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Abstract

Ocean dynamics initiate the structure of nutrient income driving primary producers, and

these, in turn, shape the distribution of subsequent trophic levels until the whole pelagic

community reflects the physicochemical structure of the ocean. Despite the importance of

bottom-up structuring in pelagic ecosystems, fine-scale studies of biophysical interactions

along depth are scarce and challenging. To improve our understanding of such relation-

ships, we analyzed the vertical structure of key oceanographic variables along with the dis-

tribution of acoustic biomass from multi-frequency acoustic data (38, 70, and 120 kHz) as a

reference for pelagic fauna. In addition, we took advantage of species distribution databases

collected at the same time to provide further interpretation. The study was performed in the

Southwestern Tropical Atlantic of northeast Brazil in spring 2015 and autumn 2017, periods

representative of canonical spring and autumn conditions in terms of thermohaline structure

and current dynamics. We show that chlorophyll-a, oxygen, current, and stratification are

important drivers for the distribution of sound scattering biota but that their relative impor-

tance depends on the area, the depth range, and the diel cycle. Prominent sound scattering

layers (SSLs) in the epipelagic layer were associated with strong stratification and subsur-

face chlorophyll-a maximum. In areas where chlorophyll-a maxima were deeper than the

peak of stratifications, SSLs were more correlated with stratification than subsurface chloro-

phyll maxima. Dissolved oxygen seems to be a driver in locations where lower oxygen con-

centration occurs in the subsurface. Finally, our results suggest that organisms seem to

avoid strong currents core. However, future works are needed to better understand the role

of currents on the vertical distribution of organisms.
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1. Introduction

Acoustic echosounders are widely used to detect a variety of environmental and biological

components in pelagic ecosystems, from oceanic microstructure to mesoscale eddies, and

from zooplankton to top predators [1–4]. Sound scattering layers (SSLs) are vertically discrete

water column aggregations of organisms commonly detected during acoustic surveys [5, 6].

Most of the signals within SSLs come from resonant gas-bearing species such as swimblad-

dered fish or siphonophores, and to a lesser extent, from zooplankton with fluid-like acoustic

characteristics (e.g., euphausiids, copepods, salps) [1, 7–9].

SSLs vary over a broad range of spatial and temporal scales in response to biological and

environmental forcing [10–12]. Beyond large biogeographical constraints, the pelagic ecosys-

tem structure and associated SSLs can quickly respond to physicochemical changes (spatial

and/or seasonal) in the water column [2, 13–15]. Ocean forcing initiates the structuring of pri-

mary producers and these, in turn, shape the distribution of subsequent trophic levels until the

whole pelagic community reflects the physicochemical structure of the ocean [14, 16]. In

agreement with this bottom-up structuring, the thermohaline features (e.g., pycnocline,

mixed-layer depth—MLD, thermocline thickness, presence of barrier layer) modulate the

income of nutrients into the photic layer, controlling primary productivity and thus the verti-

cal and horizontal distribution of organisms [2, 17, 18].

Diel vertical migration (DVM) is another key factor that has long been recognized for driv-

ing changes in the SSLs structures [19–21]. Fundamentally, DVM arises from the organisms

need to feed in shallow productive waters at night and hide from visual predators at depth

when the sun rises [22]. Consequently, vertical migrants are constrained by light penetration

from the surface and dissolved oxygen concentrations, temperature, and stratification pro-

cesses, that determine the habitability and food supply in the water column [1, 10, 12, 23–25].

DVMs are also influenced by biological (endogenous cycle and species composition) factors

[1, 12, 24, 25].

Despite the importance of bottom-up processes in the structuring and functioning of

pelagic ecosystems, fine-scale studies of biophysical interactions along depth are scarce and

challenging. Nets usually do not provide the vertical resolution required to understand fine-

scale processes [9], and acoustic studies have been so far mostly restricted to single-frequency

interactions with few environmental variables [11, 26]. Therefore, the description, quantifica-

tion, and understanding of the fine-scale relationships between physical-chemical factors and

the distribution of the acoustic biota signal is still an exploratory science. Comprehensive,

fine-scale, and multivariate environmental analyses might help understand group-specific bio-

physical interactions and structure at the scale of meters. In this context, the goal of the present

study is to provide the underlying physical context for aggregations of organisms, using acous-

tic response as a proxy. We discuss why these physical factors are potential drivers for these

aggregations.

For that purpose, we take advantage of data collected during two multidisciplinary surveys

conducted in the Southwestern Tropical Atlantic (SWTA) in the spring of 2015 and autumn of

2017 (Fig 1). These periods are representative of canonical spring and autumn conditions in

terms of thermohaline structure and currents dynamics [27, 28]. This region encompasses dif-

ferent hydrodynamic systems [27–29]. The area along the continental slope (Fig 1) corre-

sponds to a western boundary current system (WBCS) constituted by the North Brazil

Undercurrent (NBUC) and the North Brazil Current (NBC). This WBCS is characterised by a

thick thermocline and a high barrier layer frequency (BL) [27]. Conversely, the area located

along the Fernando de Noronha chain corresponds to the south equatorial current system

(SECS) formed by the central branch of South Equatorial current (cSEC) and the south
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equatorial undercurrent (SEUC). The SECS presents a narrow but well-marked thermocline

and low BL frequency [27, 29]. This zoning, which also displays significant seasonal variations,

implies the formation of habitats with distinct thermal, saline, hydrodynamic conditions, host-

ing, in some cases, assemblages of different species [27, 28, 30].

In this context, we investigate fine-scale vertical relationships among fundamental oceano-

graphic parameters such as currents, stratification, oxygen concentration, and fluorescence,

along with water-column backscattering from a multi-frequency echosounder. We revisit a

series of relationships often considered in the literature but not always precisely evaluated.

First, deep chlorophyll maximum (DCM) near-ubiquitous in stratified surfaces is classically

associated with the thermocline/pycnocline, but precise evaluations are scarce and sometimes

contradictory. Second, we examine the relationships between the epipelagic SSLs, the stratifi-

cation and the DCM. Indeed, various authors have associated SSLs with these features [25, 31–

35] however, relationships are generally lacking or contradictory. Finally, we consider the full

set of environmental parameters to determine the potential primary factors driving the vertical

distribution of sound scattering biota in relation to thermohaline area, season, and diel period.

2. Methods

2.1. Data collection and processing

Data were collected during the two multidisciplinary surveys Acoustic along the BRAzilian CoaSt

(ABRACOS) performed off Northeast Brazil (Fig 1) aboard the French R/V Antea in September

—October 2015 (austral spring; ABRACOS 1; [36]) and April—May 2017 (austral autumn;

ABRACOS2; [37]). The survey track consisted of rectangular transects along the shelf and adja-

cent oceanic area and radial transects around oceanic islands and seamounts (Fig 1). Hydrological

measurements were performed at 96 stations, including the 52 stations (22 in spring; 32 in

autumn) in locations with bottom depths higher than 300 m used in this study (Fig 1).

