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Abstract

:

Acoustic technology, as an important investigation method for fishery resources, has been widely used in zooplankton surveys. Since the Kuroshio–Oyashio confluence region has an extensive distribution of zooplankton, describing and analyzing the characteristic of the zooplankton sound scattering layer (SSL) in this area is essential for marine ecology research. To understand its spatial–temporal distribution, acoustic data of the Kuroshio–Oyashio confluence region at the Northwest Pacific Ocean, obtained by a Simrad EK80 broadband scientific echosounder in 2019, were used on board the research vessel (RV) Songhang. After noise removal, the volume backscattering strength (SV) was measured to plot the broadband scattering spectrogram of each water layer and to exhibit zooplankton distribution. The results show that the main sound scattering within 0–200 m originate from the zooplankton, and the    S V    of each layer increases with the rise of the transducer frequency. The magnitude of    S V    was closely synchronized with the solar altitude angle, which gets smaller when the angle is positive, then larger when the angle is negative. It means that the SSL has a diel vertical migration (DVM) behavior with the variation of solar height. Meanwhile, scattering strength was positively correlated with temperature in the vertical direction and showed a maximum of −54.31 dB at 20–40 m under the influence of the thermocline. The Kuroshio and Oyashio currents had an obvious influence on the scattering strengths in this study, indicating a low value when next to the Oyashio side and a high value on the Kuroshio side. The scattering strength near the warm vortex center was higher than that at the vortex edge. The results of this study could provide references for a long-term study on ecological environment variation and its impacts on zooplankton distribution.
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1. Introduction


The Northwest Pacific Ocean has intricate circulation systems [1], including the Kuroshio current and the Oyashio current. In the Kuroshio–Oyashio confluence region (KOCR; 142° E–152° E, 35° N–40° N [2,3,4]), there are complex vortices and fronts [5]. Large numbers of zooplankton, mainly composed of copepods, ctenophores, euphausiids, pelagic molluscs, and tunicates [6], aggregate in the KOCR because of the unique marine environment and geographical conditions [7,8]. As important secondary producers and feeding objects of economic fishes, zooplankton connect primary producers with tertiary or ultimate producers, and play a key role in the pelagic food web and marine productivity. The species composition and abundance of zooplankton could affect fishery resources through the food chain [9,10]. In addition, zooplankton distribution characteristics are indicators of the mutual transportation and passage of different water systems, and the basis to distinguish the boundaries of different water masses. To promote the conservation, management, and sustainable development of fisheries in the Northwest Pacific Ocean, one of the most important pelagic fishing areas of China, conducting research studies about zooplankton would be significant.



The distribution and diversity of zooplankton in the Northwest Pacific Ocean have been studied [6,11,12], but few performed in the KOCR. Traditional methods are time-consuming, laborious, and difficult to obtain large-scale information. Fishery acoustic with the advantages of fast speed, high resolution, wide spatial–temporal range, and resource friendliness is suitable for marine biological investigation [13,14]. Since acoustic methods were introduced into zooplankton research at the end of last century [15,16,17], both narrowband [18] and broadband [19,20] technologies have been used in zooplankton scattering characteristic research studies.



Sound scattering layer (SSL) refers to a water layer with high scattering strength, which is produced by the aggregation of marine organisms [21,22]. Because the SSL is mostly constituted by zooplankton and fish [23,24], its spatial–temporal distribution and variation reflects the movement characteristic of organisms in the layer.



In this paper, broadband data collected in the KOCR were used to analyze the backscattering characteristics and distribution of the zooplankton scattering layer. The broadband scattering spectrogram was plotted. The relationships of backscattering strength with latitude, longitude, temperature, depth, solar height, and two currents were described. Our works could provide supplements to previous studies and references for biomass estimation and fishery management. They also provide references for a long-term study on ecological environment variation and its impacts on zooplankton distribution.




2. Materials and Methods


2.1. Survey Information


A survey was conducted in the KOCR (146° E–150° E, 31° N–40° N) at the Northwest Pacific Ocean from 23 August to 12 September 2019. Hydrographic and acoustic data were collected on board the research vessel (RV) Songhang (Shanghai Ocean University). A total of 30 acoustic survey stations were defined as shown in Figure 1.




2.2. Data Collection


Vertical profiles of temperature were collected using a Sea-Bird SBE 911/917 plus CTD. Acoustic data were collected and recorded using a Simrad EK80 scientific echosounder system with hull-mounted transducers operating at 38, 70, 120, and 200 kHz. The echosounders were calibrated in situ by standard techniques [25]. The main parameters of EK80 were set as in Table 1. These four transducers collected broadband data at 30 stations covering frequencies from 34 to 260 kHz. The everyday distribution of currents was viewed online [26].




