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Abstract: Acoustic technology is an essential tool for detecting marine biological resources and has
been widely used in sound-scattering layer (SSL) research. The North Equatorial Current (NEC)
warm pool region of the Central and Western Pacific Ocean has a vast distribution of micronekton
and zooplankton; analyzing the SSL characteristics in this region is vital for monitoring the marine
environment and studying the marine ecosystem. In this study, we statistically analyzed the spa-
tiotemporal factors of 10-200 m SSL in the NEC of the Central and Western Pacific Ocean using
acoustic survey data collected by the “Songhang” research vessel (RV) in 2022, and the influence of en-
vironmental factors on the scattering layer distribution was analyzed using the Generalized Additive
Model (GAM). The results showed that the SSL in the warm pool area of the NEC is distributed in
shallow waters above 100 m. The primary scatterers are micronekton and zooplankton, and this SSL
had diel vertical migration behavior. By comparing Akaike’s Information Criterion of different GAMs,
the model consisting of six factors, namely, temperature, current velocity, turbidity, solar altitude
angle, longitude, and latitude, was remarkable. Each model’s factor effects primarily influence the
contribution of the volume-backscatter strength (Sv). The cumulative deviation explanation rate of the
Sv was 67.2%, among which the highest explanation rate of solar altitude angle variance was 35.4%,
the most critical environmental factor. The results of this study can provide a reference for long-term
studies on ecological changes and their effects on micronekton and zooplankton distribution.

Keywords: sound-scattering layer; Central and Western Pacific Ocean; micronekton; zooplankton;
GAM

1. Introduction

The Central and Western Pacific Ocean have a complex circulation system and serve
as a crossroads for many vital currents and water masses [1]. The current acoustic survey is
located in the North Equatorial Current region (NEC, 8-20° N), which includes the North
Equatorial Current and the Equatorial Countercurrent [2]. The NEC forms a warm pool
due to its unique geographical and climatic characteristics, and the warm pool is in the
surface layer of the 60-100 m ocean, where the average temperature is above 28 °C [3].
Warm pools play an important role in the energy transport and material cycling of marine
ecosystems because their uniformly high temperatures allow large numbers of micronekton
and zooplankton to congregate there. The ratio of warm pool zooplankton species to
global zooplankton species ranges between 28.9% and 65.6%, indicating the richness
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and diversity of zooplankton species in the NEC, where the ratios of ctenophores, krill,
planktonic mollusks, and dorsal cysts were above 60% [4]. Micronekton and zooplankton
are essential to the marine food chain because they connect primary producers to higher
trophic levels [5]. Through the production of fecal pellets and diel vertical migration
(DVM), they can contribute to the carbon cycle within the marine ecosystem [6]. As a
result, studying their spatial and temporal distribution is beneficial in understanding the
dynamics of fishery resources in the Central and Western Pacific Ocean and appropriately
guiding fishing vessels.

The sound-scattering layer (SSL) refers to a water layer with high scattering strength,
which is produced by the aggregation of marine organisms [7]. The primary components
of the scattering layer are zooplankton and fish [8]. In tropical oceans, it has been demon-
strated that the DVM of zooplankton and fish can transport carbon from the ocean’s upper
layers to the deep sea [9]. The SSL plays a crucial role in contributing to the biological
pump by directly releasing surface particulate organic carbon (POC) to the deep layer in
the form of CO; or dissolved organic carbon through its DVM behavior [10]. Its spatial and
temporal distribution characteristics are directly related to the organisms in the layer and
affect the distribution of the biological carbon pump [11-13]. Therefore, studying the SSL
provides insight into the plankton and fish in the coating, which are essential components
of the oceanic ecosystem.

