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Monitoring the dynamics of ocean-going fishing vessels is essential for fisheries stock assessment and management. In this paper, coupled fishery and remote sensing methods were applied to propose a satellite-based fishery resource monitoring and assessment system (SFRMAS) that supported chub mackerel (Scomber japonicus), Pacific saury (Cololabis saira) and neon flying squid (Ommastrephes bartramii) fishing activities in the northwest Pacific. A multispecies fishing vessel database was generated in the SFRMAS using visible infrared imaging radiometer suite day/night band (VIIRS/DNB) images, automatic identification system (AIS) data and multimarine remote sensing resources. The results showed that the VIIRS/DNB vessel detection (VVD) and AIS vessel detection approaches improved the extraction accuracy of multispecies fishing vessels. A high productivity area with a higher chlorophyll a concentration had the most concentrated distribution of mackerel vessels. The widest longitudinal migrations of the neon flying squid and the latitudinal ranges of Pacific saury were highly related to sea surface temperature (SST), which was well captured by the movement of the fishing vessels. In the SFRMAS, the accuracy of detected multispecies fishing days and fishing catches was mostly between 60 and 90%, which can provide data support for fisheries stock assessment and management.
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INTRODUCTION

The northwest Pacific Ocean is one of the most productive fishing grounds in the world due to its unique geographical conditions and oceanographic properties (Yasuda, 2003). According to statistics from the Food and Agriculture Organization (FAO) of the United Nations, catch from the northwest Pacific has reached 20 million tons, accounting for 25% of the total marine fish production of the world (FAO, 2019). Pelagic fish are the main component of fishery resources in the northwest Pacific, among which Pacific saury (Cololabis saira), neon flying squid (Ommastrephes bartramii), and chub mackerel (Scomber japonicus) are the major commercial species considered by the North Pacific Fisheries Commission (NPFC) (NPFC, 2019b). Currently, these fishery resources are being exploited by China, Japan, Korea, Russia, Chinese Taipei and Vanuatu. Most fishing vessels attract and concentrate these species with strong lights at night (Oozeki et al., 2018). Fish have specific habitat requirements at different life history stages, so environmental changes in the northwest Pacific may affect the growth and spatiotemporal distribution of pelagic species and thus further affect the location of fishing grounds (Mugo et al., 2014; Chang et al., 2019; Wang et al., 2021). To achieve the long-term sustainability of fisheries resources, a series of active conservation and management measures have been put into practice in recent years (NPFC, 2019a,2021a,b), and several studies have carried out fishing ground forecasts and fishery resource assessments of these commercial species (Syah et al., 2016; Yu et al., 2016; NPFC, 2019b).

Establishment of a multispecies fishing vessel database is particularly important and can provide accurate data for the construction of predictive models. With the continuous development of satellite technology in the past 30 years (Croft, 1978; Small and Elvidge, 2011; Miller et al., 2013), various communication satellite data (such as the automatic identification system, AIS) and observation satellite data (such as the Visible Infrared Imaging Radiometer Suite Day/Night Band, VIIRS/DNB) have been widely used in monitoring ocean-going fishing vessels and have supplemented insufficient fishery data (Elvidge et al., 2015, 2018; Kroodsma et al., 2018). Combined with environmental remote sensing, these satellite-based fishing vessel data have been widely used to understand the relationship between fishery distributions and ocean characteristics (Alabia et al., 2016a; Chiu et al., 2017; Paulino et al., 2017; Kroodsma et al., 2018). However, these satellite data cannot effectively monitor multispecies fishing vessels, and the respective deficiencies of these data also limit relevant fishery studies. More importantly, a comprehensive system to monitor multispecies fishery dynamics and evaluate fishery resources that integrates VIIRS/DNB images, AIS data, fishing catch data and environmental data is still lacking.

