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Sound scattering layers (SSLs) are vital components of marine ecosystems, yet
their morphometric and distributional characteristics remain understudied. This
study investigates the SSL core in the southwestern Indian Ocean using a 38 kHz
echosounder, focusing on its attributes across latitudinal gradients (20-4°S,
65°E) and three depth layers: epipelagic (0—-100 m), intermediate (100-300 m),
and mesopelagic (300-600 m). Our findings reveal the highest average
acoustic values in the epipelagic layer (-72.9 dB), followed by the
mesopelagic layer (-77.8 dB) and the intermediate layer (-82.5 dB). The SSL
core was more prominent in northern latitudes (NLS) and showed greater depth
variability in southern latitudes (SLS), with vertical profile peaks at 42.2 m and
431.1 m. In the NLS, the SSL core was longer (18,358 m > 6,788 m), thicker (13.8
m > 11.7 m), and more concentrated (aggregation index: 0.0053 m™ > 0.004
m™), as well as more dispersed from the center (inertia: 269.9 m? > 112.7 m?).
Notably, depth and acoustic fluctuations were more pronounced over circadian
cycles in the SLS than in the NLS. Multiple regression analysis revealed that
oceanographic factors influencing acoustic values varied by depth, highlighting
the complex interactions within SSL ecosystems. These insights enhance our
understanding of SSL dynamics and their implications for long-term monitoring
and climate influence assessment.
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1 Introduction

The Indian Ocean, covering approximately 20% of the global
ocean area, is a unique and important marine environment that
remains poorly understood than the Pacific and Atlantic Oceans. Its
distinctive geographical setting, with a northern boundary in the
tropics, contributes to a monsoon climate characterized by seasonally
reversing winds and substantial summer rainfall, setting it apart from
other major oceans. As the warmest of the major oceans, with an
average equatorial temperature of around 28°C, the Indian Ocean’s
shape—bounded to the north by Asia—plays a crucial role in its
hydrology and climate interactions. Distinct oceanographic and
climatic features in the Indian Ocean influence the distribution and
abundance of marine life, including large predatory species such as
yellowfin tuna, bigeye tuna, swordfish, and mesopelagic organisms.
Marine fauna are distributed across various biogeochemical
provinces under different environmental conditions, including sea
surface temperature (SST), chlorophyll-a (Chl-a) concentration,
salinity, water column stratification, and thermocline depth
(Turner, 1984; Bakun et al., 1998; Bertrand et al., 2002; Potier et al.,
2007, 2008, 2014; Reygondeau et al., 2012). Recent studies show that
rising ocean temperatures adversely affect marine ecosystems, with
phytoplankton—the base of the marine food web—declining by up to
20% over the past 60 years (Roxy et al,, 2016; Smitha et al., 2023;
Wang et al., 2023).

In the southwestern Indian Ocean, an open-ocean upwelling
referred to as Seychelles-Chagos Thermocline Ridge (SCTR) or
Thermocline Ridge of the Indian Ocean (Yokoi et al., 2008; Hermes
and Reason, 2009; Jayakumar et al., 2011), influences ecosystem-
biogeochemical variability and climate phenomena such as the
Indian Ocean Dipole (IOD), El Nifo Southern Oscillation, and
Madden-Julian Oscillation (Baquero-Bernal et al., 2002; Li et al,
2014; Burns and Subrahmanyam, 2016; D’Addezio and
Subrahmanyam, 2018). This upwelling region, located from 2°S to
15°S, is driven by mean westerly winds and their associated curl,
contrasting with the easterly and southeasterly winds of the Pacific
and Atlantic Oceans (Schott and McCreary, 2001; Schott et al,
2009; Wang and McPhaden, 2017). It is characterized by a thin
mixed layer and a shallow thermocline depth, often represented by
the 20°C isotherm depth (D20), which indicates subsurface
upwelling strength (Xie et al., 2002; Schott et al., 2009; Lee et al,,
2022). Biogeochemical cycles in this upwelling region affect upper
ocean nutrients and marine organisms, such as micronekton,
phytoplankton, and tuna species that forage in phytoplankton
habitats (Xie et al., 2002; Lan et al., 2013; Kumar et al., 2014;
Marsac, 2017; George et al, 2018). Dome-like features resulting
from open-ocean upwelling have significant ecological implications,
including nutrient enrichment, enhanced biological productivity,
biodiversity hotspots, carbon sequestration, oceanic oxygen supply,

Abbreviations: SSL (Sound Scattering Layer); CTD (Conductivity-Temperature-
Depth); MVBS (Mean Volume Backscattering Strength); Sv (Volume
Backscattering Strength); EL (Epipelagic Layer); IL (Intermediate Layer); ML
(Mesopelagic Layer); SLS (Southern Latitude Section); NLS (Northern Latitude
Section); CM (Center of Mass); NASC (Nautical Area Scattering Coefficient);
SCTR (Seychelles-Chagos Thermocline Ridge); IOD (Indian Ocean Dipole).
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and climate regulation. These features bring nutrient-rich waters
from deeper layers to the surface, facilitating phytoplankton growth
in the euphotic layer due to essential nutrients such as nitrogen,
phosphorus, and iron, thereby supporting the entire marine food
web. Upwelled nutrients fuel phytoplankton blooms that support
zooplankton and other marine organisms, creating a productivity
cascade that benefits fisheries and ecosystems (Filipe, 1997; Dai
et al., 2016; Decima et al., 2016; Ndour et al., 2018).

Marine fauna in the open ocean exhibit complex structures
influenced by spatial and temporal scales, with variability driven by
factors such as temperature, currents, predator density, and food
availability. A significant portion of this biomass is concentrated in
sound scattering layers (SSLs), first observed in echosounders in the
mid-20th century. SSLs consist of diverse species, including
myctophids, stomiiform fish, squid, shrimp, and gelatinous
zooplankton, complicating biomass estimation using acoustic data
alone (Kloser et al., 2009; Pefia et al., 2014; Klevjer et al., 2016;
Knutsen et al., 2017; Proud et al,, 2017; Annasawmy et al., 2018;
Kang et al., 2024). Multifrequency acoustic backscatter data provide
valuable ecological insights, revealing that biogeographic patterns
and hydrographic features influence SSL structure (Kang et al,
2024). SSLs often undertake diel vertical migrations (DVM),
moving from the mesopelagic zone (200-1000 m) to near-surface
waters at night to avoid visual predators and forage (Ariza et al.,
2016; Proud et al.,, 2017; Gjeseter et al., 2020; Kang et al., 2021).
These vertical migrators play crucial roles in marine food webs and
biogeochemical cycles, linking surface primary production to higher
trophic levels and contributing to the downward flux of nutrients
and organic matter (Danckwerts et al., 2014; Jaquemet et al., 2014;
Sato and Benoit-Bird, 2017; Kang et al, 2021). Recent studies
suggest that the global biomass of mesopelagic fish might be
significantly underestimated, highlighting the need for better data
on biomass distribution and migration dynamics for global Earth
system models (Irigoien et al., 2014). Factors such as light intensity,
salinity, oxygen concentration, temperature, moon phase,
oceanographic and bathymetric features, and productivity affect
SSL behavior and distribution, underscoring the complexity and
ecological significance of these layers in the open ocean (Davison
et al., 2015; Klevjer et al., 2016; Aksnes et al., 2017; Proud et al.,
2017; Langbehn et al.,, 2019; Annasawmy et al., 2020; Bernal et al.,
2020; Boswell et al., 2020).