Acoustics is a promising tool for studying and monitoring the distribution, abun-
dance, and behavior of marine organisms. With the advantage of a non-destructive in
situ observation technique, it is ideal for promoting the sustainable development of fish-
eries resources. For example, Smith et al. [14] conducted an intercomparison investigation
between volume-backscatter strength (Sv) data generated using ADCP and zooplankton
samples retrieved using a trawl system in 150 m of water at the New England continental
margin. The study demonstrated a significant correlation between the Sv signal and the
total volume cross-sectional area and dry weight of zooplankton, validating the feasibility
of acoustic methods for studying zooplankton. Unlike traditional trawl sampling, the
acoustic approach enables researchers to estimate biomass through SSL and observe the
scattering layer’s activity and spatial and temporal variation characteristics [15,16]. Acous-
tic methods were employed by Xu et al. [17] to infer the abundance of zooplankton and their
daily vertical migration habits. Krill’'s DVM characteristics were observed using ADCP
by Sourisseau [18]. Therefore, acoustics are the foremost practical method for monitoring
zooplankton and fish worldwide [19].

The Generalized Additive Model (GAM) has many applications in investigating the
relationship between predictor variables and environmental factors [20-22]. The model can
predict response variables’ spatial and temporal distribution and consists of parametric and
nonparametric components. The link function allows the model to fit various explanatory
and response variables with different distributions. In addition, a smoothing role can repre-
sent a portion of the nonlinear relationship between explanatory and response variables
instead of linear regression coefficients. Therefore, the model is widely used in studying
the correlation between fishing grounds’ spatial and temporal distribution and crucial
environmental factors [23,24], the relationship between catch and ecological factors [25],
and the impact of climate change on resource distribution [26]. Environmental factors are
crucial in the scattering layer’s spatial and temporal distribution [27,28]. Although some
studies have explored the relationship between fish density and environmental factors
using the GAM [29], few studies have integrated acoustic indices with the GAM to analyze
the primary environmental factors that influence the scattering layer’s distribution. Since
ecological factors and scattering strength generally have a nonlinear relationship, the GAM
can effectively analyze the ecological effects on the scattering layer’s distribution.

The SSL plays a vital role in marine ecosystems, as it is a significant player in the
carbon pump of aquatic organisms and an essential food source for consumers [13,30].
Despite over half a century of research on the acoustic scattering layer [31], only a few
studies have focused on the NEC’s warm pool region in the Central and Western Pacific
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Ocean. The objectives of this paper are (1) to analyze the distribution characteristics of
the acoustic scattering layer in the water depth range of 10-200 m using walk-around
survey acoustic data; (2) to demonstrate the diurnal migration behavior of the scattering
layer with the help of the nautical area scattering coefficient (NASC, m?nmi~—2) daily
variation trend; (3) to statistically and analytically analyze the correlation between the
scattering layer distribution and environmental parameters of water bodies, such as latitude
and longitude, solar altitude angle, temperature, turbidity, and current velocity, using a
GAM to better understand the vertical migration behavior and excitation factors of the
shallow acoustic scattering layer. This paper can be used as a reference for long-term
studies on environmental changes and their effects on the distribution of micronekton and
zooplankton communities. It can also enrich the reflections on acoustic scattering in the
Central and Western Pacific Ocean.

2. Materials and Methods
2.1. Survey Information

Acoustic and environmental data were collected onboard the research vessel (RV)
Songhang. The vessel measures 85 m in length, 8.7 m in depth, and 3271.4 t in displacement
when fully loaded. Using a fixed-point sampling method, the survey was conducted via a
non-stop voyage from 15 August to 29 August 2022. A total of 30 stations were designed
to collect environmental data during the survey, which took place in the NEC region of
the Central and Western Pacific Ocean (11-19° N, 129-133° E). The geographic route and
CTD profiling points of the survey are presented in Figure 1. Acoustic profiling occurred
along the mapped trajectory (line), and CTD profiles were taken at point locations. A total
of four trawls were set up during the survey for auxiliary acoustic calculations, and the
trawl sampling stations were B2, D1, E1, and C3.
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Figure 1. The distribution of 30 CTD stations during the 2022 Songhang survey in the Central and
Western Pacific Ocean.

2.2. Data Collection

Simrad EK80 (Kongsberg Maritime AS, Horten, Norway) echo sounders are versa-
tile instruments with various frequency transducers for simultaneous data acquisition
capable of broadband detection. The echo sounders were calibrated in situ by standard
techniques [32], following the calibration procedure outlined in the Simrad EK80 reference
manual. The primary parameters of EK80 during the survey are detailed in Table 1. For this
study, which focuses on shallow acoustic scattering, 38 kHz frequency transducers were
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exclusively utilized owing to their superior signal-to-noise ratio (SNR) and excellent data
quality. Additionally, previous research has established that 38 kHz can detect zooplankton
and micronekton [33,34].

