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Abstract

The impact of a cyclonic (C), an anticyclonic (AC) eddy and transition zone (TZ), which is

the area between the two eddies, on acoustic groups representing various mesopelagic

organisms, was investigated using a semi-supervised multifrequency classification

approach (hereafter, Escore algorithm). The Escore algorithm involved selecting regions of

interest (ROIs) within multifrequency (18, 38, 70, and 120 kHz) echograms and classifying

into four clusters or echo-classes using Sv differences (Sv18-38, Sv70-38, and Sv120-38). Acous-

tic densities and diel vertical migration strength varied between the AC, C, and TZ according

to the frequency. The vertical stratification of temperature, salinity and fluorescence within

the oceanographic structures had varied influences on the vertical structure of each echo-

class which represent zooplankton-like organisms, small and large fish with swimbladders,

and small and large siphonophores with pneumatophores. The echo-classes within the C

were influenced by surface fluorescence, whereas in the AC and TZ, the echo-classes were

influenced by deeper fluorescence and strong EKE. Our study provides new insights into

the environmental variables within mesoscale and sub-mesoscale features impacting differ-

ent groups of mesopelagic communities in the Indian Ocean.

1. Introduction

The mesopelagic region, 200–1000 m depth [1, 2], is home to gelatinous organisms, zoo-

plankton, and micronekton (crustaceans, mesopelagic fishes and cephalopods of 2 to 20 cm

in size which are able to swim independently of ocean currents) [3]. Micronekton is a key

trophic link between zooplankton and top predators such as billfishes and tunas [4, 5], and

like zooplankton, it plays an important role in the oceanic biological pump through the

export of organic carbon [6]. Despite the ecological importance of zooplankton and micro-

nekton, major knowledge gaps exist about their ecological patterns, diversity and taxonomy,

especially in the Indian Ocean which is poorly studied. Micronekton is traditionally sampled

with mesopelagic trawl nets and active acoustics, both methods presenting sampling
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limitations. Acoustics give high resolution spatio-temporal series of the horizontal and verti-

cal distributions of organisms inhabiting the mesopelagic zone, unlike trawls which only

provide taxonomic descriptions of micronekton at specific sites and time periods. However,

it remains difficult to determine the taxonomic groups responsible for the observed back-

scatter from acoustics.

As an effort to identify major mesopelagic acoustic scatterers, multifrequency approaches

have been developed [7–11]. These approaches compare and quantify the difference of mean

volume backscattering strength between different frequencies [10] to improve acoustic spe-

cies identification. While a significant number of backscatter classification techniques has

been developed, any particular approach is situation dependent with the classification suc-

cess depending on the homogeneity of the environment, and relative abundance and fre-

quency response [8]. Most of the former approaches are based on visual observations of the

echograms and trawling through specific mesopelagic layers to relate the acoustic backscat-

ter measurements to known organisms [8, 10]. However, during multi-disciplinary cruises,

trawling stations may be sporadic and the trawl contents are taxonomically heterogeneous.

There is a need to develop multi-frequency classification approaches, especially in the case

of sparse sampling coverage and taxonomically heterogeneous trawl stations. The Escore

(Ellipsoid score) multifrequency backscatter classification algorithm developed in this study,

is inspired from the Z-score classification method [8]. This approach exploits the strengths

and follows steps inspired from a wide range of previously described and validated multifre-

quency backscatter approaches [12]. It uses a semi-supervised selection approach (similarly

to [13, 14] but adapted for acoustic layers instead of schools), commonly used clustering

techniques on pairwise differences, the Z-score method, multivariate ordination in reduced

space, and theoretical scattering models for validation. Previous methods were developed

and mostly applied for fish schools or krill aggregations in homogeneous oceanographic

conditions. We aimed to adapt the previously described methods to widely different and var-

iable oceanographic settings and on layers of organisms which do not necessarily form

schools.

The Mozambique Channel, located between the Southeast African countries of Mozam-

bique and Madagascar island, is highly dynamic due to the presence of mesoscale cyclonic and

anticyclonic eddies and sub-mesoscale features such as ocean fronts [15–17]. Mesoscale eddies

are rotating bodies of water with horizontal scales of 10–100 km [18, 19]. The eddy dynamics

in the Mozambique Channel partly originates from the southern branch of the East Madagas-

car current being constrained by the bathymetry and forming eddies at approximately 17˚S

[20]. Eddy dipoles (pair of counter-rotating eddies) which are frequently observed [15, 21],

induce the most intense form of upwelling in the Mozambique Channel [22]. Frontal zones

between eddies concentrate organic matter leading to phytoplankton enhancement [15]. Pre-

vious studies found that cyclonic eddies of the South West Indian Ocean had higher chloro-

phyll concentrations, zooplankton and micronekton acoustic densities compared to

anticyclonic eddies [15, 23, 24]. While studies have shown the impact of eddies and fronts on

the vertical distribution of micronekton [24–26], their influence on different mesopelagic

groups remains to be investigated.

The main objectives of this study were to implement a multi-frequency acoustic backscatter

classification approach to categorize different acoustic groups, and study the influence of envi-

ronmental processes generated by the presence of a cyclonic (C), an anticyclonic (AC) eddy

and transition zone (TZ) on the horizontal and vertical distributions of mesopelagic acoustic

densities and the defined acoustic groups.
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2. Materials and methods

2.1 Study site

The RESILIENCE cruise was conducted onboard the RV Marion Dufresne from April 19

through May 22, 2022 in the South West Indian Ocean (cruise 10.17600/18001917). Permis-

sion was granted from the “Réserve Naturelle Nationale des Terres Australes et Antarctiques

Françaises” (French Southern and Antarctic Lands) for access to the field site. The cruise was

divided into two legs. Only the Leg 1 acoustic dataset from April 25th to 30th, was analysed in

this study. Environmental and biological datasets from the first leg, which focused on the AC,

C, and TZ, will be investigated in more detail (Fig 1a–1c).

2.2 Satellite observations

The mesoscale eddy field was described using near real-time L4 Absolute Dynamic Topogra-

phy (ADT) at a daily temporal resolution and with 0.25˚ (~ 25 km) spatial resolution. Near

real-time ADT is produced and distributed by the E.U. Copernicus Marine Service

Fig 1. (a) Satellite surface absolute dynamic height (ADT, m) on April 28 within the cyclonic (blue) and anticyclonic

(red) eddies. The African and Madagascar Island landmasses are shown in grey. (b) The ship’s track is shown by black

lines, and (c) the moving vessel profiler locations are shown by purple lines and are superimposed on the mesoscale

eddy field (d) Mean current velocity (m s-1) for the u and v velocity components (red data points) and all data points

(black) during Leg 1 of the RESILIENCE cruise in the transition zone (TZ), anticyclone (AC) and cyclone (C). A mix

zone was determined and discarded from further analyses.

https://doi.org/10.1371/journal.pone.0309840.g001
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Information (https://data.marine.copernicus.eu/product/SEALEVEL_GLO_PHY_L4_NRT_

008_046/description).

2.3 Environmental data

A moving vessel profiler (MVP) undulated between the sea surface and 300 m depth along the

ship’s side during 12 transects (12 profiles in total) of 5 hours each, and at a ship speed of 6

knots. The MVP was equipped with conductivity, temperature (Type: 7, AML uCTD—Serial

Number: 9113) and fluorescence (ECOFLNTU Fluorimeter / Turbidimeter) sensors. A total of

three faulty profiles were discarded. Since the MVP moved slower during ascent, generating

more accurate data, only the ascending part of each MVP cycle was used in data analyses. The

vertical median binning of the MVP data was conducted at 1 dbar resolution with ~ 25 samples

in average per bin and a minimum of 6 samples. The horizontal interpolation was conducted

at 1-min sampling resolution.