VIIRS/DNB data have been increasingly utilized in various fishery studies since the launch of the Suomi National Polar Orbiting Partnership satellite in 2011. Its applications include detecting changes in the number and positions of fishing vessels, identifying illegal, unreported and unregulated fishing, tracking the operation status of saury fishing vessels, mapping fishing activities and suitable fishing grounds, and tracking fishing vessel distributions in combination with vessel monitoring system data (Liu et al., 2015; Straka et al., 2015; Cozzolino and Lasta, 2016; Syarifudin et al., 2017; Geronimo et al., 2018; Tian et al., 2018; Hsu et al., 2019; Saito et al., 2019). Threshold segmentation and DNB local maximum extraction are key steps of the VIIRS/DNB boat detection (VBD) algorithm developed by Elvidge et al. (2015) to extract offshore night light fishing boats. However, ocean-going fishing vessels with different gear types have different radiation characteristics. Compared to offshore boats, these ocean-going fishing vessels are larger and brighter (Cozzolino and Lasta, 2016). Therefore, in the detection of species-specific ocean-going fishing vessels, it is necessary to determine the detection thresholds and ranges of local maxima according to their radiance characteristics in the VIIRS/DNB images. To date, a suitable VIIRS/DNB vessel detection (VVD) approach for distinguishing multispecies fishing vessels operating in the northwest Pacific has not yet been developed.

The automatic identification system (AIS) was originally designed for communications and to prevent marine vessel collisions by transmitting signals, including the identity, gear type, instantaneous speed, and location information of each vessel, as often as every few seconds (De Souza et al., 2016; Kroodsma et al., 2018). AIS data are not affected by weather, as opposed to VIIRS/DNB images, and by matching the signals transmitted in the AIS data with official fleet registries, fishing vessels and their AIS positions can be identified using the AIS vessel detection (AVD) approach to indicate fishing activity. In recent years, the increased use of satellite-based AIS fishing vessel positions has also allowed great progress in detecting the patterns and activities of ocean-going fishing vessels and managing fishery resources (Flothmann et al., 2010; Natale et al., 2015; Le Guyader et al., 2017; James et al., 2018). However, the AIS data have several obvious shortcomings, including incomplete coverage, errors in the maritime mobile service identity (MMSI), missing data, and deliberate suspension of signal transmissions (McCauley et al., 2016; Oozeki et al., 2018). In addition, to date, the target species information of fishing vessels registered in the NPFC has not been used to distinguish multiple AVDs in the northwest Pacific.

Our intention was to develop a comprehensive monitoring and assessment system for key fisheries resources in the northwest Pacific by combining multiple satellite remote sensing resources. Therefore, the objectives of this paper were (1) to develop suitable AVD and VVD approaches for distinguishing multispecies fishing vessels in the northwest Pacific, (2) to understand the relationship between the spatiotemporal distribution of species-specific fishing vessels, species life histories and environmental changes, and (3) to provide support for multiple fisheries resource management based on the satellite-based fishery resource monitoring and assessment system (SFRMAS) proposed in this study.



MATERIALS AND METHODS


Study Area

The study focused on the fishing grounds of night light fishing vessels targeting chub mackerel, Pacific saury and neon flying squid in the northwest Pacific. The possible fishing area of chub mackerel is from 35–45°N to 140–160°E (Watanabe and Yatsu, 2006). The potential fishing areas of Pacific saury are between 36–50°N and 140–170°E (Tian et al., 2003). Neon flying squid is widely distributed in the Pacific and is mainly targeted by squid-jigging boats in two areas: 38–45°N, 144–170°E and 36–46°N, 170°E–160°W (Tian et al., 2009; Alabia et al., 2016b). Hence, the defined study area covered the waters between 35–50°N and 140°E–160°W, excluding the exclusive economic zones (EEZs) of Japan and Russia (Figure 1).
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FIGURE 1. Map of the northwest Pacific Ocean showing the study area (outlined in green). Major pelagic fish (Pacific saury, neon flying squid, and chub mackerel) targeted by night light fishing vessels in the study area are overlain. The red points are the survey stations where radar images of lit saury fishing vessels were taken.




