmonds and
MacLennan, 2005; Brehmer et al., 2019). In this study, we used 14 acoustic sea surveys carried out
over 21 years. Such a long-term dataset allowed us to study inter-annual variability and gain potential
first insights into climate change effects. To analyze the organization of aggregating pelagic organism
communities, we used Sound Scattering Layers (SSL) descriptors (Mouget et al., 2022). SSLs are
aggregations of micronekton, macrozooplankton, and many other pelagic organisms, which play a key
trophic role in pelagic ecosystems (Remond, 2015; Béhagle et al., 2017; Blanluet et al., 2019). They are,
therefore, structures that can be used as sentinels in marine ecosystems (Remond, 2015) as they are
sensitive to spatial and long-term environmental changes (Hays, Richardson and Robinson, 2005). SSLs
are also used to understand patterns of organization, such as diel vertical migrations (DVM) (Benoit-
Bird and Au, 2004) and monitor the ecological state of ecosystems (Diogoul et al., 2021). Besides SSLs,
echointegration-based descriptors (Perrot et al.,, 2018) collected from the water column are
complementary thanks to their comprehensive scan of the water column, enabling the inclusion of

organisms distributed outside the SSLs.

With our large spatial coverage and fine resolution dataset, pelagic organism distribution patterns are

compared between bathymetric areas and their inter-annual variability is analyzed. As fisheries
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acoustics are the most reliable (requiring low standardization) and available time series, particularly in
poor data ecosystems, this study aims to evaluate, based on fisheries acoustics time series and without
biological sampling, how bottom depth influences pelagic organization, considering independently
three distinct areas commonly discriminated in fisheries sciences: the inshore, transition, and offshore

areas.

2. Material and methods

2.1. Material
Acoustic data were collected using a 38 kHz transceiver type ES38-B on-board R/V Dr. Fridtjof Nansen
with the following settings: at a depth of 5.5 m, an absorption coefficient of 8.7 dB km-1, a pulse length
of 1.024 ms, and a maximum transmission power of 2000 W (Krakstad et al., 2006; Sarré et al., 2018).
The echosounder was annually calibrated following the classic calibration procedure (Foote et al.,
1987) using a standard copper sphere for 38 kHz. Data were recorded over the Canary Current Large
Marine Ecosystem (CCLME). The CCLME is one of the 64 large marine ecosystems (LMEs) defined
worldwide to propose ecologically rational units of ocean space (Sherman, 1994). While the CCLME
presents a global homogeneity, two areas, the North and South CCLME, can be discriminated against
with either permanent or seasonal upwelling, respectively (Barton, Field and Roy, 2013; Benazzouz et
al., 2014). CCLME is highly productive and allows the study of pelagic spatial structuration mainly due
to small pelagic fish and zooplankton. However, this area exhibits a wide range of environmental
conditions, influenced by currents (Faye et al., 2015), as well as local factors such as river plumes and
coastal influences, impacting crucial parameters like sea temperature and macronutrient
concentrations. Seasonal upwelling occurs during the summer in the South CCLME (Benazzouz et al.,
2014) and a permanent upwelling occurs in the North part. To work on a homogeneous ecosystem, we

reduce the dataset to the South part of CCLME, without upwelling impact.

Hereafter we referred to the South part of CCLME as "SCCLME." The study area extended from the
southern border of Senegal (12.15°N) to Cape Blanc (20.77°N) and from longitude 16°W to 18°W

(Figure 1).
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CCLME

SCCLME

Figure 1. Map of the Canary current large marine ecosystem (CCLME in grey) in the African Topical Atlantic Ocean, including

the study area, named here the South part of the CCLME (SCCLME in black: Mauritania, Senegal and The Gambia).

To focus on the influence of bathymetry on the acoustic signal without interfered from upwelling
regimes, our study area was limited to the SCCLME outside the permanent upwelling (Gémez-Letona
et al., 2017). All surveys included in this study were conducted during the wet season (November and
December) between 1995 and 2015, totaling 29,586 nautical miles (nmi) analyzed. The survey designs
remained consistent over the years (Figure 2), and surveys were conducted 24/24, covering day, night,
and transitional periods. Transitional periods were defined using sun altitude, calculated based on
date, time, and geographic position. Diel transition periods corresponding to sunset and sunrise, with
a sun altitude between -18° and +18° (Lehodey et al., 2015; Perrot et al., 2018), were excluded from

analyses to avoid density change bias due to diel vertical migrations (DVM).

The data were categorized into three bathymetric areas: inshore, transition, and offshore. The bottom
depth was defined using acoustic data. The bottom depth has been estimated using the software
Matecho using a backstep minimum level of -50 dB, and then manually post processed to correct
bottom line errors. Inshore corresponds to the shelf, close to the coasts, with a depth under 150 m.
The transition includes bottom depths between 150 and 500 m, encompassing a deeper continental
shelf and the slope. Offshore areas were defined as having bottom depths ranging from 500 to 1500
m. This zonation is commonly used in studies, aligning with physical and biological functioning (e.g.,
Gibson, Atkinson and Gordon, 2005; Castillo, Ramil and Ramos, 2017). Fisheries acoustics data were

clustered into elementary sampling units (ESUs) of 0.1 nautical miles (nmi) (Table 1).

Table 1. Summary of the dataset collected during sea surveys on-board the R/V Dr. Fridtjof Nansen over the South part of

the Canary Current Large Marine Ecosystem between 1995 and 2015. The number of Elementary Sampling Units (ESU) of 0.1



139
140

141

142
143
144
145
146

147

nautical miles (n= 295 860) are detailed for inshore (bottom depth < 150 m), transition (bottom depth from 150 to 200 m),

and offshore (bottom depth > 500 m) areas.