A ship-mounted thermosalinograph continuously recorded sea surface temperature and

salinity along the vessel’s track within 5 m of the sea surface. A CTD (Conductivity Tempera-

ture Depth) rosette system was equipped with a SBE911+ probe to measure temperature and

salinity down to 1000 m. Underway current profiles were measured along the ship’s track with

a 150 kHz RDI Ocean Surveyor II Acoustic Doppler Current Profiler (S-ADCP) using a time

average of approximately 1 min and depth bins of 16 m from the surface to approximately 400

m. The S-ADCP report velocities in the north (v component) and east (u component) direc-

tions. Current data were processed using the CASCADE software [27] which allows flagging

and filtering. A tidal correction was applied to the S-ADCP dataset before aggregating mea-

surements to 8-m depth bins. The eddy kinetic energy (EKE, m2s� 2 ¼ 1

2
ðu2 þ v2Þ, which is a

proxy for mesoscale dynamics in the ocean, was calculated from the u and v velocity

components.

2.4 Classification of acoustic and environmental data

Acoustic and environmental data points were divided into three categories based on their loca-

tion relative to the core and edges of the AC and C, and the TZ. This classification (Table 1)

was based on current data from the S-ADCP, hydrological data (temperature and salinity gra-

dients recorded by the thermosalinograph) and fluorescence gradients measured by the MVP.

Altimetry data (ADT) at daily near real-time resolution were used to visualize the progression

of the mesoscale features. Sharp gradients in the environmental variables (S1 File) and the v

component from the S-ADCP were used to classify the acoustic and environmental data points

according to their location with respect to the AC, C and TZ. At the beginning of Leg 1, the

Table 1. Classification of Leg 1 acoustic transect based on the location of the data points within the cyclonic, anticyclonic eddies, transition and mix zones.

Start date (dd/mm) Start time (hh:mm:ss) End date End time Structure

25/04 20:33:52 26/04 09:02:54 Transition zone

26/04 09:02:55 26/04 19:00:58 Anticyclone

26/04 19:00:59 27/04 07:41:36 Transition zone

27/04 07:41:37 27/04 17:10:38 Cyclone

27/04 17:10:39 28/04 17:33:52 Mix

28/04 17:33:53 29/04 03:26:07 Cyclone

29/04 03:26:08 30/04 04:24:11 Mix

30/04 04:24:12 30/04 11:22:15 Cyclone

30/04 11:22:16 30/04 23:51:17 Mix

https://doi.org/10.1371/journal.pone.0309840.t001
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AC was headed north (v> 0 and u ~ 0) and the C was headed south (v< 0 and u~ 0) (Fig 1d).

The TZ was characterized by very strong currents towards the east (u> 0). The “mix” zone

(Fig 1d) corresponded to sampling alternatively between the AC and TZ such that it was not

possible to divide this zone into AC or TZ, and was hence discarded from further analysis.

2.5 Acoustic data collection and processing

Acoustic data were continuously acquired in narrowband (i.e., continuous wave mode) using

a Simrad EK80 echosounder at 5 frequencies: 18, 38, 70, 120, and 200 kHz. The transducers

are hull-mounted at a depth of 6 m below the sea surface. The echosounder was calibrated

prior to the cruise, in January 2022 at Reunion Island in the Indian Ocean, using a 38.1 mm

tungsten carbide calibration sphere (with 6% cobalt binder), following [28]. The Simrad EK80

software was used to obtain echosounder calibration parameters (Table 2) that were used in

data processing.

The acoustic data were visualized and processed using Matecho software (v. 7, 20220511),

an open source IRD tool computed with Matlab 7.11.0.184, and based on Ifremer’s Movies3D

software [29]. The top 15 m of the water column was removed from analysis at all frequencies

to account for the acoustic detection of the surface turbulence. Background, transient and

impulsive noises, and attenuated signals were removed using the algorithms designed in [30,

31], implemented in Matecho. Temperature and salinity vertical profiles obtained from the

CTD stations during the survey were used to estimate the sound velocities, absorption coeffi-

cients, and to correct Sv estimates. Matecho evaluates twilight periods (night, sunrise, day, sun-

set) from the ping time and the geographical position using a MATLAB “Suncycle” script [29].

Acoustic data were echo-integrated in sA (m2 nmi-2) and sv which was log-transformed to Sv in

Matecho at an elementary sampling distance unit (ESDU) of 1.5 m vertically and 3 pings hori-

zontally, and a threshold of −100 dB re 1 m-1 (hereafter dB). The volume backscattering

strength, Sv, represents mesopelagic acoustic densities.

2.6 Multifrequency acoustic backscatter classification

The Escore algorithm relies on dB differences between pairs of frequencies by subtracting the

backscatter measurements of each available frequency relative to the 38 kHz. The code used to

implement the Escore algorithm is publicly available through IRD Forge (https://forge.ird.fr/

lemar/active_acoustics/multifrequency_classification/-/tree/master/Escore). The Escore

Table 2. Echosounder parameter settings used during the acoustic data acquisition and processing.

Frequencies (kHz) 18 38 70 120 200

Maximum power (W) 1600 1000 750 200 90

Pulse duration (ms) 1.024 1.024 1.024 1.024 1.024

Ping interval (s) 3 3 3 3 3

Sa correction -0.02 0.01 -0.04 -0.07 -0.06

Transducer gain (dB) 21.35 26.67 26.93 26.08 25.12

Beamwidth alongship (˚) 10.46 7.02 6.55 6.57 6.48

Beamwidth arthwartship (˚) 10.46 7.02 6.55 6.57 6.48

Angle offset alongship (˚) 0.01 -0.01 0.01 0.02 -0.01

Angle offset arthwartship (˚) 0 0 -0.08 0.09 0.05

Absorption Coefficients (dB/km) at Temperature = 26˚C and Salinity: 35.5 1.51 6.53 20.2 47.9 88.7

Depth range (m) 1500 800 450 250 120

https://doi.org/10.1371/journal.pone.0309840.t002
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algorithm was applied to classify the multifrequency acoustic backscatter into echo-classes

(Table 3) through the stepwise procedures summarized below and in Fig 2.

The following steps are a brief summary and the full methodology is provided in S2 File:

Step (1): Due to the presence of layers of organisms (instead of discrete schools) on our

echograms, a semi-supervised approach consisting of manually selecting Regions of interest

(ROI) from Red Green Blue (RGB) composite echograms [11] at 18/38/70 kHz (n = 77 ROI)

and 38/70/120 kHz (n = 138) frequencies was implemented. For the 18/38/70 kHz RGB com-

posite echograms, the Sv values of the 18 kHz frequency was color-coded in red; 38 kHz in

green; and 70 kHz in blue. For the 38/70/120 kHz composite echogram, the 38 kHz frequency

was color-coded in red; 70 kHz in green; and 120 kHz in blue (S1 Fig in S2 File). The ROI

were chosen based on visible structures having a homogeneous frequency response in a layer

with consistent acoustic and spatial characteristics. The ROI may contain different biological

structures or patches that will be discriminated in the next step. Due to use of the 120 kHz fre-

quency, the ROI were chosen only within the first 250 m of the water column.