Vertical and horizontal SSL distributions under various
oceanographic conditions have been investigated to explore the
factors driving DVM and to examine species composition through
net sampling (Kloser et al., 2009; Pena et al., 2014; Klevjer et al.,
2016; Knutsen et al., 2017; Kang et al., 2024). It is well established
that SSLs are vertically thin and horizontally extensive, ranging
from tens to hundreds of meters vertically and extending
horizontally for tens to thousands of kilometers (Simmonds and
MacLennan, 2005; Lee et al., 2013; Kang et al,, 2021). In fisheries
acoustics, biological aggregations, such as schools, shoals, and
swarms, have been quantitatively defined, and several standard
protocols and methods for their identification and description are
well documented (Barange, 1994; Coetzee, 2000; Reid, 2000).
However, defining SSL boundaries remains challenging due to
their extensive horizontal spread, complicating the extraction of
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their morphological characteristics. A significant knowledge gap
exists in defining SSL cores and identifying their morphological
features and distributional dynamics. Investigating the core regions
of SSLs in the southwestern Indian Ocean, where unique ocean
environmental conditions such as the SCTR exist, and
understanding how these characteristics relate to oceanographic
parameters, are crucial research areas. This study aimed to address
these gaps and explore variations in the distribution of SSL cores
across different latitudes in the southwestern Indian Ocean.

2 Materials and methods
2.1 Field investigation

Acoustic data were collected in the southwest Indian Ocean
using a Simrad EKS80 scientific echosounder operating at 18, 38, 70,
120, 200, and 333 kHz aboard the R/V Isabu (5,894 tons). Six
transducers were positioned 6 meters below the sea surface, and this
6-meter draft was applied to all depth-related results. The cruise
departed from Port Louis, Mauritius, on May 15, 2023, with
acoustic data recorded up to 4°S latitude by May 31, 2023. The
echosounder produced no data until the cruise track shifted toward
the Maldives, resulting in usable acoustic data from 20°S to 4°S
latitude along 65°E longitude (Figure 1). The echosounder was
calibrated on February 4, 2020, following standard procedures near
Geoje Island (34°52.6830°N, 128°48.3219’E). To account for the

10.3389/fmars.2024.1481531

shift in calibration values over time, backscattering values from an
uncalibrated echosounder were compared to those from a calibrated
sounder using linear regression. Consequently, the values from the
two echosounders are proportional (Demer et al., 2015). Calibration
generally influences key acoustic parameters, including Target
Strength (TS, dB re m?), Volume Backscatter Strength (Sv, dB re
m?/m?), and the beam pattern. Specifically, parameters related to Sv
may be affected when detecting the SSL.

This study utilized the 38 kHz frequency to characterize the
SSLs. The frequency’s major and minor beam angles were 6.84° and
6.79°, respectively, with a maximum transmitted power of 2000 W
and a pulse duration of 1.024 ms. The ping rate was approximately
0.17 Hz, and a global positioning system ensured accurate data
positioning. The study area was divided into two sections along the
12°S latitude: the Northern Latitude Section (NLS) north of 12°S
and the Southern Latitude Section (SLS) south of 12°S.

A calibrated conductivity-temperature-depth (CTD) probe (SBE
911plus, Sea-Bird Electronics, USA) was used to obtain vertical
oceanographic parameters, including water potential temperature
and practical salinity. Additionally, vertical profiles of dissolved
oxygen (DO) and fluorescence were measured during the CTD
casts. Sixteen vertical CTD profiles were collected at one-degree
intervals from 20°S to 4°S along 65°E, except at 8°S. Water
temperature and salinity data were quality-controlled using
standard CTD data processing methods. DO was calibrated using
Winkler titration (Kang and Kim, 2023), and fluorescence was
calibrated using extracted chlorophyll-a sampling (Jeffrey and

10°0'0"E 40°0'0"E 70°0'0)

30°0'0"N

3000|0ns 0°0'0"

FIGURE 1

Study area (20-4°S, 65°E) of southwest Indian Ocean. Yellow circles denote CTD stations located at intervals of every 1 degree.
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Humphrey, 1975). Oceanographic parameters were derived using the
Gibbs SeaWater Oceanographic Toolbox of TEOS-10 (McDougall
and Barker, 2011) and averaged over 5-meter vertical intervals.

2.2 Acoustic data analysis

Acoustic data were analyzed using Echoview (version 14,
Echoview Software Pty., Ltd.). Of the six frequencies available,
only the 38 kHz frequency was utilized. Frequencies above 38
kHz are insufficient to penetrate the mesopelagic zone effectively
due to absorption. The 38 kHz frequency was selected due to its
widespread use in studies on SSLs across various seas globally, in
contrast to 18 kHz (Kaltenberg et al., 2007; Norheim et al., 20165
Aksnes et al., 2017; Proud et al., 2018; Escobar-Flores et al., 2020;
Gao et al, 2023). Furthermore, 38 kHz is advantageous for
comparative studies with existing research and is a standard
frequency commonly employed in fisheries acoustics. The data
analysis workflow is depicted in Figure 2. To generate a clean 38
kHz echogram, algorithms for transient noise sample removal and
attenuated signal removal were applied, eliminating spike-like noise
and signals affected by air bubble interference (Ryan et al., 2015;
Echoview, 2024). The cleaned 38 kHz echogram was then exported
to the Echoview data file format (evd), and the evd file was added as
a raw data file in Echoview, expediting the data processing. The
transient noise sample removal algorithm targets sample values
significantly higher than neighboring samples, adjusting them to
mitigate noise sources like wave-hull collisions, which often appear
as prolonged spikes on echograms. The attenuated signal removal
algorithm identifies and corrects pings with weakened signals
compared to nearby pings, typically due to air bubbles within the
water column beneath the transducer. Off-track pings were
excluded using a ping subset operator. During the expedition, a
mooring system was installed at 8°S and 65°E. Pings associated with
this system were removed, resulting in a nearly straight cruise line
from 20°S to 4°S, except the area around 8°S and 65°E.

To define the SSL cores, a Gaussian blur algorithm was applied
to the clean Sv echogram. A minimum threshold of 65 dB was set

38 kHz
Sv echogram

l —1 Gaussian blur 1 Processed
data

Transient
noise sample
removal

l

Attenuated
signal removal

I

Ping subset

Defining the SSL core

|

FIGURE 2
Diagram for acoustic data analysis. Further details are provided in
the main text.
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to isolate acoustic signals corresponding to the SSL core. The
threshold can be adjusted depending on the target species. For
stronger acoustic signals, such as those produced by schools of fish,
a threshold range of —65 to —60 dB is commonly used. This
threshold was also employed to detect the SSL core in the present
study (Diner, 2001; D’Elia et al., 2009; Rolf et al., 2009). The
Gaussian blur, acting as an image-blurring filter, uses a normal
distribution to compute data values within a sliding window of
dimensions X x Y (in this study, five samples in rows and five pings
in columns). The standard deviation, o, determines the intensity of
the blur, and the kernel cell values within the 5 x 5 convolution
kernel were derived using the equation for a two-dimensional
Gaussian distribution.

uz +VZ

1 _
G(u,v)=—— e 2’
() 2o? ¢

where u represents the index of the kernel row within the
specified sliding window, relative to the center [0,0], v denotes the
index of the kernel column within the specified sliding window,
relative to the center [0,0], and o is the standard deviation of the
Gaussian distribution (o = 1).