Table 1. Main parameter settings of SIMRAD EKS80.

Transducer Type ES38-7C
Beam type Splitting
Broadband range/kHz 34~45
Transmit power/W 2000
Pulse length/ms 1.024
Pulse interval/ms 2000
Beam angle/° 7

Environmental data, such as vertical water temperature, salinity, oxygen content, and
pH, were acquired by the shipboard Sea-Bird SBE 911 plus CTD (Sea-Bird Electronics, Inc.,
Washington, DC, USA). The CTD data (environmental factors) collection time for each
station is about 30 min. The sampling time and date of each station are shown in Table 2.

Table 2. Date and start time of each station.

Station Date Time Station Date Time
C1 15 August 2022 10:07 C8 22 August 2022 17:04
Bl 15 August 2022 19:31 Cc7 23 August 2022 0:28
Al 16 August 2022 1:31 C6 23 August 2022 16:42
A2 16 August 2022 10:16 G5 24 August 2022 0:20
B2 16 August 2022 16:59 C4 24 August 2022 19:43
C2 17 August 2022 0:40 D3 25 August 2022 3:13
D1 17 August 2022 7:33 D4 25 August 2022 21:19
El 17 August 2022 15:55 D5 26 August 2022 15:32
D2 17 August 2022 22:55 D6 26 August 2022 23:05
C3 18 August 2022 5:24 D7 27 August 2022 14:19
B3 18 August 2022 12:15 E6 27 August 2022 21:32
B4 18 August 2022 21:37 E5 28 August 2022 14:03
B5 19 August 2022 15:30 E4 28 August 2022 21:12
B6 19 August 2022 22:51 E3 29 August 2022 13:30
c9 21 August 2022 12:50 E2 29 August 2022 23:21

The biological samples were collected by a four-piece mesopelagic trawl net with
a single capsule structure, with overall dimensions of 434 m by 97.1 m (44.98 m). The
machine-woven mesh was used for the net body, and the large mesh was used for the net
port. A single-hand steel connection was used to connect two leaf mesh boards. The trawl
design is well-suited for operations in variable water layers, ranging from 0 to 500 m in
depth. Additionally, the net mouth of the trawl can expand horizontally and vertically by
approximately 30 m. The average towing speed was 4.9 kn, and the average trawling time
was 1.25 h.

2.3. Data Processing

The data collected in this survey were analyzed and processed using the acoustic data
processing software Echoview 13.0, which applies a combination of built-in algorithms
for data noise removal and integration processing. The echosounder calibration files
were imported into Echoview to correct the original data. The software utilizes multiple
variables, such as “background noise removal”, “impulse noise removal”, and “mask noise
removal”, to remove background noise and random noise from the echograms [35-37]. The
integration range is from 10 m below the transducer surface to a depth of 200 m. The basic
integration voyage unit is set to 1 nautical mile in the horizontal direction and 50 m in the
vertical direction. An integration threshold of —75 dB is set to mask weak scattered echo
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signals in the echogram. Based on the integration process of the software, the Sv and the
NASC are obtained for each integration cell. To understand the distribution of biological
resources in different water depths within the surveyed sea area, the NASC and Sv of each
water layer throughout the entire integration voyage were homogenized. The same is done
with acoustic data collected at various stations when the vessel is stopped. The mean value
of Sv is derived using the following equation:

— n l Svi/lo
Sy = 101og10721:1 0

)
where S is the scattering strength of each water layer at nautical mile i, and n is the total
number of nautical miles.

2.4. Solar Altitude Angle Acquisition

Due to the different times of data collection at each station during the survey and the
other light intensity at the sea surface, to analyze the variation of DVM of SSL with the
solar altitude angle (which represents the light intensity to some extent), this paper uses
the solar angle calculator provided by the Earth System Research Lab (NOAA, Washington,
DC, USA) to obtain the solar altitude angle according to the longitude and latitude position
of each survey station and the corresponding UTC [38].