2.3. Noise Removal


Acoustic data postprocessing software ESP3 V1.4.1 [27] and Matlab R2020a software were used for data processing. The noise correction and signal-to-noise-based threshold methods proposed by Robertis and Higginbottom [28] were used to remove background noise. The time-varying gain (TVG) was first removed from the original acoustical data. Second, TVG removal data were grouped horizontally by pings and then resampled vertically to calculate the mean echo intensity for each group. Third, the minimum value of the mean intensity was taken as the noise estimation of the group’s median pings. Fourth, TVG and noise estimation were subtracted from the original data. Finally, a minimum threshold signal-to-noise ratio (SNR) set to 12 dB was applied to exclude the noise.



Spikes were removed using the method proposed by Ryan et al. [29] based on the two-sided comparison method [30]. In this method, samples within each ping were linearly averaged to a vertical resolution of 5 m. Then the vertical averaged ping was removed if a threshold of 10 dB was exceeded when compared with pings on both sides.




2.4. Analysis of Volume Backscattering Strength


The volume backscattering strength (   S V   ) is the ratio of the acoustic wave’s scattering intensity in the source direction to the incident wave’s intensity within per unit volume. It is equal to the summation of the backscattering cross sections of scatterers involved per unit volume [31]. Therefore,    S V    is proportional to the quantity and weight of scatterers [31], and can reflect the distribution of detected targets. In this paper, 0–200 m was selected as the analytical water layer at each station, which is divided into 10 layers at intervals of 20 m. Due to the draft of transducers and to prevent near-field effects, acoustic data for the first 8 m depth were not available [32]. For different stations, every layer’s    S V    with all frequencies was measured. We used linear interpolation to replace the outliers apparent in the    S V    data. Additionally, the moving average method was used to smoothen the data, but not so long as to significantly blur the variation trend. Finally, the broadband scattering spectrogram was produced, then its characteristics analyzed to identify the scattering source.




2.5. Analysis of Echo-Integration


The scattering characteristic of zooplankton can be better exhibited at 120 kHz [33]. Therefore, the echo-integration at 120 kHz was carried out, with the integral range 20–200 m and at a height of 20 m, to understand the distribution of zooplankton. Afterwards, Pearson correlation analysis and linear regression were used to analyze the relationship between    S V    and longitude (Lon), latitude (Lat), depth (Dep), and temperature.




2.6. Analysis of Scattering Diel Variation


Because of the different survey times of each station, the illumination intensity at the sea surface is also different, producing the distinction of day and night. To describe the diel variation on scattering strength, the relationship between    S V    and the solar altitude angle during the survey period was analyzed. The solar height was obtained through the solar altitude angle calculator provided by the Open Source Geospatial Foundation of China (OSGeo) based on the latitude, longitude, and GMT (Greenwich Mean Time) of each station.





3. Results


3.1. Average Volume Backscattering Strength


Figure 2 shows the variation of    S V    with the frequency of each layer at the 30 stations. Although the same layer’s    S V    values at different stations are quite different, the overall variation trends have little difference. With frequencies increasing, the    S V    value either rose directly or started to rise after a short decline. Besides, a large    S V    change, at most stations, appeared at about 170 kHz. The scattering strength changed little before 170 kHz, but after 170 kHz, the scattering of layers with high    S V    began to slightly decrease, while the scattering of layers with poor    S V    started rising. Similarly, the scattering strength in the water column at all levels rose rapidly after 230 kHz.




3.2. Echo-Integration


Figure 3 shows the distribution of the scattering strength at each station. The blank areas at Stations 24, 30, and 31 indicate that there were no valid data because data below 100 m were not collected at these stations. Overall, the observed    S V    value of each layer at different stations was −95–−60 dB, and this value was different in each layer. The    S V    values of 20–40 m layers were all above −70 dB, and stronger than those of other layers, then later dropped below −75 dB with the increase in depth. Besides, there were large differences of    S V    values between the 30 stations, which were mainly reflected along with the vertical extension with high scattering values. For example, the high scattering values at Stations 19, 22, 44, 48, and A1 extended to a deeper depth, and the maximum    S V    at Station 48 did not appear until about 100 m.



The temperature profiles of some stations collected by CTD are shown in Figure 4. The mean    S V    of each layer at the survey area analyzing the vertical distribution of the scattering strength is shown in Figure 5. The highest    S V      value was −54.31 dB at the 20–40 m water layer (Figure 5a).    S V    continuously decreased right down to −61.61 dB with increase in water depth, and slightly increased to −61.41 and −60.06 dB below the 160–180 m water layer. Meanwhile, the scattering strength at Stations 24, 30, and 31 in Figure 5b was generally lower than the values in Figure 5a. It also showed a decreasing trend with depth.