Conductivity, temperature, depth, fluorescence, and dissolved oxygen hydrographic pro-

files were acquired using a CTD Seabird SBE911+ from the surface down to 1000 m or ten

Fig 1. The main currents (a) of each thermohaline system are North Brazil Undercurrent (NBUC), North Brazil

Current (NBC), the central branch of South Equatorial current (cSEC), and south equatorial undercurrent (SEUC) [28,

29]. The dotted arrows refer to the subsurface currents and the continuous arrows to the surface currents. Survey

tracks (white lines) of ABRACOS 1 (b) and ABRACOS 2 (c) surveys. Dots represent the day (yellow) and night (red)

CTD stations used in this study. The continental shelf is represented in light grey; the dashed black line represents the

shelf break (70 m isobath); other bathymetric contours (solid black lines) are by 1000 m intervals. RA: Rocas Atoll; FN:

Fernando de Noronha archipelago. The boundaries (solid white lines) between the western boundary current system

(WBCS), the south equatorial current system (SECS), and the transitional area are plotted according to Assunção et al.

(2020).

https://doi.org/10.1371/journal.pone.0284953.g001
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meters above the bottom. Conductivity, temperature, pressure, and dissolved oxygen accura-

cies are 3 mS/m, 0.001˚C, 0.7 dbar, and 0.09 ml.l–1, respectively. To minimize the dynamic

errors between the casts, conductivity and dissolved oxygen measurements from the water

samples collected during the ascent of the rosette were used to optimize the adjustment coeffi-

cients of the sensors. This step consists in optimizing the adjustment coefficients, minimizing

the differences, by an iterative process, between the chemical measurements and the probe

measurements. The Wetlabs1 ECO-FLNTU fluorometer, optical sensor, measures the fluo-

rescence emission in a small volume of water, offering a relative measurement of chlorophyll-

a. The chlorophyll-a measurement was performed at 0 to 50μg/l with a sensitivity of 0.025μg/l.

The zonal and meridional components of the currents were measured using an ’Ocean Sur-

veyor’ ship-mounted acoustic Doppler current profiler (SADCP) operating continuously at 75

kHz with a depth range of 15–700 m. For more information on ADCP data processing see

Dossa et al. (2021). To obtain mean current velocity profiles for each station, we calculated the

average currents (zonal and meridional components and the resulting current) values over a

circle of 0.02˚ around each CTD profile. The vertical current shear (S2) was calculated accord-

ing to S2 ¼ ð@zuÞ
2
þ ð@zvÞ

2
Where u and v are the zonal and meridional components, respec-

tively (Johnston and Rudnick, 2009). To determine the stability of the water column, we used

the Brunt Väisälä frequency (N2, the buoyancy frequency squared), calculated according to

N2 ¼
� g
s0

@sz
@z

, where g is the acceleration of gravity and σ0 is a reference density at 10 m [38, 39].

Acoustic data were acquired using four Simrad EK60 scientific echosounders operating

continuously during transects and hydrological stations and connected to split-beam trans-

ducers working at 38, 70 and 120 kHz an operational range from the surface to 700, 500

and250m, respectively (Table 1). However, we used data only down to 650, 450 and 200 m for

frequencies of 38, 70 and 120, respectively, in order to exclude low signal-to-noise regions.

Echosounder calibration was performed according to [40] using a tungsten carbide sphere.

The astronomical diel periods (sunrise, day, sunset, and night) were defined from the time and

geographical position. Day stations were considered to the extend from one hour after sunrise

to one hour before sunset, while the night stations were from one hour after sunset to one

hour before sunrise.

Acoustic data processing, including automatic extraction of different types of noise, such as

transient noise, attenuated signal, impulsive noise (Ryan et al., 2015), and background noise

[41], was achieved using the Matecho software tool (version 20191213V6; [42]). The bottom-

line correction and the removal of multiple echoes in the water column were performed manu-

ally. Near-surface noise was avoided by excluding the signal from the transducer to a fixed dis-

tance of 10 m. Acoustic data were expressed in volume backscattering coefficient (sv in m-1,

[43]) with a threshold of -100 dB. To get the same vertical resolution as the CTD, a high-reso-

lution echo-integration on 1 ping per 1 m high cell was applied on sv. Volume backscattering

strength (Sv in dB re 1 m-1, [43]) data were averaged over 100 pings to obtain the Mean Vol-

ume Backscattering Strength (MVBS, in dB re m-1). The 100 pings sections considered here

Table 1. Echosounder configuration sets.

Frequency (kHz) 38 70 120

Transducer model (SIMRAD) ES38B ES70-7C ES120-7C

Beam width (deg) 6.9 7.0 7.0

Transmit power (W) 1000 750 200

Pulse duration (μs) 512 512 512

Ping rate (s-1) 1 1 1

https://doi.org/10.1371/journal.pone.0284953.t001
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are those acquired just after the end of each CTD cast to limit noise related to propeller during

the CTD operation and to ensure working on genuine day and night data since most CTD

were mostly performed during twilight periods.

To visualize of the relative multifrequency acoustic information at each station, a Red

Green Blue (RGB) composite image was generated and superimposed to the vertical profiles of

the different physico-chemical parameters (Fig 2). To construct a RGB image, we rescaled the

Sv from each frequency (38, 70, and 120 kHz) on a linear scale, which has 255 intervals from

the minimal value (-100 dB) to the maximal one (-50 dB). This visualization technique allows

highlighting the relative contribution of each frequency through the dominance of colour: red

(38 kHz), green (70 kHz), blue (120 kHz). The colour thus indicates the dominant frequency,

while the brightness approximates the average backscatter intensity of the three frequencies

combined.