2.5. Generalized Additive Model

The GAM is a nonparametric extension of the generalized linear model introduced
by Hastie and Tibshirani [39] in 1896, which intuitively models the nonlinear relationship
between explanatory and response variables. In this study, the scattering layer’s Sv was
higher than in other water layers. Thus, the scattering strength in the scattering layer was
manually matched to the CTD environmental data based on the time-depth distribution
of the Sv. The response variable of the GAM is the mean Sv at each station, representing
the metric corresponding to the SSL. For the GAM, longitude and latitude were used as
spatial factors. The solar altitude angle was deemed to be closely related to the DVM of
biomass. Current velocity was found to have a direct effect on Sv. At the same time, temper-
ature, salinity, dissolved oxygen, chlorophyll concentration, and seawater turbidity were
identified as drivers of plankton’s spatial and temporal variation. Therefore, the predictor
variables in the model include longitude, latitude, solar altitude angle, seawater density,
temperature, seawater flow rate, salinity, dissolved oxygen, chlorophyll concentration, and
seawater turbidity. The full factorial expression of the GAM is presented as follows:

Sv ~ s(Lat) + s(Lon) +s(Sol) +s(p) +s(T) + s(Cv) +s(S) +s(DO) + s(Chl) + s(Tur) + ¢ )

The sample smoothing function s() (also known as smoothing spline) can be applied
to univariate and multivariate smoothing of each sex, using Gaussian distribution. The
variables used in the model include Lat for latitude (° N), Lon for longitude (° E), Sol for
solar altitude angle (°), p for seawater density (kg/m?), T for temperature (°C), Cv for
seawater flow rate (m/s), S for salinity (PSU), DO for dissolved oxygen (mg/L), Chl for
chlorophyll concentration (nug/L), and Tur for seawater turbidity (NTU). The Sv data were
preprocessed to construct the model. The covariance of predictor variables was evaluated
using the variance inflation factor (VIF), with a critical value of 3 [40], and variables with VIF
greater than 3 were removed. The GAM was established, and the stepwise regression and
model prediction was performed using the mgcv package in R language software (V4.2.2).

1

VIF = ——
1 — cor?

(3)

VIF refers to the variance inflation factor, and cor refers to the correlation coefficient
between the elements, using Pearson’s correlation method [41]. For model testing, Akai’s
Information Criterion (AIC) was used to test the fit of the model after adding the fac-
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tors. Secondly, the p-value was used to test whether the elements were significant in the
model [42].

3. Results and Analysis
3.1. Vertical Distribution of Environmental Data at Each Station

The vertical distribution of environmental data at each station is shown in Figure 2;
the temperature in Figure 2a gradually decreases with the increase in the seawater depth,
and the lowest temperature is 17 °C at 200 m. Figure 2b shows the vertical distribution of
the seawater salinity; the range of seawater salinity is 32.2-35 PSU. Figure 2c shows the
vertical distribution of the chlorophyll concentration; the overall view of the maximum
chlorophyll concentration water layer is located at 100-150 m. Figure 2d shows the vertical
distribution of the seawater turbidity; the range of seawater turbidity is 0.5-0.8 NTU.
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0 = 320
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200 170

Cl Bl Al A2 B2 C2 DI El D2 C3 B3 B4 B5S B6 C9 C8 C7 C6 C5 C4 D3 D4 D5 D6 D7 E6 ES E4 E3 E2
(a) Station
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g
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Figure 2. Vertical distribution of environmental data at each station: (a) for temperature, (b) for
salinity, (c) for chlorophyll concentration, and (d) for seawater turbidity.
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3.2. Information about the Catch

Four trawl surveys were conducted during this cruise, and the main catches were
micronekton and zooplankton, including Lanternfish, leptocephalus, jellyfish, etc. The
body length of Lanternfish ranges from 27 mm to 36 mm, with an average of 32.56 mm. The
body length of leptocephalus ranges from 73 mm to 285 mm, with an average of 209.65 mm.
The body length of Jellyfish ranges from 25 mm to 46 mm, with an average of 36.18 mm.
The body length of Anchove ranges from 37 mm to 54 mm, with an average of 46.4 mm.
The mantle length of Cephalopods ranges from 25 mm to 136 mm, with an average of
is 95.35 mm. The proportion of each species in the catches is shown in Figure 3. The
highest proportion of Lanternfish was 43.4%, followed by leptocephalus with 37.6%, which
indicates that the primary scatterers in the warm pool area of the North Equatorial Current
in the Central and Western Pacific Ocean are micronekton and zooplankton.