Vear Number of ESUs (0.1 nmi)
Inshore | Transition | Offshore Total

1995 | 4514 9 19 636 24 159

1996 | 3107 1303 17 663 22 073

1997 | 2044 1186 15338 18 568

1998 | 2479 1695 16 093 20 267

1999 | 2858 2 286 12 597 17 741

2000 | 3590 2379 16 385 22 354

2001 | 2323 4 557 15 451 22 331

2002 | 6401 475 17 757 24 633

2003 | 2620 3275 16 251 22 146

2004 | 2745 2699 15 253 20 697

2005 | 2292 2 651 18 546 23 489

2006 | 3196 2431 14 971 20 598

2011 | 4077 2501 8 383 14 961

2015 | 5531 943 15 666 22 140

Total | 47 480 28 390 219990 | 295860
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Figure 2. Map of the acoustic survey sampling per year and bathymetry along the African coast (Mauritania, Senegal, and

Gambia) in the Canary Current Large Marine Ecosystem. The acoustic sampling design is drawn in black along the coastline

in grey The continental shelf bathymetry is presented using a colour scale: In yellow, inshore (bottom depth < 150 m); in

green, transition (bottom depth in 150-500 m); and in blue, offshore (bottom depth > 500 m).
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2.2. Methods
The dataset was analyzed using two methods: (i) horizontally or vertically averaged echointegrated
echograms; and (ii) extracted Sound Scattering Layers (SSLs). Echointegration was conducted using a
threshold of -100 dB to include everything in the water column. SSLs were extracted using Matecho
(Perrot et al., 2018) from echointegrated echograms using a segmentation algorithm at an echo level
threshold of -70 dB re 1 m™, denoted as dB hereafter. The -70 dB threshold was chosen to encompass
both the micronektonic layers (Béhagle et al., 2016) and the contribution of pelagic fish. SSL descriptors
were computed per ESU of 0.1 nmi to characterize SSLs in the water column up to a depth of 500 m.

Matecho computed six descriptors per ESU for each SSL.

Descriptors were selected to facilitate efficient analysis for comparing ecosystems at different depths
and were based on the shallowest SSL and all SSLs (Mouget et al., 2022). The shallowest SSL is the most
independent SSL of the bottom depth, i.e., it is the farthest from the bottom. Moreover, Mouget et al.,
(2022) highlighted that there were few ESUs with more than one SSL over the shelf. In addition to the
shallowest SSL analysis, descriptors based on the entire water column or all SSLs were also used, added
to the SSL descriptors (Table 2): (i) the mean volume backscattering strength (S, in dB) from
echointegrated echograms (S, g) allowing an analysis of the whole water column; (ii) the S, of
shallowest SSL (S, ;) to analyse the acoustic importance of the shallowest SSL; (iii) the mean S, of all
SSLs (S,, an) to have a complete view on all SSL along the water column; (iv) the minimal depth of the
shallowest SSL (d;); (v) the width of shallowest SSL (W,) to identify the behaviour of shallowest SSL;
(vi) the number of SSLs (N) on the organisation of the water column. S, ¢, S, 1, Sy, an, 1, Wy and N are
referred to as descriptors from here. S, (dB) serves as a proxy for pelagic biomass (Holland et al., 2021;
Ariza et al., 2022), hereafter referred to as pelagic biomass.
Table 2. Descriptors used in this study, their symbols, units, formulas, and or reference(s). S, is the volume backscattering
coefficient in dB and s, is the volume backscattering coefficient in m'! (MacLennan, Fernandes and Dalen, 2002). N/A

means not applicable. “i” is the sound scattering layers (SSL) number, starting at 1 for uppers SSL in surface, and “j” is the

Elementary Sampling Unit (ESU) number.

Denomination of
Symbol Unit Formulae Reference(s)
descriptors

Bottom depth at
D; Meter (m) N/A -
ESU j

Number of
echointegrated N; - N/A -
cells at ESU j
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Number of SSL at / Urmy et al. (2012); Weill et al. (1993);
N: - N/A
ESU j : Woillez et al. (2007)
Mean S, from
echointegrated
Sy, Decibel (dB) 10 MacLennan et al. (2002)
echograms at
ESU j
S, of shallowest Mouget et al. (2022 adapted from
S, 1 Decibel (dB) 10
SSLat ESU j MaclLennan et al. (2002)
Mean S, of all Mouget et al. (2022) adapted from
Sy, all,j Decibel (dB) 10
SSLs at ESU j MaclLennan et al. (2002)
Minimal depth
shallowest SSL at dy; Meter (m) N/A Mouget et al. (2022)
ESU j
Width of
shallowest SSL at Wy ; Meter (m) N/A Mouget et al. (2022)
ESU j

The dataset's spatial auto-correlation along transects was considered negligible (Domokos, 2009;
Sabarros et al., 2009; Béhagle et al., 2014). Statistical analyses were conducted using R version 4.3.2

(R Core Team, 2021).

Kernel density was computed for each SSL descriptor (S,,1, S, a1, 61, W1) and echointegration descriptor
(Sy, ). Kernel density estimation (Sheather and Jones, 1991; Zhang et al., 2018) was employed to
construct probability density functions. To compare the densities from descriptors and variations of
Sv, El with respect to depth, two tests were used. The Wilcoxon test compared means (Fay and
Proschan, 2010), while the Spearman correlation test estimated the degree of correlation between
two curves (Croux and Dehon, 2010). For discrete descriptors, i.e., the number of SSLs (N), the Chi-
square test was employed (McHugh, 2013). All statistical tests were conducted with a significance
threshold of 0.05 for the p-values. The analysis of different acoustic descriptors allowed the
examination of the relative importance of acoustic density within and outside of SSLs, as well as the

difference between the shallowest and all SSLs, highlighting variations in water column organizations.