To extract various SSL metrics, the “school detection” algorithm,
incorporating the SHAPES algorithm within Echoview, was applied
to the echogram, which had been processed with a Gaussian blur
filter (Coetzee, 2000; Echoview, 2024). The parameters employed in
the “school detection” algorithm for defining the SSL core are
presented in Table 1. This algorithm delineated the boundaries of
SSL-like regions, enabling an examination of their morphometric and
distributional properties. Some metrics used to describe the SSL core
are conceptualized in Figure 3; a detailed description of all metrics is
provided in Table 2. Distribution dynamics-related features (inertia
and aggregation index) were challenging to represent in the figure.
Distribution depth (D) measures the distance from sea level to the
center of the SSL core, whereas top altitude (Alt,,,) measures the
distance from the excluded bottom line (600 m) to the top of the SSL
core. Length (L) is the measure adjusted to correct for beam width
effects, calculated using the formula 2D tan(¢/2), where ¢ represents
the attack angle. This angle is defined as the angle between the on-axis
line and a line extending toward the edge of the SSL core, measured at
the initiation of its detection (Diner, 2001). Thickness (T) is the mean
thickness of the detected SSL core. The center of mass (CM) is
defined as the mean vertical position of the acoustic backscatter,
calculated as the average of all sampled depths weighted by their
mean volume backscatter strength (MVBS) values. Inertia reflects the
distribution of acoustic backscatter around the CM, indicating the
spread of MVBS relative to this central position. The aggregation
index measures the degree of crowding, with higher values
corresponding to areas where acoustic density is significantly
greater than in the rest of the distribution. The morphological
features (L and T) and distributional dynamics (D, Altyop,, MVBS,
CM, inertia, and aggregation index) of SSL cores, derived from
acoustic data, were used to characterize the SSL cores. The
maximum depth of the SSL core was observed to reach up to 600
m. Therefore, subsequent data analysis was focused within this depth
range. To describe the metrics of the SSL core, relevant parameters
(see Table 2) from each SSL core identified by the “school detection”
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TABLE 1 Parameter settings for school detection algorithm used to
identify core of sound scattering layer (SSL).

Parameters Values

Minimum data threshold (dB) -80.0
Maximum data threshold (dB) (none)
Minimum total thickness of SSL core (m) 10.0
Minimum candidate length (m) 30.0
Minimum candidate thickness (m) 5.0
Maximum vertical linking distance (m) 10.0
Maximum horizontal linking distance (m) 700.0
Minimum total length of SSL core (m) 500.0

algorithm as “region-based” were exported in comma-separated
values format for further analysis.

In this study, SSL cores were categorized by depth layers: the
epipelagic layer (EL, 0-100 m), the intermediate layer (IL, 100-
300m), and the mesopelagic layer (ML, 300-600 m). To assess the
timing and depth of DVM of the SSLs, sunrise and sunset times for
the survey area’s latitude were obtained from SunCalc (2023). The
moments of echo rise and fall were manually marked on the cleaned
echogram. Specifically, the timing and depth of the upward
movement (echo rise) were determined from the point where the
acoustic signal begins to ascend, while those of the downward
movement (echo fall) were identified from the point where the
signal starts to descend, typically near 150 m. The echo rise time and
depth were specifically determined from the point where the acoustic

10.3389/fmars.2024.1481531

signal began to rise within the DVM shape, corresponding to the
center of the U-curve observed during the day.

To extract and describe oceanic environmental variables at the
SSL core locations, data on both environmental variables and
MVBS for each SSL core were collected from points where CTD
station locations coincided with the predefined SSL core locations.
The operators used in this process included “region bitmap” (CTD
region, SSL core region), “and,” and “mask” (Echoview, 2024;
electronic Supplementary Material, Supplementary Figure S1).

A range of cell sizes (6 nm x 0-100 m (EL), 100-300 m (IL), and
300-600 m (ML)) were utilized to help illustrate the horizontal
distribution of SSL cores effectively. For the vertical profiles, a cell
size of 3 nm x 5 m was used, with MVBS values presented by
dividing them into 1° latitude intervals. The same cell size was also
applied in the analysis of SSL depth and MVBS over circadian
cycles. The depth and MVBS values were calculated by organizing
them into cyclic time intervals.

To statistically analyze the relationship between acoustic values
(MVBS) and oceanographic environmental parameters, a cell size of
approximately 72 min x 5 m was employed, determined by the
locations of each CTD station. The horizontal spacing of the cells
was based on the duration of CTD performance, whereas a vertical
interval of 5 m was selected to align with the average vertical
resolution of the oceanographic parameters. Moreover, to visualize
the nautical area scattering coefficient (NASC, m?*/nm?), a proxy for
biomass, in conjunction with oceanographic features, a cell size of
100 m x 5 m was utilized. The relevant acoustic variables, adhering
to “cell-based” criteria, were exported from the cleaned Gaussian-
blurred echogram according to the specified cell sizes. During data

<
<

D CM

L*

T**

*Minimum SSL core length: 500 m

Alty,

**Minimum SSL core thickness: 10 m

’\/Sea bottom

Metrics utilized to describe SSL: D denotes mean depth; L represents mean length; T indicates mean thickness; Alt, refers to mean top altitude;
and CM signifies the center of mass. Dark colors within the SSL illustrate regions of elevated MVBS values. To detect core of SSL, parameters are
established, including a minimum core length of 500 m and a minimum core thickness of 10 m.

FIGURE 3

Frontiers in Marine Science

05

frontiersin.org


https://doi.org/10.3389/fmars.2024.1481531
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Kang et al.

TABLE 2 Definition or equation for description metrics of SSL cores
(see Figure 3).

Definition or equation

MVES de re3 Mean volume backscattering strength
m“/m

Depth (D) m Mean depth of the region

Length (L) m L,- 2 D tan ¢/2

Thickness (T) m Mean thickness of the region

Top Mean altitude of the region’s top boundary from
altitude m the exclude below line (600 m)
(Altiop)
Center of m / ZMVBS(2)
mass (CM)

/ MVBS(z)

/ (z - CM)*MVBS(z)dz
Inertia m* -

/ MVBS(z)dz
2

Aggregation . / ZMVBS(z)"dz
. m e
index (/ MVBS(2)dz)

L,: the distance between the first and last pings of a region (i.e., a detected SSL core, measured
in meters). This value is calculated as the product of the number of pings within the region and
the distance traveled by the vessel between adjacent pings.

¢: the attack angle, defined as the angle between a vertical line from the transducer and a line
extending toward the SSL core edge, measured at the initial moment of SSL detection (see
Figure 2; Diner, 2001).

z: the depth (m) of a data sample within the analysis domain.

processing, the acoustic values were converted from decibels to their
linear form before averaging.

2.3 Data visualization and
statistical analysis

ArcMap (version 10.2.2, ESRI) was used to illustrate the
horizontal distribution of the SSL cores. Ocean Data View (ODV,
version 5.7.1, AWI) was utilized to visualize oceanographic
environmental parameters and the NASC values of SSLs. Multiple
linear regression analysis was conducted to explain MVBS values
based on oceanographic environmental parameters in each depth
layer. The parameters included water temperature, salinity, DO, and
fluorescence in the EL and water temperature, salinity, and DO in the
IL and ML. Statistical analysis was performed using SPSS software
(version 27, IBM).

3 Results

3.1 SSL core echograms and
geographical distribution

The original 38 kHz Sv echogram, the Gaussian-blurred

echogram used for cell-based analysis, and the identified SSL core
from region-based analysis on the Gaussian-blurred echogram are
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shown in Figure 4. While the DVM was visible, the thickness of the
SSLs at mesopelagic depths increased significantly at lower latitudes
(NLS more than SLS), where high acoustic values were observed. In
the SSL core echogram, except at 16°S, strong acoustic values were
detected in the upper 100 m depth (EL). Additionally, high acoustic
values were observed around 400 m depth from 13°S to lower
latitudes (e.g., NLS). The geographical distribution of the SSL core
across different depth layers and the entire water column is
displayed in Figure 5. The MVBS averaged over EL (0-100 m),
ML (300-600 m), and IL (100-300 m) are —72.9 dB, -77.8 dB, and -
82.5 dB, respectively. The absence of data at 8°S should be
considered during interpretation. In the EL, high MVBS was
observed north of 14°S, while low MVBS were noted between 16°
Sand 17°S. The IL layer exhibited an overall lower MVBS compared
to the other layers. In the ML, high MVBS was observed north of
11°S. Across the entire water column (upper 600 m), high MVBS
was observed north of 12°S.