On the horizontal level, the Pearson correlation analysis and linear regression results (without Stations 24, 30, and 31) shown in Figure 6 indicated that    S V    was not significantly correlated with longitude (R = 0.147, p = 0.466, p > 0.05), latitude (R = −0.239, p = 0.230, p > 0.05), and water temperature (R = 0.353, p = 0.116, p > 0.05).



On the vertical level, the Pearson correlation analysis and linear regression results (without Stations 24, 30, and 31) show that    S V    was negatively correlated with depth (R = −0.933, p = 0.0002, p < 0.01) and positively correlated with water temperature (R = 0.939, p = 0.0002, p < 0.01) (Figure 7).




3.3. Diel Variation of Scattering Strength


Figure 8 shows the solar altitude angle, positive during the day and negative at night, which corresponds with the survey time at each station. In order to understand the horizontal distribution of zooplankton and their relationship with solar height, the mean    S V    of each station was also exhibited. Station 48 had the largest    S V    value of −57.36 dB, while Station 24 had the lowest value of −71.02 dB. The magnitude of    S V    was closely synchronized with the solar altitude angle, which will get smaller when the angle tends to be positive and vice versa. The scattering strength peaks observed at Stations 19, 22, 32, 35, 38, 44, 48, and A1 all correspond to the negative solar altitude angles.





4. Discussion


4.1. Broadband Scattering Spectrogram


Because the backscattering of nonliving things in the ocean usually has little effects on sound scattering strength, sound scattering mainly originates from marine organisms [34]. Lavery et al. [33] simulated the variation of backscattering strength with frequencies of the main ocean biological scatters. Combining their results and our echograms, it could be concluded that zooplankton is the main origin of sound scattering in this paper. Therefore, the scattering strength of different layers and stations can reflect the zooplankton distribution. With the increase in frequency as seen in Figure 2, the    S V    value either rises directly or starts to rise after a short decline. This variation trend in our study is consistent and corroborates with the simulated study performed by Lavery et al. [33], who also reported the same tendency of the scattering strength increasing with frequency increase at certain ranges.




4.2. Echo-Integration


The mean scattering strength of each station in Figure 8 reflects the horizontal distribution of zooplankton. The    S V    of 30 stations in our study fell between −71.02 and −57.36 dB, which is consistent with the scattering characteristics of zooplankton layers reported by Batzler et al. [35]. They found that the    S V    of zooplankton layers in the Northwest Pacific Ocean was in the range −95–−50 dB. Figure 5 reflects the vertical distribution of zooplankton. With the highest latitudes of Stations 24, 30, and 31 close to the Oyashio current, their scattering strengths are generally lower than those of other stations. This indicates that the Kuroshio and Oyashio currents have a significant influence on scattering strength.



The correlations of scattering strength with depth and temperature on the vertical distribution both directly or indirectly indicate that temperature is an important factor affecting zooplankton distribution, and zooplankton tends to live in warmer places. However, no significant correlations were found between the scattering strength, latitude, and temperature on the horizontal distribution, and it is believed to be due to the diel scattering difference. The temperature profiles of some stations shown in Figure 4 exhibit higher temperature values above 40 m. We believe that the suitable temperature and abundant dissolved oxygen brought by sufficient illumination are beneficial to the survival of zooplankton. Besides, the thermocline could be observed at a water layer of 20–40 m in several stations. Due to the blocking effect of the thermocline, the higher temperatures at upper waters could not easily drop. Moreover, zooplankton prefers living around the thermocline because of the aggregation of chlorophyll and dissolved oxygen. The study about the relationship between backscattering strength and thermocline at the Taiwan Strait conducted by Lyu et al. [36] also showed a consistency of the position between temperature gradient peaks and scattering strength peaks. Therefore, it is viable to search for zooplankton swarm areas at positions around the thermocline.



Many studies have shown that the diel vertical migration (DVM) of zooplankton is mainly related to the illumination intensity [37,38,39]. In this paper, the scattering strength significantly changes with solar height, consistent with conclusions from these past studies. The scattering strength decreasing at sunrise indicates that zooplankton descends to deeper waters, while increases in the scattering strength after sunset indicates that zooplankton ascends to the surface. The continuous tracking of light could reduce its predation risk and avoid being detected by visual predators [39]. Therefore, zooplankton takes the disappearance of light in the nighttime as the signal to forage and moves to the surface. As their plumpness increases in the daytime, they descend to the deeper waters. As shown in Figure 6, no significant correlation between    S V    and latitude was observed. However, this could be caused by the difference in the times when data were collected. In this paper, data at each station were collected at different times when DVM had a significant influence on the result of the correlation analysis.