Vertical profiles were computed using the complete dataset of S, from echointegration, consisting of
data for each cell of one ESU length (0.1 nmi) by 1-meter depth. For each year, a vertical profile was

computed as the mean of all data at each depth with an accuracy of 1 m depth. When there were
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fewer than 50 ESUs, no mean was computed to avoid unreliable outliers. Vertical profiles for each year
were then averaged to produce a single curve for each depth category (inshore, transition, offshore).
To compare patterns of vertical profiles, the datasets were truncated to the length of the smallest
profile, i.e., the length of the shelf profile, up to 150 m. Correlations between curves were calculated
using the Spearman coefficient (Kendall, 1938). The mean difference between the two curves was

determined by averaging the differences at each point.

To assess the relative importance of acoustic classes in inshore, transition, and offshore areas, another
analysis was performed. For each survey, each cell of 1 ESU length by 1-meter width was assigned to
one of four S,, ¢ classes based on S, values between arbitrary limits of ten dB intervals: [-50; -60][, [-60;
-70[, [-70; -80[, [-80; -90] dB as defined by Mouget et al. (2022). Cells with values outside were
excluded. The relative importance of each class was then calculated per bathymetric area by dividing

the number of cells in an S, ¢ class by the number of classified cells in the corresponding ESU.

To perform DVM analysis, densities of S, g, Sy, 1, and S, . were computed using the Kernel density
method (Sheather and Jones, 1991; Silverman, 1986) for each bathymetric area separately during the
day and night periods. The day density was then subtracted from the night density to obtain a single
differential curve for each inshore, transition, and offshore area. The curves were analyzed using the

same method as vertical profiles.

To analyze changes over decades and inter-annual changes, linear regressions and polynomial
regressions of orders 2 and 3 were calculated using years as the single explicative variable (Mouget et
al., 2022). We selected the best regression model (p < 0.05) based on the Akaike Information Criterion
(AIC) by comparing models trained on a portion of the data (50%) and validated on the remaining data

(50%).

3. Results
3.1. Comparison of SSL and echointegration descriptors by bathymetric areas

3.1.1. Comparison of descriptors
The density curves (Figure 3a, b, c) exhibited distinct patterns for all acoustic (S, g, Sy, 1, Sy, an) across the
three bathymetric areas. Inshore had maxima for higher values of Sv than transition and offshore. The
inshore’s maxima were at -64.4, -63.5, and -63.7 dB for S, g, S, 1, and S, ., respectively, while maxima
for the offshore area shifted towards lower values with -74.0, -64.5, and -66.5 dB, respectively. Peaks
of the transition area were close to offshore ones, with peaks at -73.9, -64.7, and -67.3 dB for S, ¢, S,,

1, and S, ., respectively. Although the correlation between the curves was not significant, all curves

10
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were single-modal. The shift between the inshore and other curves (transition and offshore) was more
pronounced for S,, ¢ with a difference of almost 10 dB (-64.4 dB inshore vs -74.0 and -73.9 dB in

transition and offshore, respectively).

For descriptors based on the shallowest SSL (d; and W,), transition and offshore presented similar
curves. The inshore curve is similar but with a higher kernel density for inshore at the maxima. The
curves were not significantly correlated. The number of SSLs (N) revealed two different spatial
organizations. The first one occurred in transition and offshore areas and was characterized by an
increase in the percentage of ESUs from zero to two SSLs (an increase from 2.8% (N = 0) to 35.4% (N =
2) and from 1.5% (N = 0) to 35.9% (N = 2) for transition and offshore, respectively). The second behavior
was observed only in the inshore, with an increase in the percentage of ESUs only up to one SSL.
Inshore had 84.7% of ESUs with only one SSL, whereas ESUs from transition and offshore were more
distributed between all numbers of SSLs (with a maximal percentage of 38.5% and 35.9% for transition

and offshore, respectively).
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Width of shallowest sound scattering layer (W;).

3.1.2. Vertical profiles of S, g
The three vertical profiles of S, ¢ exhibited similar patterns across all three bathymetric areas (Figure
4). Correlation tests between the three profiles were significant, with a correlation coefficient greater
than 0.95. However, inshore vertical profiles displayed higher S, ¢ values from the surface to 100 m
depth. The mean difference between inshore and transition profiles was 2.4 dB for depths up to 150
m and 2.6 dB for depths up to 150m between inshore and offshore profiles. The mean difference
between transition and offshore was 0.18 dB for depths up to 100 m and 0.93 dB for depth up to 500
m. Additionally, we observed that the S, values were higher in the offshore area than in transition

areas up to a depth of 200 m depth, after which the transition area exhibited higher values of S,.

0_
Inshore
---- Transition
100+ — Offshore
E 200
=
e
o8]}
0O 300+
400+
500 -
-75 -70 -65
S\.',EI (dB}

Figure 4. a) Vertical profiles of mean S, from echointegrated echograms (S,, ¢) of all survey years (0-500 m). In full grey, the
inshore (bottom depth < 150 m). In dotted black the transition (bottom depth [150-500 m]). In full black, the offshore

(bottom depth > 500 m).

3.2. Comparison of S, ¢ classes per bathymetric areas
The comparison of the relative importance of S, g classes across different depth categories revealed
interesting patterns across the three bathymetric areas (Figure 5). Inshore areas had a higher
proportion of the class [-60; -50[ (11.6%) compared to transition (3.8%) and offshore areas (2.3%).