3.2 Vertical profile of the SSL core
across latitude

The initial peaks of MVBS were predominantly observed at a
shallow depth of 42.2 m (-66.5 dB) across most latitudes. However,
at 15°S, the first peak was detected at a depth of 238.5 m (-74.7 dB),
while at 16°S and 18°S, it was observed at 293.6 m (-85.3 dB) and
463.5 m (-77.6 dB), respectively. The average depth of the second
peak was 433.1 m (-72.7 dB), excluding data from 10°, 13°, 14°, and
18°S in this calculation. Based on the same station data, the average
first and second peaks in the SLS were recorded at —-68.4 dB at 45.5
m and -75.6 dB at 433.5 m, respectively. In the NLS, these peaks
occurred at —65.5 dB at 39.9 m and -71.3 dB at 432.7 m. In the NLS,
MVBS values decreased rapidly to approximately 165 m from the
near-surface, except at 7°S, where the decline extended to 333.5 m.
The SLS displayed greater variability with depth compared to the
NLS. Notably, at 14°, 16°, and 17°S, this variability was primarily
driven by low MVBS (< -135 dB), suggesting the absence of SSL
cores. The lowest recorded MVBS (approximately -131.3 dB)
occurred at 358.5 m at 17°S, while the highest (-61.6 dB) was at
43.5 m at 5°S. In general, low MVBS values were prevalent at depths
exceeding 500 m and between 100-200 m (Figure 6).

3.3 Depth and MVBS variations of the SSL
core over circadian time

The depth of SSL cores in both SLS and NLS exhibited less
variation in the ML compared to the EL and IL. In the EL, SSL core
depths varied considerably during the daytime in the SLS compared
to the NLS. The depth patterns of SSL cores in the IL were similar
between the SLS and NLS; however, after sunset, the depths in the
SLS were relatively deeper (ranging from 187 to 209 m, then 165 m)
than in the NLS (ranging from 149 to 112 m, then 155 m). In the
ML, SSL core depths were deeper in the SLS than in the NLS after
sunset (Figure 7). Overall, the MVBS of SSL cores showed more
consistency in the EL and ML in the NLS than in the SLS, although

frontiersin.org


https://doi.org/10.3389/fmars.2024.1481531
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Kang et al. 10.3389/fmars.2024.1481531

B AT i3
i [y 3
! Eoy ‘ &
¥ A —_—
I I | 13 =
! oo Y
; A L 3
iy i S S -
N
~~
-65 =
: N
1% itad
| 4! F .
| |
[ -70
Y \ 1
N
. I| | ' ! =75
4000, l
¢ .
Ll . 1.
FIGURE 4

Original 38 kHz Sv (volume backscattering strength) echogram (upper panel), the Gaussian-blurred echogram used for cell-based analysis (middle
panel), and the Gaussian-blurred echogram highlighting the identified core of the SSL (lower panel). X-axis represents latitude (or time); y-axis
represents depth.

the IL exhibited significant variation in both regions. In the SLS, the  similar in both regions, except at 1 pm, when the MVBS increased
MVBS of SSL cores showed significant differences between day and  in the NLS but decreased in the SLS. In the ML, consistent MVBS
night, with the MVBS in the EL decreasing at dawn and increasing  values (around -73 dB) were observed in the NLS from 5 am to 3
at dusk. In the IL, the MVBS patterns of SSL cores were relatively ~ pm, with a slight but insignificant drop afterward. In the SLS, the
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FIGURE 5
Geographical distribution of SSL based on MVBS averaged over following depth ranges (from left to right): upper 100 m, 100-300 m, 300-600 m,
and upper 600 m. The absence of data at 8°S should be considered during the interpretation process.

Frontiers in Marine Science 07 frontiersin.org


https://doi.org/10.3389/fmars.2024.1481531
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Kang et al.

20°S 19 °S 18°S 17°S

100
200
300
400
500
600 : !

10.3389/fmars.2024.1481531

[ERY

6°S 15°S 14 °S 13 °S

12 °S 11°S 10°S 7°S

0
100
200
300
400
500

Depth (m)

AN

600 * :
-135 -100 -65-135 -100 -65 -135 -100 -65 -135 -100 -6

MV

FIGURE 6
Vertical profiles of MVBS (dB) demonstrating SSL core across latitudes.

MVBS during the daytime was higher than during the nighttime in
the ML (Figure 8).

The MVBS values decreased before sunrise and increased before
sunset, corresponding to the DVM of organisms forming the SSL, as
their downward and upward movements caused fluctuations in
these values. This pattern was observed in both EL and IL across the
two regions (Figure 7). In EL, the shallower depths observed before
sunrise and deeper depths before sunset may indicate that
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BS (dB)

organisms remained within a specific depth layer. The average
depth in EL likely reflects the combined effect of some organisms
remaining at this depth while others descend around dawn. This
suggests that stationary organisms contribute more significantly to
the average depth than migrating ones. The consistency in depth
and MVBS values within the ML over time indicates the presence of
non-migrating organisms inhabiting this range, as previously
reported in several studies (Ariza et al., 2016; Dornan et al., 2019;
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Depth variation of SSL core over circadian time at 0-100 m (EL), 100-300 m (IL), and 300—-600 m (ML). SLS indicates the southern latitude section

between 13°S and 20°S, while NLS represents the northern latitude section b
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Romero-Romero et al., 2019; Agersted et al., 2021). Notably, the
elevated MVBS values in EL at night may be attributed to organisms
migrating from ML to IL and then to the EL. The more consistent
depth and MVBS values in EL at night, compared to during the day,
can be explained by the presence of SSL core organisms that
remained in EL throughout the DVM (Figures 7, 8).

3.4 Upward and downward movement
times and depths of SSL

The average echo rise time (upward movement) and sunset time
for the entire dataset were 15:05 and 17:18 h, respectively, indicating
that the echo began to rise 2 h and 13 min before sunset. Although the
echo rise time varied with latitude, the difference between the SLS and
NLS was not significant. However, the depth at which the echo began
to rise differed between the SLS and NLS. The starting depth of the echo
rise was significantly deeper in the SLS (331.1 m) than in the NLS
(2774 m), with the echo rising at shallower depths northward. The
echo fall time trend closely followed sunrise time, with the echo
beginning to fall approximately 17 min before sunrise. The depth at
which the echo started to fall decreased as latitude increased, with the
echo falling at shallower depths northward (Figure 9).

3.5 Morphometric and distributional
dynamics of SSL core

A total of 236 SSL cores were detected, comprising 117 in the
SLS and 119 in the NLS. Notably, only two SSL cores were observed
at 16°S. Many SSL cores exhibited MVBS values ranging from -73
to -69 dB across latitudes. The largest MVBS range of 13.9 dB was
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observed at 13°S, whereas the smallest range of 1.4 dB was noted at
5°S. The average MVBS was -70.2 + 2.3 dB; for SLS, it was -69.9
2.5 dB, and for NLS, it was -70.6 + 2.2 dB. This suggests that the
elevated MVBS at 13°S may have contributed to the slightly higher
overall MVBS observed in the SLS compared to the NLS (Figure 10).

Most SSL cores were less than 60 m thick, with approximately
half measuring less than 15 m. The thickness increased from 10°S to
4°S, with the thickest core measuring 158.1 m at 4°S. The overall
average thickness was 12.8 = 17.9 m, 11.7 = 11.1 m for SLS, and
13.8 +22.7 m for NLS. Most SSL cores measured less than 50,000 m
in length, except for longer cores observed at 19°, 17°, 13°-6°, and
4°S, with two exceeding 200,000 m at 6°S, and the next longest,
approximately 165,000 m, located at 12°S. The average length in the
SLS was 6,788 + 18,625 m, whereas in the NLS, it was 18,358 +
42,891 m, indicating a notable latitudinal difference. The overall
average length was 12,622 + 33,594 m. The average distribution
depth in the SLS was 288.4 + 170.4 m, while in the NLS, it was
340.7 £ 185.9 m, yielding an overall average distribution depth of
314.8 £179.9 m. Except at 19°S, the maximum top altitude exceeded
500 m at all latitudes, indicating proximity to the surface. From 15°S
northward, the top altitude varied significantly between 0 and
600 m, demonstrating a wide range of SSL core distribution depths.