73% 2.1%
4.7%

43.4%
5.6%~—

[ Lanternfish
Leptocephalus
Jellyfish

B Anchove
Cephalopods
Others

37%

Figure 3. Proportion of each species in the catch.

3.3. General Characteristics of Sound Scattering

The volume-backscatter strength values in the shallow water layer at 200 m mainly
ranged from —100 dB to —70 dB. Judging from the echogram, the scattering layer echo
strength also falls within this range. To accurately invert the distribution pattern of the
scattering layer using the echo intensity data of the water body measured by EK80 and
to visually observe the SSL distribution, the scattering map only displays the range of
—100 dB to —70 dB (as shown in Figure 4). Overall, the Sv of different water layers differed
considerably. The scattering strength was more pronounced in the 10-50 m water layer
than in other water layers and gradually decreased with the increase in water depth. The
surveyed sea area has an obvious SSL distributed in the shallow water layer of 10-90 m.

Sv(dBre Im ")

-100 -98 -9 -94 -92 -9 88 86 -84 -82 -8 -7® 76 -74 -72 -70
10

50:. | '

100

Depth(m)

150

200 o
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Date(mouth: August)

Figure 4. Distribution of the mean Sv across the entire voyage.
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3.4. Vertical Distribution of Average Sv in Different Water Layers

Figure 5 shows the continuous changes in NASC values in different water layers on
25th August. The NASC value decreased significantly between 6:00 and 7:00, indicating that
SSL migrated from the surface to deeper waters. The NASC value increased significantly
between 17:00 and 18:00, indicating that SSL migrated from deeper waters to the surface.
The NASC values in all water layers reached their lowest point at noon (12:00). The
diurnal variation trend in SSL confirms the DVM phenomenon. Overall, the scatters mainly
concentrated within the 10-50 m water layer and gradually decreased with an increase in
water depth.

150~200(m)
100~150(m)
— 50~100(m)
10~50(m)

160 | |
140

& 120 \

,_.

S

[=]
1

NASC(m*nmi
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1 1
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] f\ L0 /] I\ /
4:00 6:00 8:00 10:00 12:00 14:00 16:00 18:00 20:00

[5°]
(=]

0

Time

Figure 5. The NASC trend in different water layers over time on August 25.

3.5. Diel Variation of Scattering Strength

Figure 6 compares each station’s Sv and the solar altitude angle at different water
layers. The solar altitude angle was positive during the day and negative at night. The
results indicate that Sv was relatively low at stations C1, E1, B3, B5, C9, D5, E5, and E3. The
Sv varied significantly among stations, mainly manifested in different depths of the high
scattering values, such as stations A2, B2, C5, and D7, where the high scattering values
extend deeper. The scattering strength gradually decreased within the same station with
increasing water depth. Overall, the variation trend of the Sv at each station showed strong
temporal synchronicity with the solar altitude angle. Compared with daytime, the Sv
was higher at night, indicating a DVM of the scattering layer. No significant correlation
was observed between the Sv and the maximum chlorophyll concentration layer. No
clear pattern of change was observed, indicating that the Sv is unaffected by chlorophyll
concentration. The longitude range during the cruise was between 129 and 133° E. The Sv
gradually decreased with increasing longitude from stations A2 to D4, while no significant
changes were observed from stations E1 to D3 with decreasing longitude. The latitude
range during the cruise was between 11 and 19° N. The Sv increased with increasing
latitude from stations C9 to D4 and gradually decreased with a decreasing margin from
stations D3 to D7, indicating that Sv is affected by longitude and latitude.
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Figure 6. Comparison of Sv values at each station with solar height angle (a), water layer with
maximum chlorophyll concentration (b), longitude (c) and latitude (d) at the time of investigation.
The dotted blue line represents the changing trend of environmental factors at each station.