The biological samples, used as complementary data to support the discussions in this

study, were collected at the same CTD stations during day and night (Fig 1). Zooplankton

samples were collected using a Bongo net (60 cm of mouth diameter and mesh size of 300μm)

obliquely to-wed from 200 m up to the surface. Mesopelagic fishes, crustaceans, and gelatinous

organisms were collected using mesopelagic (body mesh 30 mm, cod-end mesh 4 mm) and

micronekton (body mesh 40 mm, cod-end mesh 10 mm) nets from 10 to 1113m depth (here

we work only up to 600 m) for about 30min at 2–3 knots. Targeted depth was defined for each

trawl according to the presence of acoustic scattered layers or patches. Except the layers 200–

300 at night, where no aggregation of organisms was observed through acoustics, all depth

strata were sampled at least once. Tow duration was considered as the moment of the arrival of

Fig 2. Example of RGB plot of 100 pings long echogram for station 06 of ABRAÇOS 2 (WBCS, day, see Fig 1C for the position) and corresponding

vertical environmental profiles from CTD and ADCP data (solid white lines), as well as the MVBS at 38 (solid red line), 70 (solid green line) and 120

(solid blue line) kHz. MLD: mixed layer depth; UTD: upper thermocline depth; LTD: lower thermocline depth.

https://doi.org/10.1371/journal.pone.0284953.g002
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the net on the present depth to the lift-off time, recorded by means of a SCANMAR system.

The net geometry was monitored using SCANMAR sensors providing headline height, depth,

and distance of wings and doors. As the trawl did not have any opening or closing mechanism,

the collection of specimens during the lowering or hoisting of the net was reduced as much as

possible by decreasing ship velocity and increasing winch speed.

All collecting methods and specimen handling procedures were approved and carried out in

accordance with relevant guidelines and regulations of the Brazilian Ministry of Environment

(SISBIO; authorization number 47270–4 for ABRAÇOS 1 and 47270–5 for ABRAÇOS 2).

2.2. Data analysis

2.2.1 Oceanscape. First, we describe the oceanscape, i.e., the vertical features of the envi-

ronmental factors (currents, current shear, stratification, oxygen concentration and fluores-

cence) for each hydrodynamic system (WBCS and SECS) according to the season (spring and

autumn). For that, we used a functional data analysis approach [44] to statistically test for sea-

sonal differences in the vertical profiles of each environmental parameter in a given hydrody-

namic system. This branch of statistics works on functions instead of discretized vectors to

analyse the distribution and variability of data according to the physical dimension in which

they are measured, the depth in our case. Discrete data profiles were transformed into a curve

using a B-spline basis of degree 3 as smoothing [45]. B-splines are the most common system

approach choices for non-periodic functional data. The number of basis functions (K) and the

penalised parameter of the basis, which imply the degree of smoothing of the curve, was

selected by the Generalised Cross-Validation (GCV) analysis performed using the R packages

"fda", respecting the balance between smoothing and the desired scale (1 m) of variability

[46]. Therefore, before performing GCV, we defined a range of potential K by performing a

smoothing test for each variable individually according to different K. All environmental fac-

tors showed good smoothing within the range of 41–42 basis (K). At the same time, the acous-

tic profiles fitted best with 44 basis. The higher the number of K-functions, the more

complexity is preserved. Once this was done, we used the functional analysis of variance

(fANOVA), which uses all the information of each mean functional curve to test for differ-

ences based on the shape and spatial (along with depth) variability of the curves [27, 44, 47].

The significance testing value (p-value) considered in this study was 0.05.

Vertically, we divided the acoustic data into two layers: (i) the epipelagic layer, defined from

20 to 200 m; and (ii) the mesopelagic layer, from 200 to 650 m. This choice was made consider-

ing the thermohaline structure in the region with the most thermohaline gradients restricted to

the first 200 m [27] and the scrutinising of the most recurrent SSLs in RGB echograms (Fig 2).

We applied a fANOVA approach to compare the shape of the acoustic profiles at each fre-

quency in each hydrodynamic system and layer according to the season and the diel cycle.

2.2.2. Cross-correlations. To study the potential relationships between the fluorescence

profiles and the stratification and between the acoustic profiles and each environmental factor

(stratification, fluorescence, dissolved oxygen and currents) along with the depth, we used the

cross-correlations function (CCF, [48]). The CCF helps identify vertical shifts (h in metres) of

the x (environmental factor) variable that might be valuable predictors of y (MVBS in dB re 1

m−1). In R, the CCF is defined as the set of sample correlations between xd+h and yd for h = 0,

±1, ±2, ±3, and so on. For instance, a negative value for h correlates the x variable at a depth

before d and the y variable at depth d. The cross-correlation analyses were done for the epipe-

lagic and mesopelagic layers, separately.

In addition, considering the different factors we explore (hydrodynamic system, layer, sea-

son, and diel period), addressing each frequency separately led to too many tests increasing the
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risk of stochastic results. Although we performed the correlations for each frequency sepa-

rately, we focused on the maximum acoustic response between these three frequencies at each

depth in order to synthetize the information from the three frequencies. For that purpose, we

constructed a composite profile (MVBS, in dB re m-1) that was derived from the three fre-

quency profiles (38, 70, and 120 kHz), in which for each depth, we used the highest value

across the three frequencies analysed (Fig 3).

Finally, for a comprehensive description of the structure of the acoustic profiles, we defined

the SSLs as the depth range where the composite profiles exceeded the overall median value of

the acoustic backscatter in each vertical zone (epipelagic or mesopelagic), in a given hydrody-

namic system (WBCS or SECS), season (spring or autumn) and diel period (day or night). See

Table 2 for more details.

Fig 3. Example of three MVBS acoustic profiles at 38, 70, and 120 kHz and resulting composite profile.

https://doi.org/10.1371/journal.pone.0284953.g003
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3. Results

3.1. Oceanscape

In the Western Boundary Current System (WBCS), 3 out of 5 parameters presented significant

seasonal differences (Fig 4). The undercurrent, NBUC, was significantly more intense in

spring than in autumn, particularly between 140–320 m (Fig 4A). Current shear (S2, Fig 4B)

was also considerably more intense in spring, especially in the range 40–140 m (thermocline/

pycnocline) and 320–450 m (no shearing observed in autumn). Even if the overall difference

was not significant (p = 0.07), the stratification (N2, Fig 4C) was lower in spring than in

autumn. The entire water column in the WBCS region was well oxygenated whatever the sea-

son (mean values between 3.8 and 5 ml.l-1), with, however, a layer with moderate deoxygen-

ation (~3.2 ml.l-1) at 300–500 m in autumn (Fig 4D). Finally, the deep chlorophyll maximum

(DCM, Fig 4E) was shallower (~90 vs 100 m) and slightly stronger in spring than in autumn.

In the South Equatorial Current System (SECS, see Fig 1), which encompasses the oceanic

islands and seamounts, all parameters varied significantly according to the season (Fig 4).