The average center of mass (CM) in the SLS was 282.4 + 170.4 m,
while in the NLS, it was 333.7 £ 185.8 m. The overall average CM
was 308.3 + 179.8 m, reflecting a pattern similar to that of the
distribution depth. The average inertia in the SLS was 112.7 +
342.5 m’ whereas in the NLS, it was 269.9 + 1,028.1 m?,
indicating a broader distribution of the SSL core around the CM.
The overall inertia was 192.0 + 771.3 m”. The average aggregation
index in the SLS was 0.0040 + 0.0043 m™', while in the NLS, it was
0.0053 + 0.0051 m™', suggesting a more aggregated distribution of
the SSL core. The overall aggregation index was 0.0047 + 0.0048 m™".
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The morphological and distributional characteristics of the SSL
core were as follows: the MVBS of the SSL core was similar between
the SLS and NLS, with the mean value being only 0.7 dB higher in
the southern SSL core. However, the MVBS values were nearly
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identical when accounting for their standard deviations. The SSL
core in the NLS was larger, distributed at greater depths, and more
concentrated while also being more widely dispersed from the
central mass compared to the SLS.
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of SSL core. Definitions and equations are detailed in Table 2. Blue dots represent identified SSL cores, totaling 236 cores: 117 in the SLS, located
south of 12°S, and 119 in the NLS, situated north of 12°S. Red dots indicate average values.
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3.6 Preferred oceanographic features
of SSL core

The region-based SSL core showed the highest MVBS in the
following order: EL (mean + standard deviation: -79.5 + 12.7 dB) >
ML (-85.2 £ 12.1 dB) > IL (-94.2 + 10.1 dB). Modes were —-72.5 dB
for EL and ML and -97.5 dB for IL. Temperature parameters were
as follows: in EL, temperatures ranged from 17.0 to 29.5°C (mean
25.4°C, standard deviation 3.3°C), with a mode at 27°C, reflecting
the tropical region’s SST. In IL, temperatures ranged from 10.8 to
22.6°C (mean 16.7°C, standard deviation 3.3°C), with values evenly
distributed. In ML, temperatures ranged from 7.9 to 15.1°C (mean
9.9°C, standard deviation 1.4°C), with 83% of values between 8 and
10°C associated with cold subsurface water upwelled onto the ML.
Mean DO concentrations were: EL, 169.9 + 27.5 umol/kg (mode
180 umol/kg); IL, 121.1 + 33.2 pmol/kg; ML, 127.8 + 39.5 pmol/kg
(mode 90 umol/kg). DO in ML was primarily between 90 and 120
umol/kg, indicating significant separation from the atmosphere.
The average DO concentrations followed the order: EL > ML > IL.
Practical salinity was: EL, 35.0 + 0.3 PSU; IL, 35.2 + 0.2 PSU (89% of
values between 34.9 and 35.3 PSU); ML, 34.8 + 0.1 PSU (mode 34.8
PSU, 76% of values between 34.7 and 34.8 PSU).

SSL cores in EL-preferred environments with high
temperatures, high DO, and moderate salinity. In IL, SSL cores
were found in areas with moderate temperatures, low DO, and high
salinity. In ML, SSL cores preferred regions with low temperatures,
moderate DO, and moderate salinity (electronic Supplementary
Material; Supplementary Figure S2).

3.7 Meridional cross-sections of
SSL core and oceanographic
environmental parameters

Higher NASC values were observed in the NLS compared to the
SLS (18.0 + 36.9 m*/nm” > 9.8 + 25.4 m*/nm?). Specifically, NASC
in the upper 100 m (EL) was higher in the NLS. Thick depth layers
(300 to 600 m, ML) were noted between 14° and 4°S. NASC near the
surface became shallower northward, correlating with the depth of
the 20°C isotherm, e.g., SCTR upwelling. High fluorescence near the
surface at 10-9°S and 7-5°S, indicating high primary productivity,
was associated with high MVBS in shallow water, e.g., Chl-a blooms
from nutrient supply to the euphotic layer. SSL cores were not found
at latitudes with DO concentrations below 100 pmol/kg. In contrast,
higher acoustic values were observed at 300-500 m depth with
relatively lower DO concentrations between 10° and 4°S. The SST
increased toward the north, reaching a peak of approximately 30°C
near 4°S. The D20 shoaled from 12° to 4°S, related to SCTR
upwelling. The thermocline, marking the transition between warm
upper waters and colder lower waters, rose from 200 m at 20°S to
approximately 100 m at 9°S, likely due to upwelling in the NLS
region. Salinity was highest, reaching 35.4 PSU, at 100-300 m
around 20°S, likely due to saline intermediate water mass
influence. The lowest salinity of 34.4 PSU was observed near the
surface between 19°S and 12°S. Isohalines of 35.2 and 35.4 PSU, at
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100-300 m between 14° and 20°S, shoaled from 8°S to 4°S, possibly
due to SCTR upwelling in the NLS, adding more salts to shallower
depths. The highest DO levels, ranging from approximately 225 to
250 pmol/kg, were recorded at 200-600 m at 20°S, with fluctuations
between 19° and 15°S, reaching as low as 100 pmol/kg. DO
levels between 150 and 175 pumol/kg were maintained in the
upper 50 m between 12° and 4°S. Relatively low DO levels (75-
125 pumol/kg) were observed below 100 m. High subsurface
fluorescence levels peaked at approximately 1.00 mg/m?® at 50 m
at 6°S, while lower fluorescence was observed at 50-120 m between
20°and 11°S. A distinct oceanographic condition favorable for high
NASC, characterized by intermediate salinity (35 PSU), low
temperatures (10-12.5°C), and low DO levels (75-100 pmol/kg),
exhibited an inverted C-shaped distribution at depths around 100 m
and below between 14° and 4°S (Figure 11).

3.8 Multiple regression analysis
of MVBS and oceanographic
environmental parameters

Multiple linear regressions were used to explain MVBS
variations based on oceanographic parameters at each depth layer
(Table 3): temperature, salinity, DO, and fluorescence in EL; the
first three variables in IL and ML. The models explained 14.2% (EL),
1.7% (IL), and 24.9% (ML) of the MVBS variation. The factors
statistically significantly predicted MVBS variations with the
following results: F(4, 281) = 10.1, p<.05 (EL); F(3, 605) = 4.4,
p<.05 (IL); F(3, 941) = 98.9, p<.05 (ML). In EL, factors influencing
MVBS were, in order, temperature (0.35), fluorescence (0.20),
salinity (0.18), and DO (0.08). In IL, the order was DO (0.22),
salinity (=0.10), and temperature (-0.03). In ML, the influences
were temperature (—0.44), DO (-0.18), and salinity (0.09). Yet, DO
in the EL and both temperature and DO in the IL, as well as DO in
the ML, were not statistically significant. The resulting regression
models for EL, IL, and ML are as follows:

MVBSy; = —396.8 + (1.16 x Temp . )+ (13.54 X Fluo.) + (0.03

x Oxy.)+ (8.04 x Sal.)

MVBS;;, = 101.27 —(0.10 x Temp.)+ (0.06 x Oxy.)— (5.50

X Sal .)

MVBS,; = —182.82— (1.70 x Temp.) - (0.02 x Oxy.) + (3.69

x Sal .)