Step (2): The pixels within each ROI were subjected to a K-means clustering based on the

relative frequency responses at 18, 70, and 120 kHz [32] in dB (ΔSv,18−38, ΔSv,70−38, and ΔSv,120

−38) to retain one cluster representing a single coherent visible acoustic structure, i.e., one

echo-type (Table 3; S2 Fig in S2 File). This step is conducted to allow the selection of only 1

acoustic structure with limited variability in frequency responses before conducting a hierar-

chical clustering and ordination. These echo-types constituted the training dataset before

applying the Escore algorithm to the whole acoustic dataset.

Table 3. Glossary of terms used in the acoustic backscatter classification approach.

Terms Definitions

Region of Interest

(ROI)

Manually chosen rectangular section of the RGB echogram which contains a specific

structure of interest with consistent frequency responses.

Echo-type Each echo-type encompasses a set of individual pixels classified into the same cluster from

the ROI definition and the K-means clustering (step 2).

Library The whole set of echo-types identified from the training dataset.

Echo-class Each echo-class encompasses several echo-types with similar characteristics and is the result

of the echo-type classification (i.e., hierarchical classification) of a library (step 3). The echo-

classes form the learning/reference database for the classification of the whole acoustic data.

https://doi.org/10.1371/journal.pone.0309840.t003

Fig 2. Flowchart summarizing the Escore methodology introduced in this study.

https://doi.org/10.1371/journal.pone.0309840.g002
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Step (3): Three mean Sv differences (ΔSv,18−38, ΔSv,70−38, and ΔSv,120−38) were calculated

from the 215 echo-types and classified into four echo-classes using hierarchical cluster analysis

which is fully described in S3 Fig in S2 File. The optimum number of echo-classes was deter-

mined using the NbClust package in R [33]. Out of 20 indices implemented in NbClust, 11

selected four optimal number of echo-classes. Cluster performance was tested using a random

forest algorithm as described in S2 File. The classification error was estimated from a random

subset of the bootstrap data, and an error rate was returned for each echo-class. The echo-

types were robustly classified into four clusters/echo-classes at 99.4%.

Step (4): A three-dimensional ordination plot was generated to visualize the four echo-clas-

ses along the Sv difference axes between Sv18-38 (x-axis), Sv70-38 (y-axis) and Sv120-38 (z-axis)

(S4a Fig in S2 File). Data points representing the Sv differences of each echo-class were plotted

around a centroid of an ellipsoid at mean ± 2 standard deviations. Relative frequency response

curves of each echo-class were drawn so as to assign the frequency with dominant backscatter

to each echo-class. Echo-classes 1, 2, and 4 were assigned to the dominant 38 kHz frequency,

and echo-class 3 to the 18 kHz frequency based on S4b Fig in S2 File. To differentiate echo-

classes 1, 2, and 4, all having 38 kHz dominant frequencies, the Escore algorithm was com-

puted in the following steps.

Step (5): The Escore is a sum of squared independent normal random variables which fol-

low a chi-square distribution with three degrees of freedom. For an echo-integrated cell i char-

acterized by 3 relative frequency differences relative to the 38 kHz, Escore(i,k) is calculated for

each echo-class k. The cell is assigned to the echo-class for which Escore(i,k) is the minimum. If

this minimum is> = Ellipsoid-threshold, then cell i is unclassified.

Sensitivity tests were conducted on the training dataset. This allows determination of the

percentage echo-integrated cells that were well classified into each echo-class, mis-classified

and not classified. An Ellipsoid-threshold value of 25 appeared to best classify each data point

into one of the four echo-classes while limiting the percentage echo-integration cells and sA

mis-classified and decreasing those which were not classified (S5 Fig in S2 File).

Step (6): The Escore calculation (fully described in S2 File) was run on the whole acoustic

echo-integration cells (including the cells from the training dataset) to classify each data point

of the chosen leg into one of the four echo-classes (S6 Fig in S2 File).

Echograms were generated for each echo-class from 15 to 250 m depth, and were used in

further statistical analyses (Section 2.8).

2.7 Validation of the Escore algorithm

The low number of trawls, all conducted within the TZ during the first leg, could not be used

to validate the Escore algorithm. Potential candidates of each echo-class were investigated by

classifying theoretical organisms, whose TS(f) was calculated using previously published and

validated theoretical scattering models. The scattering models used to investigate the biological

significance of each echo-class defined from Section 2.6 were the following: Distorted Wave

Born Approximation (DWBA) with parameters for copepods and euphausiids [34, 35]; ran-

domly oriented fluid bent cylinder with parameters for shrimp and salp [36]; high-pass dense

fluid sphere with parameters for gastropods [36]; hybrid model with parameters for pneumat-

ophores of siphonophores and small gaseous swimbladdered fish [37]; model for gas bubble

alone [38]. Each scattering model was parametrized using values of speed of sound in the

water calculated from temperature and salinity at 25 m, and 200 m depths using the Mackenzie

equation, density contrast (for lack of other measures), orientation and the length-to-width

ratio of organisms as determined previously by [35–37] (Refer to S3 File for parameters used

in the scattering models). For each scattering model, frequency responses were calculated for a
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set of size intervals at 18, 38, 70, and 120 kHz, and the Sv (for 1 organism m-3) frequency differ-

ences (ΔSv,18−38, ΔSv,70−38, and ΔSv,120−38) were calculated prior to classifying the model into

one of the four echo-classes at a maximum Ellipsoid-threshold of 25.

2.8 Statistical analyses

2.8.1 Environmental variables. The differences in fluorescence, salinity and temperature

values between the AC, C and TZ in the first 100 m, between 100–200 m and 200–300 m, were

investigated using Kruskal-Wallis (KW) tests and pairwise comparisons.

2.8.2 Acoustic metrics. The following acoustic metrics were calculated following [39]:

Total sA ¼
X

sA� i; ð1Þ

where sA-i is the daytime or nighttime area backscattter for a given 1.5-m depth bin between

the surface and the maximum echo-integrated depth for each frequency (18 kHz: 1000 m; 38

kHz: 800 m; 70 kHz: 500 m; 120 kHz: 250 m; 200 kHz: 120 m).

DVM diel vertical migrationð Þ strength ¼ 1 �
sA� meso� night

sA� meso� day

 !

; ð2Þ

where the DVM strength > 0, sA-meso-night and sA-meso-day are the integrated daytime or night-

time area backscatter in the mesopelagic realm, i.e., from 200 m to the maximum echo-inte-

grated depth for the 18, 38 and 70 kHz frequencies (referred to as “meso” in Eq 2).

2.8.3 Acoustic densities between oceanographic structures, frequencies and depth cate-

gories. The day and night mean and standard deviations of volume backscattering strength

(MacLennan et al., 2002), Sv, were calculated for the AC, C and TZ, and plotted. To investigate

the difference in NASC (Nautical Area Scattering Coefficient or sA) between the AC, C and TZ

for the 18, 38 and 70 kHz frequencies, the water column was separated into three depth catego-

ries: 15–200 m (surface), 200–400 m (intermediate) and below 400 m (deep), with diurnal and

nocturnal periods being separately analysed using KW tests and pairwise comparisons. Only

surface and intermediate depth categories were identified for the 120 kHz, and only a surface

layer for the 200 kHz (due to the sampling range limitations of both frequencies), and investi-

gated using KW tests.