Westward surface current (cSEC, down to 100 m) was stronger in autumn, while the eastward

subsurface current (SEUC) was much more intense in spring (Fig 4F). Current shear (S2, Fig

4G) between the surface and subsurface opposing currents was stronger and deeper in spring

Fig 4. Mean profiles of the current velocity (a, f), shear (b, g), stratification (c, h), dissolved oxygen (d, i), and chlorophyll-a with an indication of the

deep chlorophyll maximum–DCM (e, j) in spring of 2015 (black) and autumn of 2017 (magenta) in the western boundary current system (WBCS, a-e)

and the south equatorial current system (SECS, f-j). The range of ADCP data (current and shear) was limited to 500 m deep. Shaded areas show the

standard deviation of the profiles. The epipelagic (EP; above 200 m) and mesopelagic (MP; below 200 m) zones are represented.

https://doi.org/10.1371/journal.pone.0284953.g004

Table 2. Median composite profile values (in dB re m-1) adopted as the threshold to define the SSLs in each season

and zone (EP–epipelagic; MP–mesopelagic). These thresholds correspond to the averages of the values of the stations

sampled according to each condition (season, diel period, and system).

Western boundary current

system—WBCS

South equatorial current system

—SECS

Day Night Day Night

Spring 2015 EP -82 -77 -81 -78

MP -87 -88 -82 -82

Autumn 2017 EP -82 -76 -80 -79

MP -86 -86 -83 -83

https://doi.org/10.1371/journal.pone.0284953.t002
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(~90–120 m) than in autumn (~40–60 m). The thermocline/pycnocline (maximum stratifica-

tion (N2) layer, Fig 4H) was also deeper (~90 vs 50 m) in spring than in autumn. Unlike the

WBCS, the SECS presented a less oxygenated layer below the thermocline/pycnocline with

lower values in autumn (2.4 ml.l-1) than in spring (2.8 ml.l-1) (Fig 4I). Finally, the DCM (Fig

4J) was deeper (~100 vs 50 m) and stronger in spring than in autumn.

3.2. Epipelagic layer

In the epipelagic layer, SSLs were omnipresent throughout the SWTA, varying in intensity

(proxy of biomass) and vertically, according to the diel period, season (spring and autumn),

and the hydrodynamic system (WBCS and SECS). The MVBS was stronger at night, whatever

the system, season and frequency (Fig 5; S1 Fig). In the WBCS, the MVBS decreased with

depth whatever the diel period, season and frequency except at 70 and 120 kHz at night in

autumn, when it presented a maximum at ~70 m. In the SECS, the pattern was different since

the MVBS always peaked in the sub-surface (at ~70–120 m) except at 70 and 120 kHz during

the day in autumn, when it decreased with depth (Fig 5).

Fig 5. Functional ANOVA between the mean acoustic profiles (MVBS dB re m-1, continuous line) with the shaded areas indicating an interquartile range

(25, 75 percentiles) by frequency (38, 70 and 120 kHz), diel period (day; night), hydrodynamical system (WBCS; SECS), layer (EP–epipelagic; MP–

mesopelagic) and season: Spring 2015 (black lines) and autumn 2017 (coloured lines).

https://doi.org/10.1371/journal.pone.0284953.g005
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The profiles of maximum acoustic response (composite profile) allow better observation of

how the dominant backscatter varies according to the depth (Fig 6). In spring, 38 kHz was the

dominant frequency in the epipelagic layer, whatever the diel period and system. The only

exception was in the SECS during the day, with the MVBS120 dominating below 150 m deep.

In autumn, the feature was different, with an overall dominance of MVBS70 in the WBCS at

both diel periods. In the SECS, MVBS38 dominated at night, while during the day we observed

an alternation between MVBS38 and MVBS70 in the first 160 m, then the dominance of

MVBS120.

3.3. Cross-correlations in the epipelagic layer

Here we describe the results of the cross-correlations between composite profile and environ-

mental factors. For cross-correlations with individual frequencies for both epipelagic and

mesopelagic zones see S1 Table.

In all cases, chlorophyll-a was positively correlated with stratification. The strength of the

correlation was higher in the SECS (above 0.9) than in the WBCS (~0.4 to 0.7). In the SECS,

the DCM matched (vertical shift ~0) the maximum stratification (Fig 7D). However, in the

WBCS, the DCM was ~30 to 40 m below the maximum stratification (S2 Fig), except in spring

at day when the relationship was weaker (Fig 7A).

As for the DCM, the composite profile was positively correlated to the maximum stratifica-

tion but to a greater extent in the SECS (Fig 7B and 7F). In the WBCS (Fig 7B), the peaks of

composite profile matched the depth of maximum stratification except in spring at the day

when it was ~20 m below. In the SECS (S3 Fig) in autumn, both peaks matched at day, but the

peak of composite profile was above the maximum stratification at night.

Backscattering levels of epipelagic SSLs were generally positively correlated with high

oxygen concentrations (Fig 7D and 7H), except in autumn 2017 at day, when the correlation

was close to null. In the WBCS (Fig 7D), no vertical shift was observed between the SSLs

and the maximum oxygen concentration, but in spring during the day when SSLs were shal-

lower (~18 m) than maximum oxygen concentrations. In the SECS (Fig 7H), on the other

hand, SSLs were deeper than oxygen maxima, with mean vertical shifts ranging between 5

and 20 m.

Fig 6. Mean Composite profile (MVBS, dB re m-1) acoustic profiles in spring 2015 (continuous lines) and autumn 2017 (dashed lines) for each diel

period (day; night) and hydrodynamical system (WBSC; SECS). The respective profiles are composed of the frequency (38 kHz in red, 70 kHz in green, and

120 kHz in blue), providing the highest backscatter at each depth. The compositions are divided between the epipelagic layer (EP; above 200 m) and the

mesopelagic layer (MP), where only 38 and 70 kHz are available. Main SSLs are highlighted in light grey.

https://doi.org/10.1371/journal.pone.0284953.g006
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3.4.Mesopelagic layer

At the mesopelagic zone, a SSL was observed in most of the stations (45 out of 54) (Fig 5). SSLs

number, thickness, vertical position, and intensity varied according to the hydrodynamic sys-

tem, the season and the diel period. In the WBCS, at day, MVBS profiles at 38 and 70 kHz did

not vary significantly according to the season (Fig 5A and 5E). The main feature was the pres-

ence of SSL at ~250 m and below 450 m. At night (Fig 5B and 5F), the seasonal difference was

significant with higher intensity and more preeminent SSL in the range 200–350 m in autumn.

In spring, however, a conspicuous SSL was present in the range 500–650 m depth during the

day. In the SECS (Fig 5C, 5D, 5G and 5H), the vertical MVBS at 38 and 70 kHz varied signifi-

cantly according to the season except at 38 kHz at day (p = 0.06). During the day, the main pat-

tern was an SSL in the range of 400–500 m. At night, no strong patterns were observed at 38

kHz, while a pronounced SSL was observed at 70 kHz in autumn at 350–450 m.