4 Discussion

4.1 Vertical SSL profiles

Shujie and Xinjun (2024) found that high scattering values in the
southwestern Indian Ocean occurred at depths of 0-200 m and
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approximately 600 m from 2011 to 2015. This is consistent with our
study’s findings (Figures 5, 6). However, from 2016 to 2020, they
observed an expansion in the depth range of high acoustic scattering,
shifting from around 600 m to 400-600 m. Acoustic values and
scattering layer characteristics often fluctuate over time and with
seasonal variations (Cisewski et al., 2010; Wang et al., 2014; Prihartato
et al,, 2015; Geoffroy et al., 2019). North of the Sub-Antarctic Front,
the MVBS is notably concentrated around 400-600 m, with values

ranging from -70 to -60 dB, and less so around 0-200 m with MVBS
values below -70 dB (Boersch-Supan et al, 2017). Our study’s
findings, showing high scattering values in both the ML and EL
(Figures 5, 6), align with these results. The scattering strength in our
study ranged from -124 dB to -76 dB in the IL, consistent with Gao
et al. (2023), who reported values from -100 dB to -70 dB at 200 m
depth in the Central and Western Pacific Ocean (11-19°N, 129-133°
E). Unlike Gao et al. (2023), our study observed significant scattering

TABLE 3 Results of multiple regression analysis incorporating mean volume backscattering strength and oceanographic environmental variables.

Variables B 95% Cl B t p
EL Temperature 1.16 [0.44, 1.89] 0.35 3.16 0.00
Fluorescence 13.54 [4.95, 22.13] 0.20 3.10 0.00
Oxygen 0.03 [-0.05, 0.10] 0.08 0.70 0.49
Salinity 8.04 [2.25, 13.82] 0.18 2.74 0.01
1L Temperature -0.10 [-0.38, 0.35] -0.03 -0.55 0.58
Oxygen 0.06 [0.02. 0.10] 0.22 3.25 0.00
Salinity -5.50 [-13.99, 1.59] -0.10 -1.39 0.17
ML Temperature -1.70 [-2.26, -1.14] -0.44 -5.97 0.00
Oxygen -0.02 [-0.03, -0.02] -0.18 -5.15 0.00
Salinity 3.69 [-1.68, 9.05] 0.09 135 0.18

EL, epipelagic layer (0-100 m); IL, intermediate layer (100-300 m); ML, mesopelagic layer (300-600 m).
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in all three layers, with particularly strong scattering between 0 and
200 m, especially in the ML, specifically within the NLS where the
SCTR upwelling is most pronounced.

Surveys across the Pacific, South Indian, and Atlantic Oceans
from South Africa to southwestern Australia have consistently
shown the highest acoustic values in the EL, with the second peak
varying across oceans but consistently observed in the ML (Klevjer
etal, 2016). This is in agreement with our findings (Figure 6). In the
southwestern Indian Ocean, SSLs were observed in the shallow layer
below 200 m (58.66 + 24.63 m) and the deep layer between 400 and
700 m (589.02 + 66.33 m). Significant seasonal differences in SSL
depth were noted in the shallow layer between summer and winter,
but no seasonal variation was found in the deep layer (Shujie and
Xinjun, 2024).

Our observations were conducted during the Austral late fall
(mid- to late May), avoiding seasonal effects. With the installation of a
continuous time-series recording echosounder at the SCTR center (8°
S and 65°E) in early June 2024, we expect to investigate seasonal
variations in the future. SSL acoustic scattering strengths in polar and
adjacent regions tend to be lower compared to other areas (Olivar
et al,, 2012; Dypvik and Kaartvedt, 2013; Irigoien et al., 2014; Davison
et al., 2015; Klevjer et al.,, 2016; Gjosater et al., 2017; Klevjer et al.,
2020). Comparing acoustic values among SSLs is challenging due to
variations in constituent organisms, survey timing, and
oceanographic conditions. However, SSLs in nutrient-rich
environments generally exhibit consistently high acoustic values.

4.2 Circadian variations of SSLs

The DVM of SSLs is well established, typically involving a
gradual descent at dawn followed by a rapid descent to daytime
depths and a reverse pattern during ascent. While the principle
remains consistent, temporal morphological patterns of DVM vary
across regions and seasons. For instance, the central and western
Pacific Ocean showed a significant decrease in average Sv between
6:00 and 7:00 local time, indicating SSL migration from the surface
to deeper waters, and a significant increase between 17:00 and 18:00
local time, indicating migration from deeper waters to the surface.
Sv was higher at night compared to daytime (Gao et al,, 2023).
Consistent with these findings, our study also observed higher
acoustic values at night compared to daytime (Figure 8).

A global dataset from 1,500 cruises between 1990 and 2010
showed that SSLs typically leave the surface 21-20 min before
sunrise and return 17-23 min after sunset, with bulk surface
backscatter changes being nearly synchronous with sunrise and
sunset (Bianchi and Mislan, 2015). In the southwestern Indian
Ocean, SSL upward movement began around 16:20 and ended at
18:31, while downward movement started at 4:38 and ended at 6:52
(Shujie and Xinjun, 2024). Our study observed SSLs migrating from
near the surface to deeper depths 17 min before sunrise, with
reverse migration occurring 2 h and 13 min before sunset
(Figure 9). This timing is consistent with previous studies
(Brierley, 2014; Bianchi and Mislan, 2015; Gao et al., 2023; Shujie
and Xinjun, 2024), though upward migration before sunset
occurred significantly earlier in our study. This discrepancy may
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be due to differences in measurement methods, as our observation
of echo rise times was based on initial increases in acoustic signals.

4.3 Vertical migration and latitudinal depth
variability of SSLs

The depth of echo rise and fall became progressively shallower,
moving northward. In our study, SSLs were observed to descend
and ascend in deeper waters in SLS and shallower waters in the NLS
(Figure 9), highlighting their relationship with surrounding
oceanographic conditions. Generally, deeper migrations are
characterized by earlier departures and later arrivals compared to
shallower migrations, with vertical migration velocities peaking in
tropical and subtropical regions and decreasing toward the poles.
Typically, migration velocities are faster during deeper and
downward migrations than during shallower and upward
movements (Bianchi and Mislan, 2015).

The original Sv echogram recorded SSLs, including diffuse
layers, at depths reaching 800 m. While the diffuse layer was not
identified as the core of the SSL, it provides crucial insights into
DVM dynamics. Specifically, DVM depths in the NLS reached up to
700 m, whereas in the SLS, they extended to 800 m (see Figures 2
and 5, Kang et al., 2021). Consequently, the SSL, including the
diffuse layer, within the mesopelagic layer (300-600 m) in the NLS
was observed at depths exceeding 600 m in the SLS.

The factors driving DVM are multifaceted. External factors
such as light penetration and intensity, lunar cycles, temperature,
oxygen availability, ocean productivity, and various oceanographic
and bathymetric features can influence the distribution and
behavior of migrating organisms (Davison et al, 2015; Klevjer
et al, 2016; Aksnes et al, 2017; Proud et al., 2017; Langbehn
et al,, 2019; Annasawmy et al.,, 2020; Bernal et al., 2020; Boswell
et al.,, 2020). Internal factors, including age, body size, energetic
state, and various behavioral and physiological traits, also play
critical roles in shaping migration behavior (Ringelberg, 1995;
Yasuma et al., 2010). Of these factors, light availability is one of
the most influential external drivers of DVM. The migration
patterns of marine organisms are tightly correlated with changes
in light intensity, with animals typically moving between surface
and deeper waters at dawn and dusk in response to the availability
of light. NLS is presumed to be characterized by higher upwelling
and reduced water transparency, whereas the SLS experiences
higher light penetration. This may explain the observed
differences in DVM depths between these regions, with deeper
migrations occurring in the SLS. Numerous studies have
demonstrated the significant role light plays in determining the
vertical position of the SSL.