3.6. Covariance Test of Predictor Variables

Among the ten predictor variables, the VIF values of temperature, density, and oxygen
content were all greater than 3. The VIF values of the remaining seven variables, such as
latitude and longitude, were all less than 3 (Figure 7). Since temperature is an essential
factor affecting the scattering layer distribution [43], density and oxygen content were
removed. After removing the variables with VIF more significant than 3, the VIF values of
the remaining eight predictor variables were less than 3. Therefore, eight predictor variables,
including longitude, latitude, solar altitude angle, temperature, turbidity, chlorophyll
concentration, salinity, and current velocity, were used for the GAM building.
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Figure 7. Results of collinearity test for predictor variables.

3.7. Factorial Significance Test

Table 3 shows the sequence of the study object and factor, which can prove the fitting
rationality of the model and the importance of the next research factor. The AIC was used
to test the model’s fit after adding the explanatory variables, and a smaller value of AIC
indicates a better fit of the model [44]. The AIC was not significantly reduced when salinity
and chlorophyll factors were included, so they were excluded from this study. The final
optimized model was:

Sv ~ s(T) +s(Tur) +s(Sol) +s(CV) + s(Lat) +s(Lon) + ¢ 4)

Table 3. Deviation analysis of the GAM fitting results.

. Accumulation of Coefficient of

Model Functions AlC Deviance Explanation Determination R?
Sv ~s(T) 1102 5.05 0.0448
Sv ~ s(T) + s(Tur) 1097 10.10 0.8660
Sv ~ s(T) + s(Tur) + s(S) 1097 10.30 0.0877
Sv ~ s(T) + s(Tur) + s(Chl) 1097 10.10 0.8670
Sv ~ s(T) + s(Tur) +s(Sol) 1045 45.50 0.3990
Sv ~ s(T) + s(Tur) + s(Sol) + s(CV) 1044 46.30 0.4060
Sv ~ s(T) + s(Tur) + s(Sol) + s(CV) + s(Lon) 1012 59.00 0.5500
Sv ~ s(T) + s(Tur) + s(Sol) + s(CV) + s(Lon) + s(Lat) 989 67.20 0.6100

3.8. GAM Test Results

The GAM test results showed that the total bias explanation rate was 67.2% (Table 4).
Among the factors used to construct the model, the solar altitude angle had the most
significant effect on the scattering strength with the highest bias explanation rate of 35.4%,
followed by latitude (12.7%), longitude (8.2%), temperature (5.05%), turbidity (5.05%), and
current velocity (0.8%). The results of the GAM test and the residual distribution plots
indicate that the final chosen model can better explain the influencing factors of the acoustic
scattering layer distribution (Figure 8).
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Table 4. GAM test results.

. Degree of Accumulation of Deviance Explanation

Optimal Model Fregedom p Value AlC Deviance Explanation of Each l?actor
S (Temperature) 5.095 3.27 x 1075 *#+ 1102 5.05 5.05
S (Turbidity) 1.152 6.05 x 1073 ** 1097 10.10 5.05
S (Solar altitude angle) 2232 <2 x 10716 *** 1045 45.50 35.40
S (Current velocity) 1.648 1.37 x 1072 * 1044 46.30 0.80
S (Latitude) 4.836 213 x 1076 *+ 1012 59.00 12.70
S (Longitude) 8.997 <2 x 10716 ¢ 989 67.20 8.20

Note: * p < 0.05 (Differences exist); ** p < 0.01 (Significant differences); *** p < 0.001 (Extremely significant differences).

Normal Q-Q Plot

Sample Quantiles
-90 -80 =70

-100

-110

Theoretical Quantiles

Figure 8. Residual plot of the GAM for scattering strength.