3.5. Cross-correlation in the mesopelagic layer

In the mesopelagic layer, the cross-correlation between composite profile and oxygen concen-

tration varied according to the season, the system and the diel period (Fig 8A and 8D). In the

Fig 7. Boxplots of the epipelagic cross-correlations (Cross-Cor.), the vertical shift of maximum correlation, between the (a, e) stratification (N2) and

chlorophyll-a (mg. m-3), and also between the composite profile profiles and the (b, f) stratification, (c, g) chlorophyll-a (mg. m3) and (d, h) oxygen (ml.l-1). All

analyses are presented separately for each hydrodynamic system (WBCS; SECS) in relation to seasons (spring: black; autumn: pink) and diel period (day: white;

night: grey). The correlations by individual frequency are shown in S1 Table.

https://doi.org/10.1371/journal.pone.0284953.g007
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WBCS, where less impact of oxygen concentration is expected, because the whole water col-

umn along the WBCS system is well oxygenated ([OD]>3ml.l-1), a weak positive correlation

with no vertical shift was observed in spring. In the autumn, the patterns were less clear, with a

lower correlation associated with high variability. In the SECS, a clear negative correlation was

observed (mean upward vertical shift ranging from ~0 to 20 m), except in spring at night.

The cross-correlation between composite profile and resulting currents varied according to

the season, the system and the diel period (Fig 8B and 8E). In the WBCS, no correlation was

observed except at night in autumn, when a strong positive correlation with no vertical shift

Fig 8. Boxplots of the mesopelagic cross-correlations (Cross-Cor.) and the vertical shift of maximum correlation between the Composite profile profiles and

the (a, d) oxygen (ml.l-1), (b, e) current (m.s-1), and (c, f) stratification (N2). All analyses are presented separately for each hydrodynamical system (WBCS;

SECS) in relation to seasons (spring—black; autumn—pink) and diel period (day—white; night—grey). The correlations by individual frequency are shown in

S1 Table.

https://doi.org/10.1371/journal.pone.0284953.g008
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was observed. In the SECS, positive and negative correlations with no vertical shift were

observed in spring and autumn, respectively.

Finally, the cross-correlation between Composite profile and the stratification also varied

according to the season, the system and the diel period (Fig 8C and 8F). In the WBCS, a posi-

tive correlation with vertical shift close to 0 was observed in all cases except in autumn at the

day when negative. In the SECS, a positive correlation was observed in all cases except in

spring 2015 at day when no correlation was observed. The vertical shift was close to 0 except in

autumn at day when it was negative (~20 m).

3.6. Biological catches composition

The vertical distributions of organisms by major groups, were observed considering depth

intervals from the surface to 200 m (epipelagic zone) and every 100 m to 600 m (Tables 3 and

4). The different dial periods (day and night), the sampling stations, the respective hydrody-

namic systems, and the seasons (spring and) were considered separately.

4. Discussion

Here we used multi-frequency acoustic, CTD, and ADCP data to describe the fine-scale verti-

cal relationships between environmental factors and the vertical distribution of the backscat-

tering acoustic in two seasons and two hydrodynamic systems of the SWTA according to the

diel cycle. We build conceptual models relating the more robust relationships between the

characteristics of SSLs and the environmental variables (Fig 9). We asked the environmental

variables that showed these more robust correlations "potential environmental drivers" of bot-

tom-up structuring. We propose four scenarios for both the WBCS (Fig 9A–9D) and the SECS

(Fig 9E–9H), referring to seasons (spring and autumn) and diel periods (day and night). These

models are based on the results obtained from this work and complemented with information

from species distribution databases of the ABRACOS surveys (Tables 3 and 4).

Epi- and mesopelagic SSLs were omnipresent at both diel periods and seasons. Besides the

expected increase in epipelagic acoustic backscatter at night due to the DVM, the patterns of

SSLs vertical distribution varied according to each oceanscape (Fig 9). Here, even if the upper

and mesopelagic layers are connected through the DVM (e.g., [22, 49, 50]), we discuss the

main results considering the epipelagic and mesopelagic layers separately.

4.1. Epipelagic layer

According to the bottom-up structuring framework, physics drives the primary productivity,

which in turn causes the distribution of organisms both horizontally and vertically (e.g., [2,

51]). First, we evaluate the relationships between the thermohaline stratification (N2) and the

primary productivity chlorophyll-a. Although DCM was positively correlated with stratifica-

tion (Fig 7), the form of the relationships was modulated by the thermohaline structure of the

hydrodynamic system. In the SECS where strong, thin, and stable thermocline occurs, the cor-

relation was remarkably high, and the DCM usually matched (no vertical shift) the peak of

maximum stratification. Interestingly, this relationship was not affected by the strong seasonal

modulation of the thermohaline structure with a thermocline ~40 m deeper in spring than in

autumn (Figs 4 and 9E–9H). On the contrary, in the WBCS where the stratification is feebler

and associated with a less pronounced and thicker thermocline, the correlation between the

DCM and the peak of maximum stratification was weak (Figs 7B, 9A and 9B). In addition, in

this case, the DCM was ~10 to 40 m deeper than the layer of maximum stratification. The max-

imum stratification was generally not associated with the thermocline (S2 Fig). Instead, it was

related to the base of the mixed layer where a barrier layer occurs [27]. However, instead of the
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Table 3. Species collected from daytime stations, survey (S: spring—ABRACOS 1; F: autumn—ABRACOS 2), number of specimens (N˚), site (Western Boundary

Current System–WBCS; South Equatorial Current System—SECS), depth range. This catalogue has been constructed, in summary, based on the ABRACOS project

database. The expressions in bold indicate the locations or seasons with the greatest abundance. Please, for further information, see the references mentioned.