North Pacific Fisheries Commission-Based Vessel Information and Catch Data

The approved vessel information from the NPFC1 was used to distinguish the multiple types of night light fishing vessels (Figure 1) in our study area. Night light fishing vessels in the study area were initially selected from the NPFC-approved vessel list. The missing MMSI information of fishing vessels was completed on a ship information inquiry website.2 In this study, information on vessel type, fishing gear, and target species was critical for classifying different fishing vessels. For example, stick-held dip nets and lift nets are the primary fishing gear used by most saury vessels, while mackerel vessels mainly use purse seines (NPFC, 2019b). Therefore, vessels without such information were excluded from analysis. Then, the remaining vessels were divided into mackerel, saury, and squid vessel lists according to their critical information.

Multispecies catch data harvested by night light fishing vessels in the study area between 2012 and 2018 were also derived from the NPFC,3 and the average catch per unit effort (CPUE) was calculated by dividing the total catch (metric ton) by fishing day and fishing vessel.



Automatic Identification System-Based Daily Fishing Effort Dataset

The AIS-based daily fishing effort dataset was obtained from the Global Fishing Watch online repository,4 which contains fishing effort information in fishing hours for each vessel, gridded at 0.1 degree.



Visible Infrared Imaging Radiometer Suite Day/Night Band Images

VIIRS/DNB nighttime images were obtained from the National Oceanic and Atmospheric Administration Comprehensive Larger Array-Data Stewardship System,5 which are distributed in version 5 of the Hierarchal Data Format (Mills and Miller, 2016). The spectral range of the VIIRS/DNB waveband allows it to collect light from fishing vessels at night, and the spatial resolution of VIIRS/DNB images is 742 m (Cao et al., 2013; Elvidge et al., 2013). Daily VIIRS/DNB images covering our study area were downloaded between January and December 2018, totaling 1,200 granules.



Shipborne Radar Images

Shipborne radar images were collected at half-hour intervals between 14:30 and 16:30 (Coordinated Universal Time) every night from August 16, 2018 to November 10, 2018, on a Chinese saury vessel: LU HUANG YUAN YU 116, whose MMSI is 412331055 (Figure 1). The radar image contained the following information: the vessel’s position, direction, speed, radar scanning radius, and other vessels detected by the radar. Vessel positions extracted from the radar image were used to verify the VVD.



Marine Environmental Factors

Sea surface temperature (SST), sea surface chlorophyll a concentration (SSC) and sea surface height (SSH) were selected as the primary factors to analyze the marine environmental conditions affecting the monthly distribution of fishing vessels. Monthly SST data, at a spatial resolution of 0.05 and monthly SSC data at a spatial resolution of 0.04° were obtained from the NOAA Ocean Watch website.6 Monthly SSH data at a spatial resolution of 0.083° were obtained from the Copernicus Marine Service.7

The sea level anomaly (SLA), SSC, and SST variables were used to analyze the mesoscale oceanic eddies affecting the distribution of multispecies fishing vessels on September 18, 2018. These daily data, at a spatial resolution of 0.25°, were also obtained from the Copernicus Marine Service.



Multispecies Fishing Vessel Identification and Database Establishment

By merging the location information of species-specific fishing vessels from the VVD and AVD datasets, a comprehensive multispecies fishing vessel database was established in this study (Figure 2). The first step of the flowchart was to distinguish the daily multispecies AVD from the raw AIS fishing effort data. Daily fishing positions of mackerel, saury and squid vessels were selected based on the MMSI matched with the filtered multispecies NPFC lists. Only the location with the longest fishing time was selected to count the number of AVDs, and the results were stored in the AVD dataset as.shp files.
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FIGURE 2. Diagram of species-specific fishing vessels distinguished using AVD and VVD approaches.