2.8.4 Influence of the environment on the acoustic densities of echo-classes. PERMA-

NOVA were conducted using the “adonis2” function in R [40] to test whether there was a dif-

ference in NASC of the echo-classes (sA at each dominant frequency) between the

oceanographic structures (AC, C, and TZ), and time of day (day and night). To investigate the

relative importance of candidate covariates influencing mesopelagic organisms, acoustic data

from each echo-class and selected environmental variables from the MVP and S-ADCP were

matched spatially and temporally, before constructing generalized additive mixed models

(GAMMs) using the R package mgcv (v 1.8.41) [41]. See S4 and S5 Files for full GAMM fitting

and specification. Since regularly spaced acoustic data are likely to exhibit a degree of spatial

autocorrelation, resulting in violation of the assumption of independence between samples, we

nested an autoregressive correlation structure of order 1 (corAR1). Similar modelling

approaches have been used to investigate relationships between acoustic and environmental

data [e.g., 42–44].

GAMMs allowed the identification of the environmental variables best influencing sA of

each echo-class, but do not provide information related to the oceanographic structures. To

explore the relationships between environmental variables in the AC, C and TZ, we con-

ducted Canonical Analyses of Principal Coordinates (CAP) on Euclidean distance matrices
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of the acoustic data of each echo-class using the R vegan package (v. 2.6.4), similar to [39].

CAP analysis is a constrained ordination which aims to find axes in the predictor space that

best explain variation in the multivariate response [45]. For the CAP analyses, we used the

significant environmental variables identified from the GAMMs (See section 3.3.1). The

result is represented as a two-dimensional graph, with the environmental variables plotted

as centred vectors. The magnitude of variation of each environmental variable is propor-

tional to the length of the vector, the direction of which indicates increasing values of the

variable.

3. Results

3.1 Prevailing environmental conditions at the study site

The sampling effort was focused within the AC, C and TZ during the first leg of the RESIL-

IENCE cruise. Sharp gradients were observed in the temperature and salinity profiles derived

from the thermosalinograph, indicating the shift from the TZ to the C (S1 File). A peak in the

mean EKE was observed at 64 m in the TZ (0.52 m2 s-2) before decreasing to a minimum of

0.09 m2 s-2 at 272 m. Within the C, mean EKE showed a decreasing trend from 0.18 m2 s-2 at

24 m to 0.09 m2 s-2 at 216 m, before increasing to 0.11 m2 s-2 at 360 m (Fig 3). Mean EKE

within the AC showed an increasing trend from 0.05 m2 s-2 at 24 m to 0.11 m2 s-2 at 160 m,

before showing a decreasing trend.

Fluorescence and salinity were significantly different between the AC, C and TZ between

the surface and 300 m (KW, pairwise comparisons, p< 0.05). A shallow peak in fluorescence

values was seen in the C (0.59 mg m-3 at 60 m) which was also saltier (mean ± standard devia-

tion: 35.42 ± 0.02) compared to the AC (fluorescence: 0.52 mg m-3 at 84 m; salinity:

35.29 ± 0.02) and TZ (0.48 mg m-3 at 85 m; 35.34 ± 0.04) between 53 and 141 m (Fig 3). The

AC was saltier than the C between 200–300 m (C: 35.20 ± 0.045; AC: 35.37 ± 0.007). The tem-

perature profiles showed similar vertical patterns in the AC, C and TZ, with a general decrease

in temperature with depth. The C was colder (mean ± standard deviation: 18.2 ± 0.72˚C) than

the AC (21.3 ± 0.17˚C) (KW, pairwise comparisons, p< 0.05) from the surface to 300 m. In

the first 69 m, the AC and TZ showed similar temperature values (AC: 27.0 ± 0.19˚C; TZ:

26.6 ± 0.88˚C) (KW, pairwise comparisons, p> 0.05), but the TZ was colder than the AC by

0.4 to 2˚C below that depth (Fig 3).

Fig 3. Vertical profiles of mean eddy kinetic energy (m2 s-2), fluorescence (mg m-3), salinity and temperature (˚C)

within the transition zone (TZ), cyclone (C), and anticyclone (AC).

https://doi.org/10.1371/journal.pone.0309840.g003
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3.2 Comparison of acoustic densities and metrics between the AC, C and

TZ

Vertical profiles of mean Sv varied between the 18, 38 and 70 kHz frequencies with depth

(Fig 4), although similar day and night patterns were observed with higher acoustic densities

in the top 200 m at night compared to daytime across the AC, C and TZ. Higher acoustic den-

sities were observed between 400 and 600 m during the day compared to nighttime across the

AC, C and TZ at 18 and 38 kHz frequencies.

Acoustic metrics for each frequency and each zone are summarized in Table 4. The mean

daytime total NASC was greater in the C compared to the AC and TZ at the 18, 38, and 70

kHz, whereas it was greater in the AC compared to the C and TZ at the 120 and 200 kHz. Dur-

ing nighttime, the total NASC was greater in the C than the AC and TZ at the 18, 70, 120 and

Fig 4. Day and night mean vertical Sv (dB) profiles ± standard deviations (SD) within the anticyclone (AC), cyclone (C) and transition zone (TZ) at the 18,

38, and 70 kHz frequencies.

https://doi.org/10.1371/journal.pone.0309840.g004
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200 kHz. At the 38 kHz frequency, the total nighttime NASC values showed little variability

between the AC, C, and TZ. The proportion of mesopelagic communities that appeared to

migrate (i.e., the DVM strength) was greater in the C than the AC and TZ at the 18 kHz, but

lower at the 70 kHz. At the 38 kHz, the DVM strength was greater in the AC compared to the

C and TZ.

In the deep depth category, the C showed higher NASC during the day at the 18, 38, and 70

kHz compared to the AC and TZ (KW, pairwise comparisons, p< 0.05; Fig 5). The influence

of the C was also observed at night with higher NASC in the deep layer at the 38 and 70 kHz

compared to the AC and TZ (KW, pairwise comparisons, p< 0.05; Fig 5). In the surface layer,

the patterns of acoustic densities varied between the AC and C according to the frequency dur-

ing both day and night. During the day, the C showed higher NASC in the surface layer at the

18 and 70 kHz compared to the AC (KW, pairwise comparisons, p< 0.05; Fig 5). However, at

the 38, 120 and 200 kHz, the AC showed higher NASC than the C in the surface layer during

the day (KW, pairwise comparisons, p< 0.05). The C showed higher NASC at night in the

Table 4. Mean ± standard deviation daytime (D) and nighttime (N) 18–200 kHz acoustic metrics in the anticyclone (AC), cyclone (C), and transition zone (TZ).

The maximum echo-integrated depths were 1000 m, 800 m, 450 m, 250 m, and 120 m for the 18, 38, 70, 120 and 200 kHz, respectively.