REFERENCES FILO CLASS ORDER FAMILIES NUMBER AREA SEASON

< 200 m

Mollusca Cephalopoda 36 WBCS—

SECS

S—F

10.1016/j.jmarsys.2020.103449 Arthropoda

(Crustacea)

Malacostraca Euphausiacea 192 WBCS—

SECS

S

Decapoda 22 WBCS—

SECS

S

Amphipoda 5 WBCS S

10.1093/plankt/fbaa066 Cnidaria (BV) 255.5 WBCS—

SECS

S—F

Chordata

(Tunicata)

Thaliacea (bv) Salpida Salpidae 17 WBCS—

SECS

S

Pyrosomida Pyrosomatidae 279 WBCS F

Doliolida 26 SECS F

Chordata Actinopterygii Pleuronectiformes Bothidae 180 SECS S

10.1016/j.pocean.2021.102695 Myctophiformes Myctophidae 548 WBCS—

SECS

S—F

10.1016/j.pocean.2020.102389 Stomiiformes Sternoptychidae

(Hatchetfishes)

WBCS—

SECS

S—F

Gonostomatidae 36 SECS S—F

10.1038/s41598-020-77222-8 Stomiidae

10.15560/15.6.965 and

10.1080/17451000.2019.1636281

Perciformes 37 SECS S—F

10.1080/17451000.2021.1891806 Teleostei 24 SECS F

200–300 m

10.1016/j.pocean.2021.102695 Chordata Actinopterygii Myctophiformes Myctophidae 54 WBCS F

10.1016/j.pocean.2020.102389 Stomiiformes Sternoptychidae

(Hatchetfishes)

14 WBCS F

10.1080/17451000.2021.1891806 Teleostei 27 WBCS F

Ctenophora (BV) 60 WBCS F

Jellyfish (BV) 143 WBCS F

300–400 m

10.1016/j.pocean.2021.102695 Chordata Actinopterygii Myctophiformes Myctophidae 56 SECS F

10.1016/j.pocean.2020.102389 Stomiiformes Sternoptychidae

(Hatchetfishes)

101 SECS F

Gonostomatidae 67 SECS F

Cndaria

(colonies)

Siphonophera 5 SECS F

400–500 m

Cndaria (BV) 404 WBCS F

Ctenophora (BV) 23 WBCS F

Jellyfish (BV) 20 WBCS F

Chordata

(Tunicata)

Thaliacea Pyrosomida (BV) Pyrossomidae 217 WBCS F

Arthropoda

(Crustacea)

Malacostraca Euphausiacea 7 WBCS F

Decapoda 32 WBCS F

Chordata Actinopterygii Stomiiformes Gonostomatidae 39 WBCS F

(Continued)

PLOS ONE Fine-scale vertical relationships between environmental conditions and sound scattering layers

PLOS ONE | https://doi.org/10.1371/journal.pone.0284953 August 4, 2023 14 / 24

https://doi.org/10.1371/journal.pone.0284953


maximum stratification, the DCM was more associated with the thermocline (Fig 9A and 9D),

which lies deeper than the pycnocline, in coherence with the nutricline [52]. Thus, whatever

the season or the diel period, the vertical shift between the depth of maximum stratification

and the DCM was more related to the spatial modulations of the barrier layer thickness (see

[27]) than to other parameters.

In a second step, we examine the relationships between the epipelagic SSLs (composite pro-

file) the stratification and the DCM. In the SECS, where the correlation between the peak of

stratification and the DCM was extremely high and almost not vertically lagged, it was not pos-

sible to fully discriminate the impact between these two parameters (Fig 7F and 7G). We

observed a strong correlation with low seasonal difference in both cases but an apparent diel

effect in the vertical shift (Figs 7F, 7G and 9E–9H). During the day, the vertical shift between

stratification and maximum backscatter was ~0, while at night, the peak of acoustic density

was ~10 to 40 m above the one of stratification. According to [31], DCM was likely to be

found above the zooplankton layer as below, indicating that the factors driving those relation-

ships likely vary amongst systems and species. However, [17] observed that fine acoustic layers

of zooplankton were always ~1 m deeper than the DCM. They attributed this negative offset to

specific physical forcing or a foraging tactic with predators attacking beneath. At both diel

periods and seasons, the composite profile was dominated by the 38 kHz (Fig 9E–9H), likely

hiding organisms with “fluid-like” acoustic properties, which usually show an increase in back-

scatter with an increase in frequency [9, 53, 54]. The 120 kHz peaks (Fig 4), is probably more

representative of crustacean zooplankton, occurred below the thermoclines (Fig 8E–8H).

In spring (Fig 9E and 9F), the trawl data indicate a conspicuous layer of salps dominated

the mixed layer (Tables 3 and 4), these gelatinous organisms usually can be detected at fre-

quencies of 120 and 38 kHz [55]. Salps have higher per-individual filtration rates of all the

marine zooplankton filter feeders, being able to feed on pico- and nanophytoplankton [56, 57]

Table 3. (Continued)

REFERENCES FILO CLASS ORDER FAMILIES NUMBER AREA SEASON

10.1016/j.pocean.2020.102389 Sternoptychidae

(Hatchetfishes)

5 WBCS F

500–600 m

Arthropoda

(Crustacea)

Malacostraca Euphausiacea 515 SECS S

Decapoda 21 WBCS S

Amphipoda 89 SECS S

Stomatopoda (Latreille,

1817)

54 SECS S

Cnidaria (BV) 85.5 WBCS—

SECS

S

Chordata

(Tunicata)

Thaliacea Pyrosomida Pyrossomidae 5 WBCS S

Doliolida 10 SECS S

Salpida Salpidae 50 SECS S

10.1016/j.pocean.2021.102695 Chordata Actinopterygii Myctophiformes Myctophidae 49 WBCS—

SECS

S

10.1016/j.pocean.2020.102389 Stomiiformes Sternoptychidae

(Hatchetfishes)

24 WBCS—

SECS

S

Gonostomatidae 54 WBCS S

10.15560/15.6.965 and 10.1080/

17451000.2019.1636281

Perciformes Decapterus

(Carangidae)

22 WBCS S

https://doi.org/10.1371/journal.pone.0284953.t003
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Table 4. Species collected from night stations, survey (S: spring—ABRACOS 1; F: autumn—ABRACOS 2), number of specimens (N˚), site (Western Boundary Cur-

rent System–WBCS; South Equatorial Current System—SECS), depth range. This catalogue has been constructed, in summary, based on the ABRACOS project data-

base. The expressions in bold indicate the locations or seasons with the greatest abundance. Please, for further information, see the references mentioned.

REFERENCES FILO CLASS ORDER FAMILIES NUMBER AREA SEASON

< 200 m

Mollusca Cephalopoda Oegopsida 113 WBCS—

SECS

S—F

Octopoda

10.1016/j.jmarsys.2020.103449 Arthropoda

(Crustacea)

Malacostraca Euphausiacea 1004 WBCS—

SECS

S

Decapoda 83 SECS S

Stomatopoda 354 WBCS—

SECS

S

10.1093/plankt/fbaa066 Cnidaria (BV) 1333 WBCS S-F

Chordata

(Tunicata)

Thaliacea (bv) Salpida Salpidae 287 WBCS—

SECS

S-F

Pyrosomida Pyrosomatidae 1469 WBCS S-F

Doliolida 25 F

Chordata Actinopterygii Pleuronectiformes Bothidae 169 WBCS—

SECS

S

10.1016/j.pocean.2021.102695 Myctophiformes Myctophidae 82 WBCS—

SECS

S

10.1016/j.pocean.2020.102389 Stomiiformes Sternoptychidae

(Hatchetfishes)