The confluence of the Kuroshio and the Oyashio is one of the factors affecting the zooplankton distribution. For example, the scattering strengths at Stations 23, 32, 33, 34, 35, 36, 37, and 39 at the cold area above the Kuroshio were lower than those obtained at Stations 44, 45, 46, 47, 48, 49, 50, A1, and A2 at the warm area below the Kuroshio. Moreover, the scattering differences among stations could be caused by the cold and warm vortices at the KOCR. The scattering strengths at Stations 34 and 36 near the warm vortex’s center were higher than that at Station 33 at that vortex’s edge. This difference is believed to be largely due to the higher temperature at the center of the warm vortex [40].



The distribution and migration of the sound scattering layer are influenced by various factors, such as dissolved oxygen, chlorophyll, and turbidity [36,41,42]. However, the factors affecting the scattering layer may be different in different regions, such as cloud shadows, moonlight conditions, and tidal dynamics, which may also affect the DVM. Omand et al. [43] revealed that cloud shadows in subpolar seas drive variability in surface photosynthetically available radiation, leading to vertical migration of zooplankton above 300 m. Last et al. [44] showed that changes in moonlight can drive the DVM during the Arctic winter, presumably because moonlight affects the predator–prey interactions. However, Petrusevich et al. [45] found tidal dynamics, not moonlight, to play an important role in the DVM of the scattering layer in Hudson Bay, which is unlike polar and subpolar oceans. The vertical migration of zooplankton will be obviously weakened during spring tide (occurring during the full moon and new moon phases) in order to avoid expending additional energy. Therefore, whether the sound scattering layer in our research area is closely related to other factors needs to be further studied.



In addition, research about broadband sound scattering is developing [46], and biological sampling is still essential for accurate species identification, classification, and abundance assessment from an echogram [47,48,49]. Therefore, future studies should combine broadband acoustic data with biological sampling to acquire more information about the species, abundance, and distribution of zooplankton at the Kuroshio–Oyashio confluence region.
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Figure 1. The distribution of 30 acoustic stations during the 2019 Songhangsurvey at the Northwest Pacific Ocean. 
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Figure 2. Scattering strength variation with frequencies at all layers in the water column for 30 stations (m: meter, the unit of depth). 
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Figure 3. Distribution of scattering strength at different stations. The blank areas at Stations 24, 30, and 31 indicate that there were no valid data because data below 100 m were not collected at these stations. 
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Figure 4. The water temperature profiles collected by CTD. 
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Figure 5. The mean    S V    values of each layer at the survey area: (a) mean    S V    values without Stations 24, 30, and 31; (b) mean    S V    values at Stations 24, 30, and 31. 
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Figure 6. The Pearson correlation and linear regression analysis on the horizontal level indicate the scattering strength: (a) not significantly correlated with longitude (R = −0.012, p = 0.948, p > 0.05), (b) not significantly correlated with latitude (R = −0.239, p = 0.230, p > 0.05), (c) not significantly correlated with water temperature (R = 0.353, p = 0.116, p > 0.05). 
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Figure 7. The Pearson correlation and linear regression analysis on the vertical level indicate the scattering strength (without Stations 24, 30, and 31): (a) negatively correlated with depth (R = −0.933, p = 0.0002, p < 0.01); (b) positively correlated with water temperature (R = 0.939, p = 0.0002, p < 0.01). 
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Figure 8. The scattering strength and solar altitude angle corresponding with the survey time of each station. The upper and lower boundaries of the box represent the maximum and minimum solar altitude angles, and the median line represents the median value. 
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Table 1. Main parameter settings of Simrad EK80 echosounder system.
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Technical Parameters

	
Parameter Settings




	
38 kHz

	
70 kHz

	
120 kHz

	
200 kHz






	
Transducer type

	
ES38-7

	
ES70-7C

	
ES120-7C

	
ES200-7C




	
Broadband range (kHz)

	
34–45

	
45–90

	
90–170

	
160–260




	
Transmit power (W)

	
2000

	
750

	
250

	
150




	
Pulse duration (ms)

	
4.096

	
4.096

	
4.096

	
4.096




	
Ping interval (ms)

	
1999

	
1999

	
1999

	
1999




	
Beam angle

	
7°

	
7°

	
7°

	
7°
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