Frequencies (kHz) Time of day Oceanographic structures Total sA (m2 nmi−2) DVM Strength

18 D AC 1022 ± 250 0.38 ± 0.63

C 1565 ± 450 0.61 ± 0.73

TZ 940 ± 156 0.29 ± 0.19

N AC 2008 ± 168

C 2688 ± 652

TZ 1903 ± 686

38 D AC 2139 ± 335 0.50 ± 0.64

C 2518 ± 611 0.42 ± 0.45

TZ 1907 ± 414 0.44 ± 0.06

N AC 2583 ± 268

C 2495 ± 805

TZ 2435 ± 812

70 D AC 593 ± 117 0.51 ± 0.38

C 1034 ± 341 0.05 ± 0.08

TZ 731 ± 231 0.46 ± 0.20

N AC 921 ± 96

C 1518 ± 447

TZ 1061 ± 360

120 D AC 272 + 42

C 190 + 125

TZ 175 + 45

N AC 603 + 60

C 626 + 222

TZ 591 + 203

200 D AC 293 + 56

C 251 + 209

TZ 199 + 44

N AC 611 + 70

C 768 + 357

TZ 638 + 232

https://doi.org/10.1371/journal.pone.0309840.t004
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surface depth category at the 18 and 200 kHz compared to the AC (KW, pairwise comparisons,

p< 0.05). However, the AC (1769 m2 nmi-2) showed higher NASC than the C (1229 m2 nmi-2)

at the 38 kHz frequency (KW, pairwise comparisons, p< 0.05), and the NASC values were sim-

ilar between the AC, C, and TZ at the 70 kHz frequency (KW, pairwise comparisons, p> 0.05;

Fig 5) in the surface layer at night.

3.3 Densities of echo-classes

The NASC of echo-classes 1, 3, and 4, were significantly different between the AC, C, and TZ

during daytime and nighttime (PERMANOVA, pairwise comparisons, p< 0.05). The mean

daytime total NASC of echo-classes 1, 3 and 4 was higher in the C compared to the AC and TZ

(Table 5). Echo-class 2 showed higher daytime NASC in the AC compared to the C and TZ.

The nighttime NASC of the echo-classes was more variable between oceanographic structures,

with the echo-class 1 showing greater values in the TZ compared to the AC and C. Echo-class

2 showed similarly high values in the AC and TZ compared to the C. Echo-class 3 showed

Fig 5. Stacked bar charts of NASC, sA, during day (D) and night (N) at the 18, 38, 70, 120, and 200 kHz within the surface (top 200 m),

intermediate (200–400 m), and deeper layers (> 400 m) in the anticyclone (AC), cyclone (C), and transition zone (TZ).

https://doi.org/10.1371/journal.pone.0309840.g005
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higher values in the C compared to the AC and TZ, and echo-class 4 showed higher values in

the AC and lower values in the C.

The frequency response curves of echo-class 1 peaked at 38 kHz and levels off at higher fre-

quencies (Fig 6). Echo-classes 2 and 4 also peaked at 38 kHz and decreased at 70 kHz. The fre-

quency response curve of echo-class 2 increased with a steeper slope from 18 kHz and

Table 5. Mean ± standard deviations daytime (D) and nighttime (N) nautical area scattering coefficient, sA (m2 nmi-2) from 15 to 250 m, of echo-classes 1 to 4 in

the anticyclone (AC), cyclone (C), and transition zone (TZ).

Echo-class number Time of day Oceanographic structures Mean ± standard deviation

Echo-class 1 D AC 184 ± 48

C 191 ± 118

TZ 141 ± 51

N AC 75 ± 40

C 52 ± 59

TZ 88 ± 83

Echo-class 2 D AC 372 ± 172

C 143 ± 120

TZ 210 ± 178

N AC 176 ± 94

C 23 ± 65

TZ 177 ± 220

Echo-class 3 D AC 42 ± 56

C 142 ± 176

TZ 62 ± 48

N AC 933 ± 223

C 1970 ± 608

TZ 890 ± 647

Echo-class 4 D AC 109 ± 49

C 182 ± 145

TZ 104 ± 65

N AC 1708 ± 325

C 769 ± 555

TZ 1275 ± 640

https://doi.org/10.1371/journal.pone.0309840.t005

Fig 6. Frequency response curves at 18, 38, 70, and 120 kHz frequencies of echo-classes 1 to 4 during nighttime.

Mean Sv is shown by the solid lines and confidence intervals with the dashed lines.

https://doi.org/10.1371/journal.pone.0309840.g006
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decreased with a steeper slope at higher frequencies compared to echo-class 4. Echo-class 3

was dominant at 18 kHz and decreased at higher frequencies.

3.3.1 Environmental influence on echo-classes. The four echo-classes were vertically

structured according to the stratification of the water column in the AC, C and TZ (Fig 7).

Echograms showed echo-class 3 being dominant between 100–150 m of the water column dur-

ing nighttime in the AC, corresponding with moderate temperature, salinity and fluorescence

values compared to other depths (Fig 7a). Echo-class 4 was dominant at 50 m, corresponding

with the 28˚C isotherm, and the maximum fluorescence values extending from 50 to 100 m. In

the C, the distribution of echo-class 1 followed the shallowing of the thermocline, halocline

and fluorescence maximum depth from 100 m to 50 m during sunrise and daytime (Fig 7b).

Fig 7. Left-hand panels: Echograms of Sv values from the surface to 250 m for the echo-classes 1 to 4 in the (a) anticyclone (AC), (b) cyclone (C) and (c) transition

zone (TZ). Nighttime is denoted by the black rectangles below the echograms, sunrise in orange, and daytime in white. Right-hand panels: Vertical section plots of

temperature (˚C), salinity, and fluorescence (mg m-3) in the (a) AC, (b) C and (c) TZ, corresponding spatially and temporally to the RGB echograms of the left-

hand panels.

https://doi.org/10.1371/journal.pone.0309840.g007
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Echo-classes 2 and 4 were dominant in the first 50 m of the water column in the C where tem-

perature values were high, and salinity and fluorescence low. Echo-class 3 showed a downward

migration as the sun rose, from 200 m to deeper depths in the C below the thermocline, halo-

cline and fluorescence maximum depth. In the TZ, echo-classes 1 and 2 did not show a marked

vertical stratification with the environmental variables (Fig 7c). Echo-class 3 was highly domi-

nant in the first 50 m during nighttime in the TZ where fluorescence values were highest and

deepened with the deepening halocline and fluorescence maximum depth during sunrise.

Echo-class 4 peaked in a fine layer complementary to echo-class 3 above the maximum fluores-

cence values, and showed the highest values in the first 150 m during sunrise, following the

temperature, salinity and fluorescence gradients.

The selected GAMMs of echo-classes 1 to 4 explained 59%, 31%, 89%, and 93% of model

variances with different oceanographic variables influencing predicted sA values of echo-clas-

ses. For echo-class 1, the main variables explaining the variance of sA values were the mean

EKE between 24 and 100 m and the fluorescence between 100 and 200 m (p< 0.05) (Fig 8).

The only variable explaining the variance of sA values for echo-class 2 was the salinity between

15 and 100 m. The sA values of echo-class 3 were positively influenced by salinity between

100–200 m, negatively by fluorescence 100–200 m, increased due to the mean EKE 200–248 m

before reaching a plateau at high EKE values, decreased at low temperatures and increased at

higher temperatures (p< 0.05). The sA values of echo-class 4 were influenced by the mean

EKE between 24–248 m, fluorescence 200–250 m, salinity 100–250 m, and temperature 15–

100 m and 200–250 m (p< 0.05).

The daytime CAP for echo-class 1 accounted for 63% of the total variability in the daytime

acoustic data (Table 6). The first CAP axis (CAP1) accounted for 97% of the variance in day-

time acoustic data of echo-class 1 and primarily separated the C from the AC and TZ (Fig 9a),

with a strong positive correlation with fluorescence in the first 100 m (in the C), and a strong

negative correlation with deeper fluorescence (100–200 m) (in the AC). The second axis

(CAP2) accounted for only 3% of the variance in the dataset and the sA values of echo-class 1

in the AC and TZ were driven by high EKE in the first 100 m (Table 6). The nighttime CAP1

axis of echo-class 1 showed strong negative correlations with fluorescence between 100–200 m

and 15–100 m in the AC and TZ and explained 91% of the total variance. The CAP2 axis

explained 9% of the total variance and showed a strong negative correlation with the mean

EKE between 24–100 m in the TZ.