Conversely, the S, ¢ classes [-80; -70[ and [-90; -80[ dB were more abundant in transition (47.9% and

13
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20.0%, respectively) and offshore areas (52.5% and 15.6%, respectively) compared to inshore (35.5%
and 10.8%, respectively). The class [-70; -60[ dB was the most abundant in all areas, with inshore (40%)
having the highest proportion and transition and offshore (46 and 51%, respectively) having the
highest proportion for [-80; -70[ dB. The similarities between transition and offshore areas were
evident, especially for the lower proportion of the class [-70; -60[ dB (28.3 and 29.6%, respectively)
compared to inshore (42.2%). These proportions were significantly independent of the three

bathymetric areas, even though transition and offshore showed similar distributions.

100 |
75 -
S
a S, u classes (dB)
(14
< B (-60;-50[
s 297 B [-70;-60]
Ky [-80;-70[
P [-90;-80[
2
25 -
0 p

Inshore Transition  Offshore
(<150m) (150-500m) (>500m)

Figure 5. Comparison of percentage of Elementary Sampling Unit (ESU of 0.1nmi, n = 295 860) in each category of mean
volume backscattering strength (S, in dB) from echointegrated echograms (S, g) for all surveys conducted from 1995 to
2015, across the inshore (depth < 150 m), transition (depth in 150-500m) and offshore (depth > 500 m) areas. The S, ¢
classes are represented as follows: light grey: S, ¢ class in the range [-90; -80[ dB; in grey, [-80; -70[ dB; in dark grey, [-70; -
60[ dB; and in black, [-60; -50[ dB.

3.3. Comparison of DVM per bathymetric areas

3.3.1. Diel Vertical Migration through comparison of descriptors
Mean S, (S,, g) exhibited different patterns according to the bathymetric area considered. The patterns
were similar in inshore and transition areas (significant Spearman coefficient of 0.91) (Figure 6a). They
both had a peak with negative values of density difference (-0.032 at -72 dB and -0.022 at -78 dB, for
inshore and transition areas, respectively) followed by a positive peak. The offshore curve had a

different shape, with two negative and two positive peaks.

14



285
286
287

288
289
290
291

292
293
294
295

296
297
298
299
300
301

302
303
304
305
306

The DVMs of the shallowest SSL, S,, 5, varied according to similar patterns, whatever the bathymetric
area (Figure 6b). However, the lowest DVM values were observed for inshore areas than for both

offshore and transition areas.

The DVMs of all S, SSLs (S,, a1, Figure 6¢) showed similar patterns to the shallowest SSLs (S, ;, Figure 6b).
Indeed, the DVMs shifted from negative to positive values at a threshold of 0.64 and peaked at -0.6 dB
for S, .1 = 68 dB, and peaked at +0.3 and +0.2 for offshore and transitional areas, respectively.

Noteworthy, these DVMs were less marked than for shallowest SSLs.

The difference in the relative importance of S, ¢ classes (N) between day and night was limited to 8%
in transition and offshore areas whatever the number of SSLs, whereas they were much higher inshore,
where they reached up to 62% (Figure 6d). This highlighted high changes in the number of SSLs

between day and night in the inshore area.

All density differences were positive or close to zero for d;, whatever the bathymetric area and the
depth of the shallowest SSL (Fig 6e). This indicates that minimum depths were shallower during
nighttime than during daytime. For all bathymetric areas, the density difference decreased with the
depth of the shallowest SSL. Interestingly, the highest differences were observed in the transition area,
followed by offshore and inshore areas suggesting that vertical movements have a higher amplitude

in the transition area than both in offshore and inshore areas.

Differences in SSL widths (W, Figure 6f) have similar patterns in transition and offshore, positive from
43 m width. This means that during the daytime, there were more SSLs with a width under 43 m than
during nighttime. Therefore, SSL was thinner during the daytime. Inshore, the difference is positive
from 10 m width. Therefore, the width of SSLs did not change between day and night for large SSLs

(with a width over 10 m).
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3.3.2. Diel Vertical Migration through vertical profiles of S, g
The analysis of vertical profiles of S, ¢ of DVM (Figure 7ab) showed similar patterns between transition
and offshore areas, with a strong significant correlation coefficient of 0.90 observed between the two
profiles. In contrast, the vertical profile from the inshore area showed an inverse correlation to both
transition and offshore areas. Notably, significant negative correlation coefficients of -0.53 and -0.77

were observed for transition and offshore areas, respectively.

a) 0 b) 0
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Figure 7. Differential vertical profiles of mean volume backscattering strength (S, in dB) from echointegrated echogram (S,,
g1) for all surveys (1995-2015). The profiles were obtained by subtracting night-time from daytime echograms for the
following depth ranges: a) all depths (0-500 m). b) Zoom on 0-150 m depth. The bathymetric areas are indicated as follows:
full grey, the inshore (bottom depth < 150 m); in dotted black, transition (bottom depth in 150-500 m); in plain black,
offshore (bottom depth > 500 m).

All statistical tests, including DVM comparison, comparing eight descriptors in pairs between
inshore, transition, and offshore were computed, revealing 27 significant differences out of 45
tests conducted (Table 3). Thirteen tests analyzing the difference between day and night were
significant out of 21 tests conducted. These tests also highlight the high correlation between
transition and offshore for the shallowest SSL (with Spearman coefficient ranging from 0.78 to
0.90). When the entire water column was included (S, g and S,, 1), the correlation between
transition and offshore was less important (0.56 and 0.48, respectively). DVM was significantly
different inshore, with no correlation with other bathymetric areas.