The improved VVD approach, which is suitable for species-specific fishing vessel identification in the northwest Pacific, is based on the offshore light fishing boat detection model proposed by Elvidge et al. (2015). Daily operating regions of species-specific fishing vessels in the VIIRS/DNB image were distinguished by matching the positions of these vessels extracted using the AVD approach (Supplementary Figures 1A–E), and the appropriate thresholds were chosen separately. By generating a sorted spike median index (SMI) scatterplot, initial thresholds to distinguish luminous pixels from surrounding dark background pixels can be determined based on the turning points (Supplementary Figures 1F–H). To determine the range of multiple VVDs, a statistics tool was used to calculate the largest SMI of pixels within a specified neighborhood. In the VVD approach, Circle-2 (a circle with a 2-pixel radius), Circle-3 (a circle with a 3-pixel radius) and Square-3 (a square with 3*3 pixels) were selected as neighborhood types. The three focal statistical ranges were performed on daily multispecies VVD data, and the most suitable range was employed by comparing the detection results. Ultimately, Circle-2 was employed in mackerel and saury VVD analyses. Circle-2 or Circle-3 were used in squid VVD analysis, depending on the spatial gaps between these vessels. Then, the values of all target pixels were locked at zero in the image before using focal statistics for comparison with the image obtained after using focal statistics (Supplementary Figures 2A–C). After verifying the detection results with radar images, background pixels with negative values were removed. Finally, the locked pixel was extracted and stored in the VVD dataset as a point.shp file.

Ultimately, to obtain the number of species-specific fishing vessels on a given day, the dataset with the highest record was selected. Taking into account the operating characteristics of ocean-going fishing vessels and the shortcomings of different satellites on the fluctuations of species-specific fishing vessel observations, the 3-day running mean of the highest vessel counts represented the number of comprehensive fishing vessel databases.



Distribution Center Calculation and Track Line Mapping

The spatiotemporal variations in fishing grounds of multispecies fishing vessels were mapped in ArcGIS ver. 10.7 software. The trajectories of fishing vessels indicated the movement patterns of target species. Therefore, the daily distribution centers of mackerel, saury, and squid fishing vessels were calculated using the following equations:
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where [image: image] and [image: image] are the daily average coordinates of mackerel, saury, and squid fishing vessels in the meridional and zonal directions, respectively. xi is the coordinate of each vessel in the meridional plane, yi is the coordinate of each vessel in the zonal plane, and n is the number of these vessels in a given day.

Then, we used the “points to line” tool to connect the daily distribution center points of mackerel, saury, and squid fishing vessels into monthly track lines. Finally, “smooth line” tools were used to smooth the monthly track lines for each species-specific fishing fleet.




RESULTS


Suitable Visible Infrared Imaging Radiometer Suite Day/Night Band Vessel Detection Approach Developed for Multispecies Fishing Vessel Identification

The VIIRS/DNB image from September 18, 2018, was selected as an example to demonstrate the extraction effect of multispecies fishing vessels (Figure 3). The masks used to distinguish multispecies VVDs were effectively defined based on the AVD results. Based on the turning points of the sorted SMI scatterplots, for this particular day, 1.00, 0.90, and 1.00 were the thresholds used for the mackerel, squid, and saury VVDs, respectively. Figures 3A1–D3 shows the extraction results of multispecies fishing vessels under different local statistical ranges. The red points in Figure 3F are vessels extracted from the radar image (Figure 3E) that are closest in time, and the verification results are shown in Figures 3C1–C3. The results showed that the Circle-2 VVD approach accurately extracted mackerel fishing vessels (Figure 3A1), squid fishing vessels (Figure 3B1), clump saury fishing vessels (Figure 3C1) and scattered saury fishing vessels (Figure 3D1).
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FIGURE 3. An example diagram of multispecies identification on September 18, 2018. According to the AVD positions, (A–D) are regions containing scattered mackerel vessels, scattered squid vessels, and clumped and scattered saury vessels, respectively. The yellow, green, and blue points in (A1–D3) are VVDs detected by Circle-2, Circle-3, and Square-3, respectively. (E) Shows the radar image taken at 15:15 on September 18, 2018, which is almost synchronized with the time of the VIIRS/DNB image. The red points in (C1–C3,F) are saury boats extracted from (E). In terms of the number of VVDs, (C1) has the closest match to the extraction result of the radar image. The purple pentagram represents the location of LU HUANG YUAN YU 116 when the radar image was taken. Due to the time difference between the VIIRS/DNB and radar images, it is acceptable that the positions of the fishing vessels do not completely coincide. UTC corresponds to the Coordinated Universal Time.