The CAP analysis explained 24% of the total variability in the daytime and nighttime sA val-

ues of echo-class 2, with the first axis (CAP1) accounting for most of the variance (99%) and

showing a strong negative correlation with salinity between 15–100 m and a positive correla-

tion with fluorescence between 100–200 m in the AC and TZ (Fig 9b). The sA values of echo-

class 2 along CAP2 were largely driven by high EKE between 24 and 100 m in the AC and TZ

(Table 6). The C was poorly represented in this CAP analysis due to a small number of data

points.

Daytime sA values of echo-class 3 showed a strong separation between the C driven posi-

tively by salinity between 100–200 m, and the AC and TZ showing strong negative correlations

with temperature between 100–200 m along CAP1 which explained 98% of the variance (Fig

9c). Daytime sA values of echo-class 3 in the AC and TZ were strongly positively driven by

EKE between 200–248 m along CAP 2 which explained 1% of the variance (Table 6). The

nighttime CAP of echo-class 3 explained 55% of the total variability compared to 41% of the

variability in the daytime CAP. The C and AC showed a clear separation along CAP1 and

CAP2 which explained 96% and 4% of the total variance, respectively. The sA values of the

echo-class 3 in the C were positively driven by fluorescence between 100–200 m along CAP2

and negatively by salinity between 100–200 m along CAP1. The sA values of echo-class 3 in the
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Fig 8. Smooth functions for the GAMMs showing the influence of significant covariates on the NASC values of echo-classes 1 to 4. The y-axes show the

smooth function of each covariate, with the estimated degrees of freedom in brackets. The predicted models are shown by solid lines and the 95% confidence

intervals by filled contours. Data observations are shown on the x-axis.

https://doi.org/10.1371/journal.pone.0309840.g008
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AC were positively driven by EKE between 200–248 m and temperature between 100–200 m

along CAP1.

The daytime CAP analysis accounted for 64% of the total variability in the sA values of

echo-class 4, with a clear separation along CAP1 between the C (driven positively by fluores-

cence and salinity between 15–200 m), and the AC and TZ (Fig 9d). Similarly to echo-classes 1

and 2, EKE between 24–100 m was strongly positively correlated with CAP2 in the AC and

TZ. The daytime sA values of echo-class 4 in the AC and TZ were further characterized by neg-

ative correlations with deep fluorescence (100–250 m) and shallow and deep temperature val-

ues (15–250 m) along CAP1 (Table 6). The nighttime sA values of echo-class 4 in the C were

separated from the AC, with the C being negatively driven by EKE 200–248 m along CAP1

and fluorescence 100–200 m along CAP2. The TZ was not represented in the nighttime CAP

analysis of echo-classes 3 and 4 due to lack of matching temporal and spatial resolutions

between the environmental and acoustic datasets.

3.3.2 Biological significance of echo-classes. Since scattering models parametrized using

values of speed of sound in the water at 25 m and 200 m depths, were classified into similar

echo-classes, results are given only for the 25-m depth category in Table 7. The scattering mod-

els representing copepods (less than 3 mm), fluid-like organisms (3–5 mm), and euphausiids

Table 6. Environmental predictor loadings for the daytime and nighttime CAP analyses of echo-classes 1 to 4. Predictors� 0.6 on either of the first two CAP axes are

shown in bold. Percentage variability is given in between parentheses.

Echo-class number Environmental Predictors CAP1 CAP2 CAP1 CAP2

Day (63%) Night (91%)

Echo-class 1 EKE 24–100 m −0.24 0.97 −0.05 −1.00

Fluorescence 100–200 m −1.00 −0.08 −0.89 −0.05

Fluorescence 15–100 m 0.89 −0.35 −0.68 −0.34

Echo-class 2 Day and Night (24%)

EKE 24–100 m 0.04 0.72

Fluorescence 100–200 m 0.67 0.13

Salinity 15–100 m −0.79 0.37

Salinity 200–250 m 0.43 −0.16

Echo-class 3 Day (41%) Night (55%)

EKE 200–248 m −0.52 0.82 0.67 0.25

Fluorescence 100–200 m −0.97 0.16 0.32 0.78

Salinity 100–200 m 0.86 0.05 −0.84 0.50

Temperature 100–200 m −1.00 0.06 0.88 −0.47

Echo-class 4 Day (64%) Night (45%)

EKE 24–100 m −0.20 0.60 −0.27 −0.35

EKE 100–200 m −0.59 0.31 −0.54 −0.50

EKE 200–248 m −0.56 0.47 −0.66 −0.18

Fluorescence 15–100 m 0.86 −0.12 0.01 −0.05

Fluorescence 100–200 m −0.96 −0.09 −0.05 −0.79

Fluorescence 200–250 m −0.87 0.11 −0.05 −0.28

Salinity 15–100 m 0.96 0.04 0.03 0.05

Salinity 100–200 m 0.97 0.03 0.04 0.10

Salinity 200–250 m −0.33 −0.05 0.07 −0.03

Temperature 15–100 m −0.92 −0.01 0.17 −0.52

Temperature 100–200 m −0.97 −0.07 0.02 −0.28

Temperature 200–250 m −0.96 −0.05 0.12 −0.02

https://doi.org/10.1371/journal.pone.0309840.t006
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(3 and 4.6 mm) were classified into echo-class 1 (Table 7). Echo-class 2 was represented by

organisms with small gas bubbles (0.16 mm). Echo-class 3 included gas-filled swimbladdered

fish (25−185 mm), siphonophores with pneumatophore (0.5−1.5 mm), ͢organisms with spher-

ical and ellipsoid gas bubbles of varied sizes, and large euphausiids (10.5 mm). Echo-class 4

was represented by small siphonophores with pneumatophores (0.3 mm). A total of 47 models

comprising small swimbladdered fish and siphonophores with pneumatophore (5 and 0.1

Fig 9. Daytime and nighttime canonical analysis of principal components (CAP) for (a) echo-class 1, (b) echo-class 2, (c)

echo-class 3, and (d) echo-class 4. Each point represents one sA value coloured by oceanographic structure (AC:

anticyclone, C: cyclone, and TZ: transition zone). The direction and length of the arrows mark the direction and rate of

steepest increase of the given significant environmental variable. Percentage variability along each axis is given in between

parentheses.

https://doi.org/10.1371/journal.pone.0309840.g009
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mm, respectively), copepods (0.05 to 0.77 mm), high pass fluid-sphere representing gastropods

(0.5 to 2 mm), fluid-like organisms representing salps and shrimps, organisms with gas bub-

bles and euphausiids of a wide range of sizes were not classified into any of the 4 echo-classes

(S3 File).

4. Discussion

Previous studies investigated the influence of eddies and fronts on overall mesopelagic com-

munities at a few working frequencies [5, 10, 25, 26, 39, 46]. This study used a four-frequency

Table 7. Theoretical scattering models classified into the four echo-classes 1 to 4. The Escore value gives the rela-

tive position of each scattering model to the centroid of the echo-class. The smaller the Escore value, the closer the

model is to the centroid of that echo-class.