Table 3. Statistical analysis comparing descriptors (by pair) between inshore, transition, and offshore areas for a full diel

cycle (global analyses) and for the difference between daytime and nighttime (diel vertical migration analyses). Note:
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338

Wilcoxon and Spearman tests were conducted for continuous data, while the Chi-square test was used for discrete data (N

and S, g classes). “ns” indicates non-significant results. “SSL” refers to sound scattering layer. Significant p-values < 0.05.
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339

Descriptor symbol Compared Wilcoxon test or Spearman
bathymetric area chi-square p-value | coefficient
Global analyses (including day and night)
Mean S, from Inshore - transition <0.05 0.97
echointegrated Sy, El Transition - offshore <0.05 0.97
echograms Inshore - offshore <0.05 0.96
Inshore - transition <0.05 0.96
S, of shallowest SSL Sv,1 Transition - offshore <0.05 0.98
Inshore - offshore <0.05 0.93
Inshore - transition <0.05 0.97
Mean S, of all SSLs Sy, all Transition - offshore <0.05 0.92
Inshore - offshore <0.05 0.86
Inshore - transition ns -
Number of SSLs N Transition - offshore ns -
Inshore - offshore ns -
Minimal depth Inshc?r.e - transition ns 0.25
shallowest SSL d; Transition - offshore ns 0.78
Inshore - offshore ns ns
. Inshore - transition <0.05 0.94
Z\:Ldth of shallowest WA Transition - offshore <0.05 0.83
Inshore - offshore <0.05 0.82
. . Inshore - transition <0.05 0.99
vereEl) preles o7y, n/a Transition - offshore ns 0.95
| Inshore - offshore <0.05 0.96
Inshore - transition ns -
Sy, e Classes n/a Transition - offshore ns -
Inshore - offshore ns -
Diel Vertical Migration Analyses (difference between daytime and nighttime)
Mean S, from Inshore - transition ns 0.91
echointegrated Sy B Transition - offshore ns 0.56
echograms S, g Inshore - offshore ns 0.12
Inshore - transition <0.05 0.47
S, of shallowest SSL Sv1 Transition - offshore <0.05 0.78
Inshore - offshore <0.05 0.41
Inshore - transition <0.05 0.56
Mean S, of all SSLs Sy, all Transition - offshore <0.05 0.48
Inshore - offshore <0.05 0.33
Inshore - transition ns -
Number of SSLs N Transition - offshore ns -
Inshore - offshore ns -
Minimal depth Inshore - transition <0.05 -0.13
d; Transition - offshore <0.05 0.83
shallowest SSL
Inshore - offshore ns ns
Width of shallowest . Inshore - transition <0.05 0.31
W, Transition - offshore ns 0.84
SSL
Inshore - offshore <0.05 0.24
Vertical profiles of S, Inshqre - transition <0.05 -0.53
’ n/a Transition - offshore <0.05 0.90
4 Inshore - offshore <0.05 -0.77
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3.4. Inter-annual trend per bathymetric areas
All indicators showed significant shifts between 1995 and 2015, following either linear trends or
polynomial trends. Notably, the mean pelagic biomass (S, 1, Sy, a1, and S, i) increased significantly over
time in all areas. In the inshore area (Figure 8a) S,, ¢ increased from -67.5 dB in 1995 to -66 dB in 2000.
In the offshore and transition areas (Figure 8b, c), the pelagic biomass showed a significant linear
increase throughout the entire period, reaching maximum values of -72 and -74 dB in 2005 in the

transition area and offshore, respectively.

The shallowest SSL, as measured by S, ;, displayed distinct patterns depending on the area. In the
inshore area, it followed a Gaussian-like curve with a peak in 2005 (Figure 8d). No significant trend was
observed in the transition areas (Figure 8e). Offshore, S, ; exhibited a hyperbolic trend with low values

in 2005 and peak values in 1995 and 2005 (Figure 8e).

The mean patterns of all SSL (S, ay) mirrored the patterns of S, ; for the inshore (Figure 8g) and offshore
(Figure 8i) areas. However, in the transition area (Figure 8h), the S, . pattern resembled that of the

inshore area, with a S, peak observed in 2004-2005.

The number of SSLs (N) increased in all areas (Figure 8j, k, ). Inshore, N showed a significant increase
over time from 0.95 to 1.05 SSL (Figure 8j; R? = 0.30; slope = 3.60 x 10°3). Even without considering the
highest N value of the time series (2015), the linear regression remained significant. In the transition
area, N also exhibited a significant increase (R? = 0.53; slope = 2.29.102) (Figure 8j), while the trend in
the offshore area was not significant, although an increase from 1995 to 2005 was observed, and

reaching an asymptote.

The minimal depth of the shallowest SSL (d,) decreased over time in the inshore area (Figure 8m)
following a third-order pattern, while it remained relatively unchanged in the transition area (Figure
8n) and increased offshore following a third-order pattern (Figure 80). Interestingly, a discrete
hyperbolic pattern emerged in the inshore area, while a parabolic pattern was observed offshore. In

both cases, a change in trend direction was again reported during the 2004-2006 period.

The width of the shallowest SSL, W, significantly increased over time in all areas, particularly in the
transition and offshore areas. The width increased from 50 m to approximately 80 m (transition, Figure
8q) and 120 m (offshore, Figure 8r), with a first-order polynomial estimate of 235 (R =9.71 10*) and
3,693 (R? = 6.17 102) for transition and offshore area, respectively (Table 4). In the inshore area, the

trend was not well-defined.
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Table 4. Regressions analysis results for sound scattering layers (SSLs) descriptors over years (1995-2015). The polynomial
order indicates the best regression (p <0.05) calculated, ranging from 1 and 3. When the polynomial order is 1, the
regression is linear. The estimate of first degree (E) represents the estimation of the first-order factor. The R? value indicated

the adjusted R-squared.