Seasonal Variations in Multispecies Fishing Vessels

The fluctuations in the number of comprehensive multispecies fishing vessel databases in 2018 are shown in Figure 4. The number of species-specific fishing fleets detected using the VVD approach was larger than that via the AVD for most days in 2018. However, the number of VVD-based fishing vessels also fluctuated abruptly due to the influences of moon phases and weather conditions (Figures 4A–C). The comprehensive fishing vessel database overcame the respective shortcomings of the AVD and VVD and provided reliable monitoring information on multispecies fishing vessels (Figures 4D–F). The largest numbers of mackerel, squid, and saury vessels were 67, 89, and 161, respectively. The respective starting dates of fishing for mackerel, squid, and saury fishing vessels varied between March 9, May 5, and May 12. However, the end fishing dates of each fishery species targeted by night light fishing vessels were basically the same and were all around the end of November. The number of mackerel and squid fishing vessels gradually decreased after October and November, respectively. The number of saury fishing vessels decreased abruptly after November 18. Several key periods for multispecies fishing vessels detected from the comprehensive fishing vessel database are listed in Table 1. The fishing periods for the mackerel, squid and saury fishing fleets were March 9-November 27, May 12-December 7, and May 5-November 27, respectively. Periods with increased numbers of mackerel, squid, and saury fishing vessels were March 9 to July 20, May 12 to August 19, and May 5 to September 4, respectively. The fishing periods with the most (more than 2/3) mackerel, squid and saury fishing vessels were April 29 to October 8, June 7 to November 7, and August 14 to November 18, respectively.
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FIGURE 4. Daily number of (A) mackerel, (B) squid, and (C) saury fishing vessels detected by the AVD (orange lines) and VVD (dark blue lines) approaches. Three-day running means of the largest number of (D) mackerel, (E) squid, and (F) saury fishing vessel from the comprehensive fishing vessels database between March and December 2018. The black dotted lines in (D–F) indicate the fishing periods with the most (more than 2/3) fishing vessels.



TABLE 1. Several key periods for multiple species in the comprehensive fishing vessel database.
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Spatiotemporal Variations in Multispecies Fishing Vessels

The daily distribution centers and monthly trajectories of mackerel, saury and squid fishing vessels in 2018 are shown in Figure 5. From a year-long perspective, the distribution of mackerel vessels was the smallest and was concentrated within 146°–154°E and 38°–44°N. However, the daily distribution centers of saury vessels had the widest latitudinal range within 148°–165°E and 39°–49°N. The longitudinal distribution of squid vessels was the widest, spanning two fishing grounds: 177°E-172°W and 38°–44°N from May to early August and 154°–161°E and 39°–45°N from late July to November.
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FIGURE 5. Daily distribution centers (color-coded dots) and monthly trajectories (color-coded lines) of mackerel, saury, and squid fishing vessels from March to December 2018.


The trajectories of mackerel vessels showed movements along the borders of the EEZs from southwest to northeast between March and September, and this pattern reversed in October (Figure 5B). The trajectories of saury fishing vessels showed that from May to July, they mainly moved northward near 160°E, and from August to November, these vessels moved southwest along the high-seas border of the EEZs. The trajectories of squid fishing vessels highlighted an east to west movement. From May to October, squid fishing vessels moved in a northwestward direction. However, these vessels moved southwestward along the boundaries of the EEZs after October.



Impacts of Environmental Factors on the Monthly Spatial Distribution of Fishing Vessels