SSLs along a circumglobal transect through the Pacific, South
Indian, and Atlantic Oceans were consistently found at light
intensity levels between 350 to 800 m (Aksnes et al., 2017). The
study found that the weighted mean depth of SSLs increased
linearly with the reciprocal of the light attenuation coefficient,
underscoring the importance of light in shaping their vertical
distribution. In the northwestern Pacific Ocean, the SSL was
observed at depths greater than the depth corresponding to 0.01%
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of surface light intensity (Song et al., 2022). Mesopelagic fish,
adapted to low-light environments and operating at smaller
spatial scales, may exploit “light comfort zones—areas where light
levels are optimal for foraging while minimizing predation risk
from visually hunting piscivores (Scheuerell and Schindler, 2003).
At higher latitudes, the timing of this anti-predation window may
shift in response to the extended daylight hours during spring and
summer. Excessive light during these periods may prevent vertically
migrating fish from ascending into surface waters for feeding due to
increased predation risk (Kaartvedt et al., 2008). The deeper
nighttime distributions of organisms at higher latitudes are
attributed to the brighter nights caused by increased incoming
light during summer. As nocturnal light levels rise, the amplitude of
DVM decreases by several hundred meters. As latitude increases,
the depth of the SSL also increases progressively (Norheim et al.,
2016; Langbehn et al,, 2019). A study conducted north of Svalbard,
between 79.8°N and 81.4°N during January and August of 2016 and
January of 2017, revealed that SSLs were distributed around 500 m
during summer and 250 m during winter, demonstrating the pivotal
role light plays in DVM (Geoffroy et al., 2019). Furthermore, in
regions with sea ice (e.g., Sofia Deep North and South) and open
ocean (5 stations), maximum SSL depths were observed to be
deeper under high-light conditions compared to low-light
environments. However, at the ice edge (Yermak Plateau), the
maximum depths were similar due to highly variable light
conditions, with the most intense light lasting only for short
periods (Gjoszter et al,, 2017). Although light plays a crucial role
in the depth dynamics of SSLs, studies exploring this relationship in
the Indian Ocean are limited. We intend to explore this relationship
in future research.

4.4 Methodology for the metrics of
the SSLs

To date, two significant studies have focused on SSL detection
algorithms (Cade and Benoit-Bird, 2014; Proud et al., 2015). Proud
et al. (2015) identified SSLs by comparing the MVBS of cells with the
background, excluding phantom SSLs (incorrect detections) and those
with a minimum duration of less than 60 min. They then classified
SSLs using region-based image segmentation processing, from which
SSL metrics were derived. In contrast, Cade and Benoit-Bird (2014)
developed an automatic scattering layer detection method that
eliminates background noise and resamples data using a horizontal
median filter. They identified the scattering layer boundary by applying
a Gaussian curve to the acoustic values above the threshold. This study
aligns with Cade and Benoit-Bird (2014) by eliminating noise
interference and defining boundaries using a Gaussian blur
algorithm (Figure 2). Additionally, this study advances the field by
deriving internal characteristics of SSLs, such as their MVBS, CM,
inertia, and aggregation index, along with metrics like length, thickness,
and distribution depth. This comprehensive metric structure enhances
SSL classification and characterization, which is crucial for
understanding their role in oceanic ecosystems and for comparisons
across different ecosystems and studies. Furthermore, this approach
supports research on the ocean’s mid-trophic structure, providing a
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global prey field valuable for predator-prey ecologists studying
interactions within oceanographic environments. Monitoring SSL
structures over extended periods can also reveal climatic influences
and their effects on SSL inhabitants (Lehodey et al., 2003; 2010; Bianchi
et al, 2013; Handegard et al., 2013).

The Gaussian blur filter offers several advantages: (1) It convolves
the image using a Gaussian function, which features a bell-shaped
curve that produces a weighted average of neighboring pixels. This
process smooths the image, reducing noise and creating a more
uniform appearance. (2) The filter uniquely preserves the structural
elements of an image while reducing noise, ensuring that edges remain
intact. (3) It allows for adjustments to the window size or the standard
deviation of the Gaussian function, providing control over the degree of
smoothing. By choosing an appropriate window size, the Gaussian
filter can effectively retain edge details while minimizing noise. These
advantages make the Gaussian blur algorithm widely used for
processing fish school images derived from echosounder data
(Korneliussen et al., 2009; Patti et al., 2011; Grassian et al., 2023).
However, these advantages can also present drawbacks. Excessive
smoothing may result in the loss of critical fine details. Features such
as sharp edges, which are important for accurate analysis, may become
blurred, leading to reduced precision. Additionally, the filter can make
areas of the image overly uniform, potentially oversimplifying the
representation of the data. In this study, a 5 x 5 convolution kernel and
a standard deviation of one for the Gaussian distribution were applied.
The horizontal span of 5 pings covered 30.2 m, while the vertical span
of 5 data samples covered 0.91 m. The kernel size was relatively small,
and the standard deviation used was moderate. The filter operated
independently of the SSL core size, and the difference in the MVBS
value of the entire SSL core, with and without the filter, was 0.11 dB.
Although this difference is minor, caution is advised when applying this
filter in image processing based on echosounder data.

4.5 Latitudinal variations of SSLs

Off Baja California, krill SSLs in northern waters were larger and
denser compared to the smaller, more dispersed SSLs in the southern
waters. The northern upwelling zone presents a different environment
from the southern region, influencing SSL morphology and reflecting
the relationship between latitudinal changes, oceanographic factors,
and organism distribution (Gomez-Gutierrez et al., 1999). Our findings
in the southern hemisphere show a similar pattern: in the NLS, where
the SCTR upwelling was pronounced, SSLs demonstrated both a larger
(Figure 10) and denser distribution (Figure 5), akin to observations in
the northern hemisphere. Although the number of detected SSL cores
did not differ significantly, the acoustic biomass was notably higher in
the NLS compared to the SLS (Figure 11).

The composition of phytoplankton in the mid-Atlantic Ocean
varies significantly across latitudes from 50°N to 50°S, driven by factors
such as temperature, stratification, nutrient availability, and light
conditions (Barlow et al., 2023). Chakraborty et al. (2020) reported
low plankton biomass at low latitudes, transitioning to high biomass
between 40°N and 50°N. In the western Indian Ocean, gonostomatid
species’ distribution varies with hydrographic characteristics, including
the Indian Equatorial Water, Indian Central Water, and their frontal
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zones. The survey area included lines from 10°N to 45°S along 60°E and
from 18°N to 40°S along 65°E, encompassing the current study area.
The distribution of gonostomatid fish varied with latitude, aligning
with the high acoustic biomass observed in SSLs in this study
(Figure 11; Craddock and Haedrich, 1973). An analysis of 35,000
marine species revealed a latitudinal gradient with notable absences of
peaks near the equator, showing bimodal richness peaking at mid-
latitudes (approximately 25°S to 20°S and 20°N to 25°N) and
decreasing toward the equator. Understanding these spatial patterns
requires detailed knowledge of species ranges, especially in tropical
regions where sampling is limited (Menegotto and Rangel, 2018). This
study provides significant data on previously uncharted marine
organisms and environments in the tropical western Indian Ocean,
offering valuable insights.

4.6 Connection between taxa and
backscatter property

In this study, we applied a threshold of —65 dB to derive the
morphological and distributional dynamics of SSL cores in waters
up to 600 m in depth. However, as we used only a single frequency
of 38 kHz, we could not directly identify marine species. Therefore,
we discuss the biota and acoustic properties based on published
studies that employed multiple frequencies or conducted net
sampling. Five acoustic biota groups were categorized in a study
region similar to ours using 18 and 38 kHz frequencies (AMVBS =
MVBS38 - MVBS18; D’Elia et al., 2016): crustacean/small non-
swim bladder fish, large non-swim bladder fish, swim bladder fish,
and unclassified groups (Kang et al., 2021).