Area
Inshore Transition Offshore
Descriptor
s, from the whole Order: 3 Order: 3 Order: 1
water column (S, ¢) E: 201.54 E: 154.70 E:117.42
v R?2=9.84 103 R?=5.63 107 R?2=6.81107
S from the shallowest Order: 3 Order: 3 Order: 3
S\éL (S, 1) E: 55.06 E: 23.53 E:71.74
v R?2=5.84 103 R?2=1.73 107 R?=5.82 107
Order: 3 Order: 3 Order: 3
S, from all SSLs (S,, an) E: 49.45 E:-22.21 E:17.07
R?2=6.15103 R?2=8.77 103 R?=1.65 10
Order: 1 Order: 1 Order: 3
Number of SSLs (N) E:9.43 E:31.24 E: 14.98
R?2=2.35103 R?2=1.66 102 R?2=1.20 102
- Order: 3 Order: 3 Order: 3
S'\f]!}::)”vj'egfgt (‘:;l;he E:-144.17 E: non-significant E: -1090.89
R?=5.38 103 R?2=7.56 103 R2=1.43 102
. Order: 3 Order: 3 Order: 3
Z\}:'ac:lt:;;:thseﬂ W) E: 235.09 E: 2616.86 E: 3693.94
R?=9.7110* R? = 6.05 102 R2=6.17 102
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377 Figure 8. Temporal patterns of acoustic descriptors surveyed over two decades (1995-2015) in different bathymetric areas.
378 a-c) mean S, from the whole water column (S, g in dB); d - f) mean S, from the shallowest ‘SSL’ Sound Scattered Layer (S,
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in dB), and g - i) mean S, from all SSLs (S, i in dB); j - I) number of SSL (N); m - o) minimal depth of the shallowest SSL (d; in

m); p - r) width of shallowest SSL (W, in m). First column a) d) g) j) m) p) represent the inshore area (bottom depth < 150 m),
the second b) e) h) k) n) q) the transition area (bottom depth in 150-500 m) and the third c) f) i) I) o) r) the offshore area
(bottom depth > 500 m). Red lines represent significant regression, either linear or polynomial. The grey shade represent

the standard error.

4. Discussion

The high number ESUs processed in each bathymetric area enabled reliable comparisons. Few shallow
coastal samplings have been carried out, as is typical in fisheries acoustics surveys (Brehmer et al.,
2006; David et al., 2024), for safe navigation. The delimitation between the transition and offshore
areas can be further refined. We suggest developing an algorithm that takes into account other
bathymetric factors, such as the slope, for future studies. The ultra-shallow coastal (< 10m depth) area,
including the surf zone, is not investigated in this study and should present some specific

characteristics compared to the three bathymetric strata studied.

4.1. Effectiveness of acoustics descriptors to assess pelagic community organisation
The SSL descriptors (Mouget et al., 2022) appeared efficient for monitoring SSLs and nektonic

communities, highlighting differences and similarities within the SCCLME between the three studied
bathymetric areas. Descriptors from echointegration were complementary to SSL ones. The indicators
derived from echointegration (S,, ¢ by ESU, vertical profiles of S, ¢, S,, ¢ classes) allowed exploration of
the different acoustic communities according to their acoustic responses. S, g analysis was more
exhaustive but required additional computational work, in contrast to SSL descriptors (Mouget et al.,
2022), which could be used routinely to compare and monitor the nonspecific spatial organization of

pelagic communities in marine ecosystems.

4.2. Comparison of inshore, transition, and offshore pelagic areas using

echointegration and SSL descriptors
The observed descriptors reveal significant distinctions in pelagic communities and their vertical
distribution across the three bathymetric areas. Notably, pelagic biomass (S,) is markedly higher in
shallower waters, consistent with prior studies highlighting increased abundance of pelagic fish
(Brehmer et al., 2006; David et al., 2022) and plankton (Gasol, del Giorgio and Duarte, 1997) in coastal

areas. These shallow waters, such as those inhabited by swimbladders fish species like Clupea harengus

23



411
412

413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431

432
433
434
435
436
437
438
439
440

441
442
443

(Maravelias, 1999) and Sardinella maderensis (Sarré et al., 2018), serve as crucial spawning and nursery

grounds, exhibiting a high abundance of ichthyoplankton (Tiedemann et al., 2017).

The vertical structuring of pelagic biomass in the water column is linked to the bathymetric area.
Although vertical profiles from S, 1, Sy a1, and S,, g exhibit peaks at similar values for transition and
offshore, their amplitudes differ, while inshore demonstrates a peak for a distinct pelagic biomass. As
acoustic responses are species-dependent, inshore communities appear distinct from those in
transition and offshore areas. Previous studies have validated the differentiation of communities along
bathymetric gradients (Smith and Brown, 2002; Louisy, 2015), suggesting that the varied pelagic
biomass (S,) peaks along bathymetric areas correspond to different species assemblages with similar
acoustic responses. The size of the water column, constrained by surface and bottom boundaries,
significantly influences inshore areas compared to deeper regions. This constraint can explain the fact
that the number of SSLs (N) exhibits a maximal ratio of ESUs for a single SSL, whereas transition and
offshore are similar with a majority of ESUs with two SSLs. However, some other pelagic organizations,
such as d; and W; (minimal depth and width of the shallowest SSL), remain independent of bathymetric
area. This underscores that the shallowest SSL is constrained by environmental parameters, and
especially bathymetry (Weston, 1958; Marchal, Gerlotto and Stequert, 1993). The micronektonic
organisms of the SSLs establish trophic relationships with primary producers; thus, the size of the SSL
(height, surface) could be optimal depending of species organization or simply consistent across
bathymetric constraint. The minimal depth of the shallowest SSL is constrained by the thermocline
(Diogoul et al., 2020). A portion of SSL remains close to the surface (< 50m) regardless of bathymetry,

making them sensitive to ocean surface characteristics (Fig. S1).