Echo-class number Model ESR (mm) Escore

Echo-class 1 Copepod (DWBA) 1.21 21

Copepod (DWBA) 1.9 4

Copepod (DWBA) 3 4

Fluid, bent cylinder 3 9

Fluid, bent cylinder 5 2

Fluid, bent cylinder 3 9

Fluid, bent cylinder 5 2

Euphausiids (DWBA) 3 13

Euphausiids (DWBA) 4.6 3

Echo-class 2 Gas bubble—spherical 0.16 8

Echo-class 3 Hybrid fish 25 2

Hybrid fish 45 4

Hybrid fish 65 4

Hybrid fish 85 4

Hybrid fish 105 4

Hybrid fish 125 3

Hybrid fish 145 2

Hybrid fish 165 1

Hybrid fish 185 1

Hybrid siphonophore 0.5 7

Hybrid siphonophore 0.7 0

Hybrid siphonophore 0.9 2

Hybrid siphonophore 1.1 3

Hybrid siphonophore 1.3 3

Hybrid siphonophore 1.5 3

Gas bubble—ellipsoid 0.53 16

Gas bubble—ellipsoid 0.95 18

Gas bubble—ellipsoid 1.71 11

Gas bubble—ellipsoid 3.08 18

Gas bubble—ellipsoid 10 17

Gas bubble—spherical 0.95 12

Gas bubble—spherical 1.71 15

Gas bubble—spherical 5.55 23

Gas bubble—spherical 10 5

Large euphausiids (DWBA) 10.5 19

Echo-class 4 Hybrid siphonophore 0.3 1

https://doi.org/10.1371/journal.pone.0309840.t007
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approach to identify acoustic groups potentially representing several types of mesopelagic

organisms, and investigated the influence of an AC, C and the TZ between the two eddies on

their distributions. We describe the application of the Escore algorithm on multifrequency

echosounder data for the first time, and the open-source code is made available to facilitate

future implementations of the method.

4.1 The Escore algorithm relative to other multifrequency backscatter

classification approaches

The echosounder frequency and size, shape, orientation and material properties of marine

organisms strongly influence acoustic echo levels [47]. Previous multifrequency methods

developed over years of collecting and analysing multifrequency acoustic data classified the fol-

lowing groups of scatterers: gas-bearing organisms (fishes with swimbladder, and siphono-

phores with pneumatophores), fluid-like zooplankton (amphipods, euphausiids, decapods,

gelatinous, jellyfish, squids, and fishes without swimbladders), and elastic shelled organisms

such as pteropods, across many environmental and biological conditions [7, 9, 12]. Broad cate-

gories of scatterers have distinct frequency response curves in the 10–200 kHz frequency band

[9]. The relative frequency response has been widely used as a basic indicator for attributing

acoustic backscatter energy to the broad categories of scatterers [8, 10] over a wide range of

animal sizes (or acoustic frequencies) [12, 34, 37, 48].

The Escore algorithm has similarities to previous multifrequency methods for backscatter

classification. RGB echograms are useful triple-frequency visualization tools to determine the

vertical patterns of organisms responding at several frequencies [11]. The concept of combin-

ing two objective functions, namely a supervised ROI selection from inspection of echograms,

and an unsupervised clustering approach is similar to previous work on semi-supervised clas-

sification of multifrequency data (e.g., [49–51]). [13] also divided echograms into segments,

calculated several metrics to describe the distribution of acoustic density in each segment and

used ordination and clustering to assign the echogram segments to a reduced number of cate-

gories or clusters. [14] used the SHAPES (shoal analysis and patch estimation system) algo-

rithm [52] to select discrete schools and calculated frequency sums and a classification tree.

[53] also used a ROI detection step and ROI classification to distinguish Atlantic herring

schools in multi-frequency echograms. In the absence of discrete schools within our oceano-

graphic environment, we developed the ROI selection step to isolate acoustic structures with

homogeneous frequency responses.

The Escore approach uses clustering methods on pairwise frequency differences (character-

ized by normalizing the backscatter to the 38 kHz reference frequency by convention) [12] to

classify scatterers into distinct acoustic groups. Similar to [8], the distribution of cell-averaged

ΔSv is assumed to approximate a normal distribution and the deviations of an observed fre-

quency difference from a frequency pair observed in any sample, is summarized by the normal

deviate or Z-score. Following the suggestion of [8], as a measure of refinement of the Z-score

approach to maximize the probability of discrimination between scatterers, four frequencies

were used in Step 1 of the Escore method as a pre-processing step to isolate biological struc-

tures of interest before conducting a K-means clustering at frequency pairs at which these

structures differ. K-means are the most commonly used clustering techniques which partition

data into a predetermined number of clusters with the aim to minimize the dissimilarity

within groups [12]. While choosing the number of clusters a priori and the inability to deal

with outliers are often seen as drawbacks of K-means, we leveraged these aspects to our advan-

tage by selecting only 1 cluster within each ROI to represent a single coherent biological

structure.
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While the Escore algorithm does not solve “the grand challenge” of identification of organ-

isms to the species level using multifrequency acoustic data [54], it may provide substantial

insight into the vertical distribution of scatterers in the water column, especially when com-

bined with other multifrequency acoustic visualization tools (such as RGB echograms), statisti-

cal techniques and theoretical scattering models fine-tuned with trawl observations if

available. Furthermore, this approach can be applied using different frequencies, for varied sci-

entific objectives and/or in various oceanographic environments.

4.2 Influence of mesoscale eddies and fronts on the distribution of

mesopelagic organisms

It has been well documented in various oceans that water mass properties in mesoscale eddies

and fronts influence the distribution and composition of mesopelagic organisms, including

micronekton: Mid-Atlantic Ridge [46], Canary Archipelago [55, 56], South West Indian

Ocean [5, 24–26], northern Gulf of Mexico [43], north Atlantic [57–59], eastern Pacific [39],

western North Pacific subtropical gyre [60], south Pacific [61], and Southern Ocean [62].

Mesoscale eddies create thermal niches that support growth of different species, enhance pro-

ductivity which can possibly lead to greater feeding opportunities [58, 59, 63], and act as

“oases” [46] or “buses” by trapping and transporting micronekton inside their core [57], com-

pared to the surrounding waters.

While studies showed greater micronekton acoustic densities in cyclones compared to

anticyclones [24], others observed greater densities in anticyclones [18, 46, 58]. The warm

cores of anticyclonic eddies are believed to increase the metabolic rates of micronekton [58],

likely increasing biomass [64]. Studies showing greater micronekton acoustic densities in

cyclones also showed these systems to be more productive than anticyclones [24]. Consistent

with previous observations in the Mozambique Channel, the C encountered in our study was

more productive than the AC and showed greater daytime total NASC at the 18, 38 and 70

kHz, and nighttime NASC at the 18, 70, 120 and 200 kHz frequencies. The AC showed

greater daytime total NASC than the C at higher frequencies (120 and 200 kHz) and greater

nighttime NASC at the 38 kHz. These observations demonstrate that different organisms, or

similar organisms but of different sizes are influenced differently by cyclones and anticy-

clones depending on the time of day. Some groups of organisms seem to be concentrated

mostly within the C and others in the AC of the Mozambique Channel during daytime or

nighttime.