These groups were further examined across three depth layers:
epipelagic (0-200 m), upper mesopelagic (200-600 m), and lower
mesopelagic (600-1,000 m) layers. In the SCTR, the NASC values for
crustaceans, small non-swim bladder fish, and large non-swim bladder
fish were recorded in the upper mesopelagic layer, whereas those of
other groups were primarily observed in the epipelagic layer. In non-
SCTR regions, the acoustic biomass of most groups was predominantly
distributed within the epipelagic layer. Throughout the survey, clear
DVM was observed at depths of 200-800 m, with more pronounced
and shallower DVM in the SCTR (12-3°S) compared to the non-SCTR
(27-12°S) (Kang et al, 2021). Additionally, non-migratory scatterers
were consistently observed in the upper mesopelagic layer of both
regions, suggesting the presence of resident organisms. It is evident that
different biota exhibit preferences for varying depths. This indirectly
suggests that the organisms residing in the epipelagic and upper
mesopelagic layers form the SSL core observed in this study
(Figures 6, 8).

In previous net-based studies in the southwest Indian Ocean,
Sigmops elongatus was found to be the most abundant species in La
Pérouse (Cherel et al., 2020), while in the epipelagic layers of the Indian
South Subtropical Gyre, Myctophidae was the dominant family,
followed by crustaceans (Annasawmy et al, 2018). Pelagic trawls
conducted at seamounts in the western Indian Ocean (La Pérouse,
Madagascar Ridge, and Walters Shoal) revealed that Myctophidae,
Gonostomatidae, and Sternoptychidae accounted for 80% of the total
catch (Annasawmy et al., 2020). Consequently, the biological groups
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forming the SSL core in this study are likely to include species from the
order Myctophiformes and various crustaceans.

4.7 Marine organism habitat conditions

Upwelling zones are unique and vital habitats for marine life.
Upwelling generally occurs when strong positive vorticity in surface
winds causes cyclonic wind stress to curl, leading to divergence
within the surface layer and resulting in upward vertical velocity. In
this study, the NLS is part of the largest and most persistent open-
ocean upwelling region in the Indian Ocean, known as the SCTR,
which is characterized by distinct cyclonic circulation patterns
(Vialard et al., 2009; Robinson et al., 2010; Kumar et al., 2014;
Marsac, 2017). The SCTR upwelling is crucial for biogeochemical
cycles, influencing nutrients in the upper ocean and supporting
marine life. The upwelling of deeper, nutrient-rich water in this
region fosters plankton and micronekton growth, particularly
during the monsoon seasons, leading to biannual phytoplankton
blooms and increased biological productivity that benefits tuna
species. This study found that the distribution of SSLs was
significantly higher in the NLS compared to the SLS regions
(Figures 4-6), a phenomenon attributed to the distinctive
oceanographic environments created by the SCTR upwelling.

The SCTR upwelling varies with El Nifio Southern Oscillation and
IOD events (Yokoi et al,, 2008). For instance, during the positive IOD
phase of 2019, Chl-a concentrations surged off the coast of Java in the
eastern Indian Ocean due to intensified upwelling, while SCTR
upwelling in the western Indian Ocean was largely suppressed. This
Chl-a bloom, driven by strong coastal upwelling, resulted in a
significant increase in the abundance of small pelagic fish.
Conversely, during the negative IOD phase, the opposite effect was
observed (Lumban-Gaol et al, 2021). The IOD phase was neutral
during the observation period of this study. Elevated fluorescence levels
and increased NASC, a proxy for micronekton biomass, were observed
at approximately 100 m depth in the NLS (Figure 11). Fluorescence,
which is the emission of visible light when a substance absorbs
ultraviolet or blue light (Stelmaszewski, 2012), correlates with
chlorophyll concentration. This relationship is significant for the
vertical distribution of phytoplankton, the primary producers, and
zooplankton, the primary consumers (Brisefio-Avena et al., 2020).
From June to August, elevated Chl-a concentrations and high primary
production were observed near the surface in the SCTR region (Hood
et al,, 2017). These observations, attributed to upwelling, align with the
findings of this study. Additionally, factors such as temperature and
DO concentration play pivotal roles in determining zooplankton
migration velocity and distribution during DVM (Klevjer et al., 2016;
Simoncelli et al., 2019). Salinity in surface layers affects the vertical
stability of the water column and, along with temperature, influences
plankton distribution (Shikata et al., 2014). The SSLs observed in this
study may exhibit both vertical and horizontal variability due to the
diverse oceanographic environments across the study area.

During positive IOD phases, weakened upwelling in the SCTR of
the western Indian Ocean and intensified upwelling off the coasts of
Java and Sumatra in the eastern Indian Ocean drive tuna to migrate
eastward in search of more favorable foraging conditions (Robinson
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et al, 2010; Monllor-Hurtado et al, 2017). The Indian Ocean is
renowned for its significant fishing grounds, hosting key species such
as tuna, anchovies, mackerel, sardines, and squids. Tuna, in particular,
holds crucial commercial importance, constituting approximately 30%
of the total catch in the region. This study recorded higher overall
acoustic signals in the NLS than in the SLS, with robust acoustic values
within SSL cores between latitudes 10°S and 4°S, at depths ranging
from 300 to 600 m (Figure 6). Longline fishing data for bigeye tuna
from 1952 to 2014 across the Indian Ocean up to 50°S revealed peak
catches in tropical regions between 10°N and 15°S. Similarly, purse
seine fishing catches were concentrated in the tropical zones of the
western Indian Ocean (Wibawa et al., 2017). Analysis from the Indian
Ocean Tuna Commission database indicated significantly higher
average longline tuna catches from 2000 to 2013 in the NLS
compared to the SLS. Reports from 2013 to 2017 highlighted
increased tuna catches in the northern and western sectors of the
Indian Ocean relative to the southern and eastern regions (Assan et al,,
2018). This suggests that tuna prey species were more abundant in the
NLS compared to the SLS in this study.

During upwelling events, forage species such as krill and anchovies
aggregate into discrete swarms and schools, whereas during upwelling
relaxation periods, both species exhibit a more diffuse distribution
(Benoit-Bird et al., 2019). In the NLS, SSLs were more extensive than in
the SLS, where the MVBS in the EL and ML were more dispersed
vertically compared to the more compact formations in the NLS
(Figure 10). High aggregation index values (indicating more compact
formations) in the NLS were consistent with these observations. Few
studies have investigated the spatial and structural characteristics of
marine organisms concerning upwelling intensity in the SCTR. Long-
term continuous time-series observations are needed in this remote
region to examine SSL characteristics concerning upwelling intensity
and seasonal variations. Future research will address this topic. In
conclusion, studying marine life in the SCTR upwelling zone and
nearby waters is crucial for understanding the ecological dynamics that
support its rich biodiversity and significant fisheries. This study
provides insights into how upwelling influences SSL distribution and
metric properties, aiding in the conservation and sustainable
management of epi- and mesopelagic organisms and guiding
strategies to protect these vital marine ecosystems in the face of
climate change.
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SUPPLEMENTARY FIGURE 1

CTD and SSL core regions are represented as “region bitmap”; two bitmaps
are combined using a logical “and” operation. Applying “and” bitmap as a mask
on volume backscattering strength (Sv) echogram retains only true (valid)
parts of “and” bitmap on echogram.

SUPPLEMENTARY FIGURE 2

Histograms of (top to bottom) MVBS and oceanographic environmental
parameters (temperature, dissolved oxygen, and salinity) extracted from the
location of the SSL core within each distributional depth layer (Epipelagic,
Intermediate, and Mesopelagic layers; EL, IL, and ML, respectively).
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