3.9. Relationship between Scattering Strength and Environmental Factors

Within the range of 15 °C to 30 °C, a nonlinear relationship could be observed between
temperature and scattering strength, with a decrease followed by an increase. The mini-
mum scattering strength was observed at 18 °C (Figure 9a). Within the range of 0.5 NTU
to 0.75 NTU, a negative nonlinear relationship could be observed between turbidity and
scattering strength (Figure 9b). Within the —90° to 90° range, a negative nonlinear rela-
tionship exists between solar altitude angle and scattering strength (Figure 9c). Within the
scope of 0 m/s to 0.5 m/s, there was a negative nonlinear relationship between current
sea velocity and scattering strength (Figure 9d). Within the range of 129° E to 133° E, a
nonlinear relationship could be seen between longitude and scattering strength, with a
decreasing trend followed by an increasing trend and then another decreasing trend as
longitude increases (Figure 9e). Within the range of 11° N to 19° N, there was a nonlinear
relationship with multiple peaks between latitude and scattering strength (Figure 9f).
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Figure 9. Influence of each factor on scattering strength in the GAM. The solid line represents the
variation of the Sv with environmental factors. The dotted line represents the 95% confidence interval.

4. Discussion

The laterally continuous SSL is often widely distributed in oceans. Because the Sv val-
ues in this survey were mostly between —100 dB and —70 dB, non-biological backscattering
in the sea had little effect on the observed SSL [45]. According to Batzler [46] and others, the
scattering strength values of the zooplankton scattering layer range from —95 dB to —50 dB,
which is consistent with the overall sound-scattering characteristics in this survey and
conforms to the scattering parts of the zooplankton layer. Combined with the trawl survey
results, the main scatterers in the shallow scattering layer of the sea were judged to be
zooplankton and micronekton. The SSL is distributed in water depths of 100 m or less
in the horizontal direction, with an average thickness of 50 m (Figure 4), consistent with
Li et al.’s research results [47].

The NASC is a valuable index for indicating the distribution of plankton and fish [48].
Figure 5 shows significant differences in NASC values among different water layers, with
plankton and micronekton mostly aggregating in water shallower than 100 m, and the
biological distribution becoming scarcer as the water depth increases. Figure 5 shows
SSL exhibits DVM, with the biomass significantly decreasing during the daytime and
increasing at night. The variation in NASC values generally follows the DVM pattern of
the scattering layer. The DVM of the scattering layer is a behavioral mechanism typically
characterized by plankton and micronekton ascending to feed at night and descending to
deeper layers during the day to avoid higher trophic-level predators [7]. Biological factors
and abiotic factors, such as light intensity, water transparency, and water temperature,
influence the DVM of the scattering layer. For example, when a solar eclipse occurs
at noon, the light intensity sharply decreases, accompanied by the vertical migration
of the scattering layer. This suggests that the DVM of the scattering layer is primarily
controlled by light [49]. Therefore, we need to consider multiple environmental factors to
comprehensively understand and predict the occurrence and ecological significance of the
DVM of the scattering layer.