Analysis of S, g vertical profiles confirms differences between inshore vs. offshore and transition. The
similarity between transition and offshore is primarily observed in the upper part of the water column
(0-100 m), indicating that shallower micronektonic community is continuously present whatever the
bathymetry. Deeper (>100m), the S, g of the transition area becomes progressively different from the
offshore area with depth. Such difference could be attributed to change(s) in community and/or
environment (Diogoul et al., 2020). Inshore S, ¢ follows the same global pattern as others, albeit
slightly shifted, with higher values of S,. These elevated values could correspond to more pelagic fish,
supporting the hypothesis of different species composition but similar organization due to

environmental parameters, which vary based on the distance from the coast (Schickele et al., 2020).

Considering the entire water column, each depth category exhibits its own predominant acoustic class
(Sy, g1 classes). This result aligns with our findings on pelagic biomass (S,) of SSLs, where transition and

offshore areas are similar. They differ slightly for classes [-60; -50[ and [-90; -80[ dB, higher for the
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transition than offshore, possibly due to inshore contiguity with the transition area. The inshore area
is characterized by a significant percentage of ESUs over -50 dB: classes [-60; -50[ and [-70; -60[ dB are
highly represented inshore. Higher classes of S,, [-70; -60[ and [-60; -50[ correspond to larger organisms
such as pelagic fishes, while lower S, values are indicative of zooplankton (Diogoul et al., 2021). A
comparison of inshore and offshore areas highlights differences in fish species composition (Sarré et
al., 2018). The acoustic profiles of the transition area are closer to offshore than those of inshore areas,
especially the shallowest SSL. Species composition and DVMs are driven, among other environmental
parameters, by bottom depth (Macpherson and Duarte, 1991; Collins et al., 2012), revealing structural
differences between the three bathymetric areas, which necessitate separate consideration for

modelling and monitoring.

4.3. Diel vertical migration according to bathymetric areas
The majority of biomass involved in DVM comprises organisms larger than 1 mm, detected at 38 kHz
(Hernandez-Ledn et al., 2001; Hernandez-Ledn, Goémez and Aristegui, 2007). Our study reveals distinct
DVM behavioral differences between inshore and offshore areas, with intermediate signals observed
in the transition area. The low correlation between inshore and transition areas likely stems from the
divergence of signals around 45 m depth, possibly indicating different species compositions or DVM
behaviors in inshore and offshore areas. At least three distinct pelagic communities are apparent: one
inshore and two offshore. The positive difference in d; between day and night suggests a variable
behavioral response of organisms to depth availability and/or variability in species composition within

the community.

The inshore community appears more compact during the night, located around 50 m, and more
scattered during the daytime. This explains low pelagic biomass (S,) values and aligns with DVM type
I, as mostly reported in the Atlantic Ocean (Hays, 1996). Zooplankton species typically exhibit type |
DVM, ascending to the surface during the night and descending to deeper layers during the day
(Bianchi et al., 2013; Lehodey et al., 2015; Cascdo et al., 2019). The zooplankton community in the
CCLME is dominated by copepods (Ariza et al., 2016), and clupeids and their larvae are part of the fish
communities in the inshore area (Tiedemann et al., 2017; Sarré et al., 2018). The day-night difference
could also be attributed to diel horizontal migrations, with organisms from all three bathymetric areas
migrating to more coastal and shallower areas during the night (Benoit-Bird et al., 2001). This
phenomenon may explain why pelagic biomass is consistently higher during the night than during the
day. However, the difference in biomass could also be due to fish avoiding vessels more in shallow

waters than in deeper areas (Brehmer et al., 2006).
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Offshore, DVM indicates the presence of two distinct functional groups: one with positive tropism to
light and the other with negative tropism. The highest pelagic biomass peak offshore is around 50 m
depth during the night, demonstrating the formation of SSL in these areas, during the night unlike the
inshore area. A portion of these communities migrates to the surface, and the majority migrates under
250 m depth, likely below the thermocline (Vélez-Bechi et al., 2015). The pelagic biomass difference
between night and day is positive from the surface to 250 m, indicating higher acoustic density with
more organisms and/or denser communities. This difference is negative under 250 m depth, indicating
that communities migrate from the upper part of the water column during the night to the lower part
during the day. This type of DVM reflects a negative tropism to light. The most common fish larvae in
the tropical Atlantic Ocean are myctophids (Dolar et al., 2003; Gushchin and Corten, 2017; Olivar et
al., 2018) and microstomatids (Olivar et al., 2018). In the shallowest part of the water column (0-50
m), a part of the communities migrates to the surface during the daytime. These communities may be
constituted by myctophid and microstomatid larvae, which only inhabit the upper zone (0-200 m). In
deeper areas, larvae are not found. Therefore, a hypothesis is that myctophid and microstomatid
larvae constitute a significant part of observed DVM, migrating from around 50 m during the night to
deeper zones during the day. Around 500 m depth, we observe a low difference between day and
night, reflecting the absence of DVM behavior in bathypelagic species. Three communities appear in
the transition area, combining inshore (scattering during the night) and offshore (migrating to the

surface and migrating deeper) characteristics.