43 WBCS—

SECS

F

Gonostomatidae

10.15560/15.6.965 and 10.1080/

17451000.2019.1636281

Perciformes 89 WBCS—

SECS

S—F

Teleostei 82 WBCS S—F

Aulopiformes 358 WBCS—

SECS

S-F

Tetraodontiformes Molidae 20 WBCS S

Mollusca Cephalopoda Oegopsida 14 SECS F

Chordata Actinopterygii Stomiiformes Gonostomatidae 30 SECS F

10.1016/j.pocean.2020.102389 Sternoptychidae

(Hatchetfishes)

55 SECS F

Beryciformes 15 SECS F

500–600 m

Arthropoda

(Crustacea)

Malacostraca Euphausiacea 337 SECS S

Decapoda 120 SECS S

Stomatopoda (Latreille,

1817)

6 SECS S

10.1016/j.pocean.2021.102695 Chordata Actinopterygii Myctophiformes Myctophidae 220 SECS S—F

10.1016/j.pocean.2020.102389 Stomiiformes Sternoptychidae

(Hatchetfishes)

65 SECS S—F

Gonostomatidae 149 WBCS—

SECS

S—F

Pleuronectiformes Bothidae 211 SECS S

Labriformes 37 SECS S

Stephanoberyciformes Melamphaidae 31 SECS S

https://doi.org/10.1371/journal.pone.0284953.t004

PLOS ONE Fine-scale vertical relationships between environmental conditions and sound scattering layers

PLOS ONE | https://doi.org/10.1371/journal.pone.0284953 August 4, 2023 16 / 24

https://doi.org/10.1371/journal.pone.0284953.t004
https://doi.org/10.1371/journal.pone.0284953


Fig 9. Schematic representation of the main environmental factors impacting the vertical distribution of the

Sound Scattering Layers (SSLs) in spring 2015 and autumn 2017 in the western boundary current system (WBCS)

and the south equatorial current system (SECS) according to the diel periods. The mean composite profile acoustic

profiles (in dB re m-1) composed by the frequency (38 kHz in red, 70 kHz in green, and 120 kHz in blue) presenting

the highest backscatter at each depth are shown in each panel. In these profiles, the depth sections with thick lines

correspond to identified SSLs. The epipelagic zone (above 200 m) and the mesopelagic zone where only 38 and 70 kHz

are available are considered separately.

https://doi.org/10.1371/journal.pone.0284953.g009
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that are less dependent on nutrients and can flourish above the DCM. In addition, many gelat-

inous are susceptible to degradation of colonies (mainly the small colonies) when exposed to

regions of high vertical shear stress, as observed in the SECS spring 2015, tending to avoid

areas like these, which may further explain their position within the mixed layer [58]. In the

SECS, the reduction of the acoustic energy with depth also matches the profiles of dissolved

oxygen (Figs 4, 8E–8H), organisms may indeed avoid the subsurface layer where dissolved

oxygen can be close to 2 ml.l-1, a value that is known to restrict the distribution of many organ-

isms (e.g., [59]). Interestingly the positive correlation with dissolved oxygen was higher at

night than at day. As discussed later, this could be related to the ’oxygen debt’ some migrant

organisms need to pay (see [60]).

In the WBCS, epipelagic SSLs were below the peak of stratification during the day and at a

similar depth at night (Fig 8A and 8B). On the contrary, in the autumn, the correlation was

stronger with the DCM with a negative vertical shift during the day and a positive vertical shift

at night (Fig 9C and 9D). In both cases, the trend in vertical shift matched the diel vertical

migration of organisms. In autumn 2017 (Fig 9C and 9D), pyrosomes (Pyrosoma atlanticum;

Tables 3 and 4) were highly abundant in the WBCS [61]. Their frequency response was maxi-

mum at 70 kHz in the surface layer in autumn (Figs 5 and 6). Pyrosomes diel migrate and pri-

marily forage on phytoplankton [62, 63], which may explain the stronger association with

chlorophyll-a than stratification in autumn. Another factor in this region is the presence of the

NBUC with a core with a high current velocity (>0.6 m.s-1) below ~100 m [28]. Organisms

may avoid this layer to limit horizontal advection (Fig 9A–9D). On the contrary, the oxygen

concentration is likely not a driving factor since the entire water column is well oxygenated.

4.2. Mesopelagic layer

As in most oceanic regions, we observed more than one SSLs in the mesopelagic layer. The

acoustic seascape depends on the hydrodynamic, and biological features of a given ocean

region [54, 64, 65]. Here, we examine the overall relationships between the mesopelagic SSLs

(composite profile) and the oxygen concentration, stratification, and current. Unfortunately,

light penetration measurements were not conducted during the surveys, we therefore cannot

investigate its potential effect in the distribution of SSLs.

We observed both migrant and non-migrant SSLs. This last one was primarily observed in

the range ~500–650 m (Fig 9). Invertebrates such as euphausiids, salps, pyrosomes, and sipho-

nophores abundant in the area according to our results (Tables 3 and 4; [61]), are also known

to perform DVM (e.g., [66–68]). Three mesopelagic fish families dominated the area: Gonosto-

matidae, Myctophidae, Sternoptychidae [69–72]. Previous studies based on the same oceano-

graphic surveys that we are used here [65–68] and others (e.g. [67]) show that these animals

exhibit a variety of diel patterns ranging from species performing large vertical migrations

(e.g., most hatchetfishes and lanternfishes; [65, 68]) to non-migrant species that remain full-

time in mesopelagic layers, in particular at ~500–650 m (e.g., Cyclotone spp; [71, 72]). Addi-

tionally, they show that various fish species (e.g., lanternfishes) performing DVM present an

asynchronous pattern of migration, where the entire population does not respond synchro-

nously to diel variation [72] and only the hungry portion of the population migrates in a given

day [69, 70, 72].

In the SECS (Fig 8E–8H), subsurface waters were overall less oxygenated (2 >O2 < 3.8 ml.

l-1), including specific layers presenting the lower oxygen concentration, due to the influence

of eastern waters brought by the cSEC [73]. We also observed that, except in spring 2015 at

night, SSLs were negatively correlated to dissolved oxygen concentration, we found stronger

SSLs at less oxygenated depths. Further, our results show that the correlation was stronger in
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autumn 2017 when the water column was less oxygenated. However, some fish species have

been observed in the less oxygen layer during the day (e.g., Argyropelecus affinis and A. sla-
dani) or all along the diel cycle (e.g., Argyropelecus hemigymmus) [69, 70]. Organisms may

concentrate in search for cold and less oxygenated waters as a predator refuge and/or saving

energy strategy [74–76]. In addition, organisms respiration may locally deplete the oxygen

concentration, creating a local minimum [23]. Our results agree with several previous studies

(e.g., [20, 23, 75, 77]) showing that in areas without midwater OMZs, deep SSLs are often

observed in depths with less oxygen conditions in the water column, especially during the day.