Figure 6 shows that the SST in the study area gradually increased until it reached a maximum in August, and the water temperature gradually decreased after autumn. The spatiotemporal distributions of mackerel and squid vessels varied in the productive Kuroshio–Oyashio transition area, which was consistent with the SST fronts. However, compared to mackerel and squid vessels, saury vessels moved into colder subarctic waters from May to July. Figure 7 shows that the high SSC area was mainly distributed near the coasts and was the smallest in March. From April to August, a high SSC area was mainly distributed in the Kuroshio–Oyashio transition area and the Oyashio waters. After September, the SSC in the study area increased abruptly, particularly near the EEZs, where fishing vessels were concentrated. SSH data were also overlaid with the monthly distribution of species-specific fishing vessels (Figure 8). In 2018, the SSH changed very little in the study area, with the high SSH areas distributed south of 38°N. Correspondingly, almost all the multispecies fishing vessels were concentrated north of 38°N.
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FIGURE 6. Monthly distributions of mackerel (blue dots), saury (red dots), and squid (green dots) fishing vessels that overlap with the SST in the northwest Pacific from March to December 2018.
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FIGURE 7. Monthly distributions of mackerel (blue dots), saury (red dots), and squid (green dots) fishing vessels that overlap with the SSC in the northwest Pacific from March to December 2018. Missing SSC pixels are shown in white.
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FIGURE 8. Monthly distributions of mackerel (blue dots), saury (red dots), and squid (green dots) fishing vessels that overlap with the SSH in the northwest Pacific from March to December 2018.





DISCUSSION

The main advantages of the SFRMAS is that it monitors and distinguishes species-specific fishing vessels, establishes a multispecies fishing vessel database, determines links between fish species, fishing vessels, and the marine environment, predicts changes in fishing grounds, and provides support for the assessment and protection of fishery resources.

In the world’s oceans, traditional fishing logs are not timely nor easy to obtain, and therefore, insufficient location data of fishing vessels limits relevant fishery research. The development of satellite technology has made high-powered ocean-going fishing vessels visible in remotely sensed data. However, several shortcomings limit the use of these data to supplement fishery data, most importantly, their inability to monitor species-specific fishing vessels. The comprehensive database built in this study based on satellite remotely sensed images and AIS data successfully distinguished multispecies fishing vessels, which can complement traditional fisheries data in the northwest Pacific. Real-time radar images captured on a saury fishing vessel were used to verify the VVD approach, which ensured the reliability of the multispecies VVD (Figure 3). Compared to the detection ranges of the AVD dataset or VVD dataset alone, the detection ranges for the fishing periods of mackerel, squid, and saury fishing vessels from the comprehensive database were 18, 11, and 3 days greater, respectively. Furthermore, the comprehensive database detected 17.0% of the mackerel vessels, 22.8% of the squid vessels and 29.6% of the saury vessels (Figure 4) that were obscured by the variations in moon phases and opaque clouds in the VVD dataset (Elvidge et al., 2013; Yamaguchi et al., 2016). Thus, there is no doubt that the comprehensive multispecies fishing vessel database addresses the respective limitations of communication and observation satellites and provides the best system for species-specific fishing vessel monitoring in terms of accurately detecting the number of fishing vessels and fishing periods (Figures 4D–F). Compared with previous data-limited studies, the comprehensive fishing vessel database covered wider spatiotemporal ranges and offered robust multispecies fleet detection results.

The south-to-north distributions of multispecies vessels outside the EEZs (Figure 5) were consistent with the seasonal migration between the spawning and feeding grounds of their target species (Watanabe, 1970; Tian et al., 2004; Watanabe and Yatsu, 2006; Alabia et al., 2016b), which are considered to be driven by suitable SSTs and their need for food resources (Figures 6, 7). Therefore, the SST, SSC and SSH ranges in the fishing positions are provided in Figure 9 to further analyze the suitable oceanographic characteristics of multiple fisheries. From the perspective of SST (Figure 9A), mackerel and squid fisheries had a similar trend, with fishing vessels mainly concentrated in waters with SSTs ranging from 16 to 18°C between July and September and less than 15°C in other months. These results for squid fisheries were consistent with optimal SST requirements for neon flying squid at different life history stages (Chen et al., 2007; Alabia et al., 2015; Yu et al., 2020). Conversely, as the Pacific saury is a cold-water pelagic fish (Sugisaki and Kurita, 2004), the distribution of the saury vessels in summer was different from those of mackerel and squid vessels and mainly occurred in colder waters with SSTs ranging from 8 to 12°C. Saury vessels were mainly concentrated in waters with SSTs between 15 and 18°C starting in August, corresponding with the most suitable environmental factor (15°C SST) affecting the distribution of saury during their southward-spawning migration in autumn (Huang, 2009).
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FIGURE 9. Medians (the black lines within the boxes), concentration ranges (the upper and lower borders of the boxes) and dispersion ranges (the gray whiskers) of the marine environments of the species-specific fishing positions for the (A) SST, (B) SSC, and (C) SSH.