The DVM pattern of mesopelagic organisms was shown by the higher NASC observed in

the surface layer during nighttime in the AC, C and TZ at all frequencies compared to day-

time, similar to previous studies [2, 5, 65]. The DVM signal was different at different fre-

quencies in the AC, C and TZ despite these areas being spatially close to each other. The

cores of eddies showed greater total NASC and proportion of migrating organisms than the

TZ, at most frequencies. An inverse migration pattern (with greater NASC in the surface

layer during the day compared to the deep layer) in the C which was previously observed in

the South West Indian Ocean and was related to enhanced feeding opportunities for micro-

nekton and/or reduction in competition with other conspecifics [24], was not apparent in

this study. Eddies of the South West Indian Ocean therefore show varied influences on the

DVM of mesopelagic organisms, likely related to eddy properties such as the formation,

intensity, age, duration, and eddy-induced Ekman pumping [66]. Eddy influences on DVM

may also be related to the biological properties of organisms such as community structure,

swimming patterns and speeds, and responsiveness of organisms to physical oceanographic

variables.
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4.3 Influence of eddies and front on the distribution of acoustic groups

Preliminary observations indicate that small fluid-like organisms such as copepods and

euphausiids are potential candidates for the frequency response curve of echo-class 1 which

shows an increasing relative frequency response between 18 and 38 kHz [38, 67, 68]. The echo-

grams of echo-class 1 in the C showed a strong association with the fluorescence maximum

depth between 50 and 100 m. The potential zooplankton comprising echo-class 1 may be fol-

lowing their phytoplanktonic prey.

The only potential candidate for echo-class 2 are organisms with small gas bubbles showing

a strong resonance at 38 kHz, possibly corresponding to small siphonophores and small gas-

bearing mesopelagic fishes of juvenile stages [69]. Furthermore, echo-class 2 showed no appar-

ent vertical stratification between the AC, C, and TZ, but with a marked preference for the AC

during daytime and AC and TZ during nighttime (as shown by total NASC values). The verti-

cal distributions of the small siphonophores and small gas-bearing fishes of juvenile stages

comprising echo-class 2 may be sensitive to the vertical salinity barriers in the mesoscale struc-

tures as shown by the echograms, vertical section of the MVP data (Fig 7), and the GAMM plot

(Fig 8).Organisms with gas bubbles, siphonophores with pneumatophores and gas-filled swim-

bladdered mesopelagic fish (larger than those showing a resonance at 38 kHz) may present

high backscatter values at 18 kHz [8, 10, 70] potentially consistent with echo-class 3. Compared

to the other echo-classes, echo-class 3 showed a higher total NASC within the C relative to the

AC and TZ both during daytime and nighttime. It was mainly influenced by salinity, tempera-

ture and fluorescence within the intermediate 100–200 depth range and mean EKE at deeper

depths (200–248 m) compared to the other echo-classes. As shown by the echograms, some of

the organisms comprising echo-class 3 migrated vertically downward at sunrise while some

remained at the surface during daytime. A great proportion of mesopelagic fishes are known to

be diel vertical migrants [70] and may likely be some of the potential candidates of echo-class 3.

Siphonophores of smaller sizes than those of echo-class 3, are potential candidates belong-

ing to echo-class 4 that appear to be influenced differently by the vertical gradients of tempera-

ture and salinity, compared to the other echo-classes. Depending on their size and depth, gas-

bearing organisms such as siphonophores and pyrosomes may present a maximum echo at the

38 kHz [70–72], as observed in this study.

Eddies have been associated with distinct zooplankton communities and assemblages [73]

which are attractive to different micronekton communities, hence the varied NASC between

physical oceanographic structures and at different frequencies. These observations support an

emerging understanding of dynamic behavioural responses of predators with respect to their

prey, which leads to the restructuring of the zonation of mesopelagic organisms [74, 75]. Stud-

ies have also shown that mesopelagic organisms have different affinities for water masses with

distinct temperature, salinity, chlorophyll and sea surface height gradients [39, 43, 62], consis-

tent with findings of this study whereby the four echo-classes, representing gas-bearing and

fluid-like organisms, were structured differently in the AC, C, and TZ according to the depths

of the thermocline, halocline and fluorescence maximum. A strong correlation between the

acoustic densities of echo-classes (especially echo-class 4 which potentially represent small

siphonophores) and environmental variables at intermediate (100–200 m) and deeper depths

(greater than 250 m) is consistent with the downwelling processes that characterise anticy-

clones. We cannot exclude the potential influence of other environmental drivers not exam-

ined here, such as dissolved oxygen, light intensity, and nutrients on the distribution of

mesopelagic organisms [39, 62, 76].

Studies have suggested that micronekton are generally lethargic when not migrating or

escaping from a threat [77] and only initiate movement in response to a stimulus such as
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gradients in temperature, pressure or light [63]. From the inner core of a mesoscale eddy,

micronekton inhabiting deeper layers during daytime must be able to perceive and respond to

gradients on scales that are several orders of magnitudes larger than their body size since the

closest horizontal gradients in these structures are tens or hundreds of kilometres above [63],

with higher interactions between eddies and micronekton occurring during nighttime after

organisms have migrated. Eddy persistence and duration over several days and eddy recur-

rence in the Mozambique Channel [78] can allow for sufficient time for micronekton to

respond to physical oceanographic changes in their environment. The echo-classes in the TZ

were highly correlated to mean EKE within the first 250 m of the water column. TZ usually

show strong current speeds extending to 400 m [24]. These zones aggregate distinct communi-

ties of smaller and weaker swimmers not being able to traverse these strong barriers [73]. This

study shows that in the TZ, echo-classes 3 and 4 were vertically structured according to tem-

perature, salinity and fluorescence gradients. In contrast to [59], we showed that the TZ may

possibly attract a small proportion of stronger swimmers such as organisms with large gas bub-

bles peaking at 18 kHz (echo-class 3). Drifting particles such as plankton are likely to concen-

trate in the frontal structures and be carried along in the current flow within these zones

(Fig 7c) [16], thereby possibly attracting these larger-sized diel vertical migrants.

5. Conclusion

Biological resources in the ocean are non-uniformly distributed across various spatial and tem-

poral scales [79] and are modulated by a variety of processes including mesoscale features such

as eddies and fronts. Ocean warming and subsequent decline in chlorophyll is predicted to

impact the dynamics of mesoscale eddies [80], decrease the biomass and deepen micronekton

in the tropics [81]. Current knowledge gaps regarding how specific groups of mesopelagic

organisms are influenced by mesoscale eddies limit our understanding of how changes in eddy

dynamics may impact populations [59], and is of particular relevance in the context of a warm-

ing ocean and interests in the commercial exploitation of these organisms. This study used a

multi-frequency acoustic backscatter classification approach to investigate the influence of

mesoscale eddies on mesopelagic organisms. We demonstrated the potential of the Escore

algorithm in a real-world test case. Mesoscale eddies are common features in the Mozambique

Channel and regularly interact with mesopelagic organisms along their paths. The mesopelagic

composition of the sampled mesoscale eddies in the Mozambique Channel is heterogeneous,

with no particular type of scatterer dominating at all frequencies. The varying migration pat-

terns of mesopelagic organisms also changed the relative day/night abundances of different

groups at any given depth, potentially affecting the balance of dominant scatterers. This study

showed a link between the physical processes associated with eddies and fronts and the biolog-

ical response of different groups of mesopelagic organisms. We suggest using the Escore algo-

rithm as a tool with validation from trawl catches, eDNA presence/absence data, and/or

theoretical scattering models in the absence of trawl and eDNA data, to discriminate and clas-

sify multi-frequency acoustic backscatter into several groups representing various mesopelagic

organisms, even in physical oceanographic environments which are heterogeneous.
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