DVM plays a crucial role in ecosystems, influencing trophic interactions (Pinti, Andersen and Visser,
2021) and the carbon export flux of the biological pump (Archibald, Siegel and Doney, 2019). Without
biological sampling, species composition remains challenging to validate, but studies by Hernandez-
Ledn, Gomez and Aristegui (2007) and Diogoul et al., (2021) suggest that the zooplankton composition
is dominated by copepods in the SCCLME, with a high diversity of fish listed in the area (Ariza et al.,
2016; Olivar et al., 2018). Nevertheless, the functioning can be described and is found to differ across

the three bathymetric areas considered.

4.4. Inter-annual trends
The significant increase in the number of Sound Scattering Layers (SSLs) (N) and pelagic biomass (S, &)
across all bathymetric areas corresponds to the rise in sea surface temperature (Gdmez-Letona et al.,
2017; Diogoul et al., 2021) and increased upwelling intensity (Benazzouz, Demarcq and Gonzalez-
Nuevo, 2015) observed during the two decades studied, potentially linked to global climate change.

These parameters have the potential to impact the marine food web and may explain the observed
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inter-annual trends. The increase in N may result from the fragmentation of existing SSLs. For surface
SSLs, this fragmentation could be linked to the strong winds generated by upwelling in the region.
However, other parameters should be explored, including physicochemical parameters (Diogoul et al.,
2020) and species composition, as changes in species composition can influence SSL depth and
dimensions. The significant increase in the width of the shallowest SSL (W) observed in both transition
and offshore areas suggests an increase in the size of these SSLs, indicating a probable increase in their

pelagic biomass (Fig. S2).

The offshore area exhibited a distinct significant trend over the years, with S, ¢ significantly increasing,
a phenomenon not observed in other areas. Moreover, S, ; from the shallowest SSL appeared to
remain stable over the years. These results align with those of (Diogoul et al., 2021), suggesting that
marine pelagic resources, mainly fish and plankton in the continental shelf of the SCCLME, have
remained relatively stable over the last two decades. Therefore, the observed increase in pelagic
biomass was not solely due to aggregated organisms in SSLs but encompassed the entire water column.
Two possible explanations for this phenomenon warrant further exploration: changes in species

composition or alterations in schooling behaviour (Brehmer et al., 2007).

Three parameters (S, 1, Sy, a1, and d;) exhibited fluctuations along the time series, with alternating
periods of increase and decrease, suggesting a cyclic phenomenon with a periodicity of approximately
10 years. These well-known cyclic patterns (e.g. Kawasaki, 1992; Bertrand et al., 2004) impact pelagic
communities at the decadal scale. The fluctuations are attributed to organism life cycles (Kawasaki,
1992) and environmental factors such as ocean oscillations (Knight, Folland and Scaife, 2006;
Alexander, Halimeda Kilbourne and Nye, 2014). The multi-decadal oscillations of the Atlantic Ocean
(Schlesinger and Ramankutty, 1994) have known impacts on ecosystem functioning (Edwards et al.,
2013; Nye et al., 2014) and SSL structures (Hays, Richardson and Robinson, 2005). The long-term
dataset in this study has highlighted the responses of SSLs, as indicated by pelagic biomass (S, ; and S,
ar) and minimal depth (d;), to these cyclical ocean oscillations. For instance, the S, ; in the inshore area
displayed an increase from 1995 to 2005 followed by a decrease from 2005 to 2015, which is the same
variation that heat content anomalies observed in the Atlantic over the past decades (NOAA PSL,
2023). Moreover, these oscillations are known to impact pelagic ecosystems, including fish and

zooplankton (Alheit et al., 2014), which is observable in the SSLs.

5. Conclusion
By studying the effect of bathymetry on pelagic spatial organization, we found that SSL descriptors

were effective in monitoring SSLs and pelagic micronektonic communities, and echointegration
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descriptors provided useful complementary information. The study recommends using SSL descriptors
to monitor the non-specific spatial organization of pelagic communities in marine ecosystems. These
findings have implications for future studies on the distribution and behavior of marine organisms in
LMEs. This information is useful for refining our understanding of the fine-scale spatial distribution of

marine organisms and their habitat preferences.

Higher acoustic pelagic biomass was noted in shallower waters, revealing a distinct correlation
between the vertical structure of the water column and the bathymetric area. These findings highlight
the importance of considering separate bathymetric areas within LMEs as distinct communities,
exhibiting diverse spatial structures and DVM behaviors. Moreover, our results indicate the potential
implications of these findings on various biological processes, such as the biological carbon pump and
trophic interactions within such ecosystems. By acknowledging the variability between inshore and
offshore areas, LME studies can better account for the unique characteristics and dynamics of each
bathymetric area. This knowledge is essential for understanding and predicting ecosystem-level
processes and for informing effective conservation and management strategies. Furthermore, it
underscores the need for targeted research and monitoring efforts that capture the complexity and
heterogeneity of LMEs. Overall, our study sheds light on the intricate relationships between
bathymetric areas, community dynamics, and key ecological processes. These findings emphasize the
significance of incorporating spatial considerations into future LME studies and provide a foundation

for further investigations into the functioning and resilience of these valuable marine ecosystems.
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Appendix 1: d; depending of the bottom depth
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Figure S1. Repartition of d; the minimal depth of the shallowest sound scattering layer (SSL) depending of the bottom

depth.

Appendix 2: Inter-annual trends of S, 4
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Figure S2. Mean per year over the two decades studied period (1995-2015) mean area backscattering strength S, from the
whole water on a) inshore (bottom depth < 150 m), b) transition (bottom depth in 150-500 m) and c) offshore (bottom
depth > 500 m). Red lines represent significant polynomial regressions.