From the perspective of the SSC (Figure 9B), mackerel vessels were mainly concentrated in fishing grounds with high SSCs (0.4–1 mg/m3) from April to June, when suitable feeding conditions accelerated the growth of mackerel (Watanabe and Yatsu, 2004). In addition, chub mackerel has the longest life cycle among the three pelagic fish species (Suyama et al., 1996; Yatsu et al., 1997; Yukami et al., 2018). Accordingly, the fishing period of mackerel vessels was the earliest and longest (Figure 4). However, in summer, mackerel vessels were mainly distributed in waters with lower SSCs (0.3–0.7 mg/m3). Most likely due to a large inflow of the Oyashio Current into the feeding grounds, most mackerel vessels move southwest into cold and productive fishing grounds in October, with SSCs ranging from 1.2 to 1.6 mg/m3. These results were consistent with previous research that showed that the SSC plays a vital role in mackerel growth (Kamimura et al., 2021). However, squid fisheries were mainly concentrated in waters with SSCs that were almost all less than 0.5 mg/m3, which were the lowest among the multispecies fishing vessels, suggesting that the SSC does not seem to directly affect the distribution of neon flying squid (Chen et al., 2007). Compared with squid vessels, saury vessels tended to be distributed in waters with higher SSCs, which indicates that the SSC was also an important factor affecting the distribution and migration of Pacific saury.

From the perspective of SSH (Figure 9C), mackerel vessels were mainly concentrated in waters with an SSH of 0–0.2 m, which was the lowest compared to squid and saury vessels. The SSH may affect the local distribution of squid by driving mesoscale ocean features such as food concentration (Chen et al., 2010), and the squid fishing grounds in 2018 were characterized by SSHs within the range of 0.1–0.4 m. The higher SSHs in saury fishing grounds after September also indicated that the strength of the Oyashio intrusion and transport drove the southward migration of the Pacific saury after they had reached a sufficient size (Tseng et al., 2014).

Mesoscale oceanic eddies have been shown to positively influence the catch of commercial fishing vessels using different fishing gear (Arur et al., 2020). Probably because the overlap between the monthly distribution of fishing vessels and the SSH layers blurs the mesoscale oceanic features, almost all night light fishing vessels were distributed in calm oceans (0–0.4 m SSH). Accordingly, SLA, SSC, and SST data were overlaid on the position of fishing vessels on September 18, 2018 to explore the effects of mesoscale eddies on multispecies fisheries in the northwest Pacific (Figure 10). Figure 10A shows that the mackerel and saury vessels were located in warm core eddy peripheries, which are considered productive due to the depressed sea surface and the occurrence of divergence or upwelling (Figure 10B). The overlap of fishing vessel positions with the SST layer also reveals that mackerel and saury vessels tended to fish near the high-productivity fronts. In contrast, on this date, squid vessels were mainly distributed near warm core eddy centers, which are not considered productive. Although all multispecies fishing vessels use light to catch pelagic species, those in the northwest Pacific were concentrated in waters with different SSCs, which can be attributed to differences in fishing gear and the feeding habits of their target species. Upwelling at eddies can increase local SSC, attracting pelagic planktivorous fishes; therefore, mackerel and saury vessels in the northwest Pacific tend to be distributed in warm core eddy peripheries and move with them. The opposite distribution pattern of squid vessels may be related to the fact that these longliners locate fishing grounds based on the color and turbidity of water and that they target predatory fish (Arur et al., 2014). The multispecies fishing vessels database developed in this study provides a basis for exploring the relationship between fishing activities and ocean phenomena. A previous study showed that the influence of upwelling on the Sardinella longiceps catch is seasonal (with 2- and 3-month lags) in the coastal waters of the southeastern Arabian Sea (Menon et al., 2019). However, the present study did not consider the lag (even of a few days) that may occur in multispecies fishing when considering the influence of mesoscale oceanic features, which may be important as there is a time requirement before these physical feature impact fish abundance. In the future, the temporal resolution for exploring the influence of mesoscale oceanic features on multispecies commercial fishing in the northwest Pacific and their lead-lag correlation may reach accuracy on the scale of days.
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FIGURE 10. Distributions of mackerel (blue dots), saury (red dots), and squid (green dots) fishing vessels on September 18, 2018, overlain with (A) SLAs, (B) SSCs and (C) SSTs. The SLA, SSC and SST contours were generated at 0.02 m, 0.05 mg/m3 and 1°C intervals, respectively.