J. Mar. Sci. Eng. 2023, 11, 1477

13 of 16

The DVM phenomenon of the scattering layer is widely present in the ocean. Studying
the marine scattering layer is beneficial to understanding the marine ecosystem. The main
environmental elements in the current international research progress on the scattering
layer include temperature, oxygen content, light intensity, latitude, and longitude [50],
among which light is considered the most crucial cause of DVM behavior [51]. In this
study, the GAM consists of several factors: longitude, latitude, temperature, turbidity, solar
altitude angle, and current velocity. The greater the solar altitude angle, the shorter the
path through the atmosphere, the less the weakening effect of the atmosphere on solar
radiation, and the stronger the solar radiation reaching the sea surface. According to the
field investigation records, the weather conditions during the sampling period at stations
A2 and D7 were cloudy, and the rest of the stations were sunny. Taking into account the
attenuation of light intensity in seawater, we analyzed the relationship between the solar
altitude angle and the scattering strength in the water column at each station. Figure 6a
shows the solar height angle. The change of the altitude angle has a more significant impact
on the scattering strength in the water column, and the changing trend between the two
has a strong time-series correlation, so to some extent, we can use the solar altitude angle
as a reference indicator of the light intensity at the sea surface to analyze the relationship
between light and scattering strength. Among the performance results of the GAM, the
solar altitude angle predicted that the scattering strength is significant, with the highest
contribution of 35.4%, indicating that light intensity is the most dominant environmental
factor affecting the diurnal migration of the scattering layer, which is consistent with the
findings of Boswell et al. [27] and further corroborates the relative accuracy of the GAM
results. The phenomenon of light affecting DVM in the scattering layer suggests that
zooplankton are light-avoidant, mainly by zooplankton and micronekton, to reduce the
risk of predation [11]. There was no significant pattern between scattering strength and
chlorophyll concentration, as seen in Figure 6b. Chlorophyll concentration is similarly
insignificant in the GAM, so the distribution of the scattering layer is not affected by
chlorophyll concentration, consistent with the conclusion that the DVM behavior of the
scattering layer is independent of chlorophyll reached by Rosalie et al. [52]. The Sv in
Figure 9b decreases with the increasing turbidity of the seawater, which may be caused
by the fact that increasing turbidity reduces the detection distance and recognition ability
of visual predators, thus leading to a decrease in scattering strength. This agrees with the
findings of Graeme et al. [53]. Among the spatial and temporal variables, latitude and
longitude have a significant effect on the prediction of scattering strength, with a high
contribution rate of 20.9%, showing a strong correlation, indicating that the scattering
strength is influenced by latitude and longitude, but because the data of latitude and
longitude corresponding to each station are small, the latitude and longitude are mainly
concentrated in integers; the factor effect relationship diagram must accurately reflect the
changing pattern of scattering strength, latitude, and longitude. The accumulation of data
volume should be increased in the later stage, and the collection of data later expanded.

The NEC warm pool is a typical tropical marine ecosystem with a large warm surface
current flowing northward. The wind, which originates in the equatorial region, is heated
by intense solar radiation, resulting in a relatively high water temperature and a fast flow
rate averaging around 70 cm/s and occasionally reaching 200 cm/s [54]. The temperature
and flow velocity of the NEC has essential effects on the migration of SSL. As a result,
the NEC’s flow velocity and temperature can influence the distribution and migration
of SSL in the ocean. The flow velocity and scattering strength have a negative nonlinear
connection in the factor effect diagram (Figure 9d), which is consistent with the results of
Li et al. [47]. Yang et al. [55] discovered that during typhoons, the flow velocity increased
and the DVM of SSL creatures deteriorated, which is consistent with the conclusion drawn
in our investigation that the scattering strength decreased with increasing flow velocity.
The significant environmental characteristic of the study area is continual high temperature,
which was also an essential factor affecting the distribution of planktonic organisms in the
GAM, with a contribution rate of 5.05%. Temperature is significantly correlated with the
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scattering strength (p < 0.001). The temperature range of the NEC warm pool is 15-30 °C,
with a large confidence interval and low credibility at 15-18 °C and a nonlinear positive
correlation between temperature and scattering strength at 18-30 °C, indicating that plank-
tonic organisms and micronekton tend to live in warmer areas, consistent with previous
research results [56]. Therefore, it is speculated that high temperature provides a favorable
environment for the growth and reproduction of SSL, shortening the generation time and
increasing their reproductive rate and biomass under high-temperature conditions.

5. Conclusions

This study investigated the characteristics of SSL and their relationships with environ-
mental factors in the NEC region of the Central and Western Pacific Ocean. By combining
acoustic indices with the GAM, we analyzed the influence of multiple environmental factors
on scattering strength from the perspective of the living environment of zooplankton and
micronekton. The main finding of this study is the presence of a continuous and persistent
scattering layer in the surface layer of the research area, and the primary scatterers are
zooplankton and micronekton, which exhibit diel vertical migration. Light intensity is the
most important environmental factor affecting the DVM of the scattering layers. These
results provide a reference for the long-term study of environmental changes and their
effects on the distribution of micronekton and zooplankton communities and enrich the
relevant research on SSL in the Central and Western Pacific Ocean. In future research, it
is necessary to comprehensively consider more environmental factors in order to better
understand and predict the occurrence and ecological significance of diel vertical migration
of scattering layers.
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