Otherwise, in areas with midwater OMZs, most backscatter happens at depths above the

anoxic layer during the day [23, 78].

In the WBCS, the water column is well oxygenated due to the influence of the central water

from the southwestern subtropical South Atlantic that is carried to the region by the NBUC

[79, 80]. Therefore, oxygen concentration is likely not a potential driving factor in this system.

However, in this system, the strong NBUC may impact organism distribution. The NBUC

core was thicker and stronger in spring 2015 than autumn 2017 [28]. The vertical distribution

of SSLs in the WBCS (Fig 5) suggests that in spring, when the NBUC is most intense, most

organisms seem to avoid the core of the NBUC and distribute deeper (below 500 m) than in

autumn (300–400 m) when the NBUC is weaker (Fig 8A–8D). SSLs were then associated with

layers of strong stratification (more in autumn at day), indicating that this factor is likely a key

potential driver not only in the thermocline layer but also below. A similar impact of stratifica-

tion was observed in the SECS. In this system, an interesting pattern was observed concerning

the current with a positive correlation in spring when the undercurrent, SEUC, was stronger

and the opposite in autumn. This pattern is mainly related to SSLs around 300 m over the

influence of the core of the undercurrent SEUC, which were also correlated to low oxygen con-

centrations. However, these SSLs showed slightly higher densities in the autumn than in the

spring.

5. Conclusion

By investigating the fine-scale relationships between the vertical biophysical factors on the ver-

tical structuring of acoustic biomass in the SWTA, we show that chlorophyll-a, oxygen, season

(in the form of stratification and hydrodynamics) show strong correlations with the vertical

distribution of SSLs, presenting themselves as potential acoustic scape drivers. However, their

relative importance depends on the area, the depth range, the diel cycle and, consequently, of

the seasons due to the large hydrodynamic variability observed between spring and autumn.

Chlorophyll levels and depth of chlorophyll maximum may influence both in situ optical con-

ditions as well as the vertical distribution of primary consumers. Oxygen content influences

the metabolic rates of organisms. Vertical stratification of the water column and horizontal

current shear can often act as obstacles to vertical movement of organisms, indirectly influenc-

ing the energy expenditure for this and also the degradation of some colonies of gelatinous

organisms. However, even without a detailed mechanistic understanding, the number of cor-

relations observed here may suggest mechanisms that will improve current models of mesope-

lagic organism behaviour. In the epipelagic layer, the strongest acoustic responses were

associated with depths of greatest stability (highest stratification). Even in the WBCS, where

the chlorophyll-a peaks were deeper than the peak of stratifications, SSLs were more correlated

with stratification than with the deep chlorophyll-a maximum. Dissolved oxygen does not

seem to be a key factor in the WBCS where the entire water column is well oxygenated while it

appears to be a driver in the SECS where lower oxygen concentrations occur on sub-surface.

Finally, our results suggest that organisms seem to avoid the core of the currents, especially the
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strong NBUC. However, future works are needed to better understand the role of currents on

the vertical distribution of organisms and intensive ground truthing of the acoustic signal will

be necessary in the future in order to reduce the uncertainties in species identification.

Supporting information

S1 Fig. Mean Composite profile acoustic profiles in spring 2015 and autumn 2017 for each

diel period (day–dark colours; night–shaded colours) and system. The respective profiles

are composed of the frequency (38 kHz in red, 70 kHz in green and 120 kHz in blue) providing

the highest backscatter at each depth. The compositions are divided between the epipelagic

zone (above 200 m) and the mesopelagic zone where only 38 and 70 kHz are available.

(TIF)

S2 Fig. Example of a CTD profile from WBCS spring 2015 (ABRACOS I) with the repre-

sentation of the thermohaline structure defined from temperature (θ), salinity, density (σ)

and buoyancy frequency (N2). With additional chlorophyll-a profile, where the vertical verti-

cal shift between maximum stratification and deep chlorophyll maximum (DCM) can be

clearly observed. MLD: mixed layer depth; UTD: upper thermocline depth; LTD/LPD: lower

thermocline/pycnocline depth; BL: barrier layer.

(TIF)

S3 Fig. Examples of MVBS (dB re 1m-1) profiles at 38, 70 and 120 kHz from autumn 2017

(ABRACOS 2) in the epipelagic zone of the SECS. In addition, stratification (N2) and chloro-

phyll-a profiles for the same stations. In highlight are superimposed the vertical shifts between

the stratification and the Composite profile. MLD: mixed layer depth; UTD: upper thermo-

cline depth; LTD/LPD: lower thermocline/pycnocline depth.

(TIF)

S1 Table. Cross-correlations and the vertical shift of maximum correlation between the

stratification (N2) and chlorophyll (mg. m-3), and also between the MVBS (dB re 1m-1)

profiles and the stratification, chlorophyll (mg. m3) and oxygen (ml.l-1). All analyses are

presented separately for each hydrodynamic system (WBCS; SECS) in relation to seasons, diel

period, depth range and frequencies (38, 70 and 120 kHz).

(XLSX)
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39. Liu C, Köhl A, Liu Z, Wang F, Stammer D. Deep-reaching thermocline mixing in the equatorial pacific

cold tongue. Nat Commun. 2016; 7. https://doi.org/10.1038/ncomms11576 PMID: 27175988

40. Demer DA, Berger L, Bernasconi M, Bethke E, Boswell K, Chu D, et al. Calibration of acoustic instru-

ments. Copenhagen, Denmark; 2015. Available: https://repository.oceanbestpractices.org/handle/

11329/626

41. de Robertis A, Higginbottom I. A post-processing technique to estimate the signal-to-noise ratio and

remove echosounder background noise. ICES Journal of Marine Science. 2007; 64: 1282–1291.

https://doi.org/10.1093/icesjms/fsm112

42. Perrot Y, Brehmer P, Habasque J, Roudaut G, Behagle N, Sarré A, et al. Matecho: An Open-Source
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52. Farias GB, Molinero J-C, Carré C, Bertrand A, Bec B, Melo P. Uncoupled changes in phytoplankton bio-

mass and size structure in the western tropical Atlantic. Journal of Marine Systems.

53. Stanton T. Acoustic characterization and discrimination of marine zooplankton and turbulence. ICES

Journal of Marine Science. 1994; 51: 469–479. https://doi.org/10.1006/jmsc.1994.1048
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