Conservation and management measures for commercial species are inseparable from monitoring of species-specific fishery activities. Controlling the total allowable catch is a crucial conservation measure for commercial fishery resources but it is limited by incomplete fishing logs, and previous studies on fishery resource management have often focused on a single fish species. Therefore, multispecies fishing vessels in 2013–2018 in the northwest Pacific were distinguished, and the ratios of fishing days detected by SFRMAS to those based on the NPFC data were mostly between 60 and 90% (Figure 11A). More importantly, by combining the SFRMAS-based fishing days (Figures 4D–F) and the NPFC-based average CPUE before a particular year, the SFRMAS can provide multispecies catch predictions for that year. The forecasted catches of multiple species from 2013 to 2018 are shown in Figure 11B, and compared to the NPFC-based catches, the prediction accuracies of mackerel, squid and saury were within 65–70%, 55–60%, and 70–75%, respectively. These relatively low prediction accuracies may be due to data constraints in the fishing vessel identification and the coarse time resolution (year) of the CPUE. Therefore, real-time CPUE data will be collected in the future to improve the SFRMAS-based catch predictions. Night-light fishing vessels obscured by thick clouds may also be detected using satellite-based synthetic aperture radar (SAR) data (Ren et al., 2021). As the lunar phase progressed, the number of VVD-based fishing vessels decreased significantly (Figures 4D–F). More field surveys will be conducted to determine a more reasonable range of running means to reduce the influence of moon phases, especially the full moon, on the VVD detection and catch prediction.


[image: image]

FIGURE 11. (A) Ratios of SFRMAS-based fishing days to NPFC-based fishing days, and (B) SFRMAS-based and NPFC-based catches.


The strong link between commercial species, fishing vessels and environmental conditions makes it possible to monitor the large-scale migration routes and forecast the fishing grounds of pelagic fishes by using satellite remote sensing data, which is especially useful for the conservation of spawning groups. From the SFRMAS-based spatiotemporal variations in multispecies fishing vessels, we assumed that the spawning migration of chub mackerel, neon flying squid (autumn cohort) and Pacific saury started after October 7, September 21, and August 9, respectively. Using the near real-time characteristics of observation satellites, the SFRMAS can be used to combat illegal fishing by monitoring the daily number and location of fishing vessels, and long-term monitoring can help fisheries agencies protect juvenile fish by defining fishing ban areas (NPFC, 2019b). By assisting in estimating catches, protecting spawning groups, combating illegal fishing, and defining closed fishing areas, the SFRMAS presented in this study could result in improved conservation and management of multiple fishery resources.



CONCLUSION

This study established the SFRMAS for multiple fisheries resources in the northwest Pacific. Based on satellite remote sensing technology, a comprehensive multispecies fishing vessel database was generated in the SFRMAS, and a strong link between fish, fishing vessels and the marine environment was found. The SST and SSC influenced the distribution and migration patterns of target species and further affected variations in the spatiotemporal distribution patterns of the fishing vessels. Gear types restricted the distribution of night light fishing vessels in oceans with low SSHs. The SFRMAS could provide support for the monitoring, management, and evaluation of multiple fishery resources. Additional fishing vessel information and remote sensing data are needed in the future to monitor and manage more fish species based on the SFRMAS.
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