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Abstract

:

Information and understanding of fishing activities at sea is important to fisheries science, public authorities and policy-makers. To understand the spatial–temporal distribution characteristics of squid-jigging vessels and how the marine environment affects the distribution of squid-jigging vessels in the North Pacific Ocean, operation behavior of the squid-jigging vessels was analysed by using spatial–temporal factors and marine environmental factors. The fishing effort (FE) information was calculated based on automatic identification system (AIS) data of squid-jigging fishing vessels in the North Pacific Ocean from July to November in 2017 to 2020, and the overlay maps of the spatial distribution of environmental factors and fishing effort were plotted together with four environmental variables (sea surface temperature (SST), sea surface height (SSH), sea surface salinity (SSS), and concentration of chlorophyll-a (Chla)). A generalized additive model (GAM) was used to investigate the nonlinear influence of the marine environment on squid-jigging fishing vessel activity in the North Pacific Ocean. The results show that fishing effort increased from July to August and then decreased from September to November. The fishing effort was highest in August. The intensity of the fishing effort suggests squid-jigging vessel operations had significant seasonal variations. The overlay maps suggest that the fishing effort of squid-jigging vessels was mainly located in areas where SST was between   10   ∘  C   and   20   ∘  C  , SSH was between   − 0.3  m   and   0.2  m  , SSS was between   32 ×  10  − 3     and   34 ×  10  − 3    , and Chla was between   0.1  mg ·  m  − 3     and   0.4  mg ·  m  − 3    . The generalized additive model indicated evidence of nonlinear relationships between fishing effort and the three environmental factors. The favorable ranges of SST, SSH, SSS and Chla for fishing effort were   15   ∘  C ∼ 18   ∘  C  ,   0 ∼ 0.2  m  ,   33 ×  10  − 3   ∼ 34 ×  10  − 3     and   0.2  mg ·  m  − 3   ∼ 0.4  mg ·  m  − 3    , respectively. Moreover, the area beneficial to fishing effort was in    41 ∘   N ∼  44 ∘   N  ,    152 ∘   E ∼  165 ∘   E  .
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1. Introduction


The neon flying squid (Ommastrephes bartramii), the main fishing target of squid-jigging vessels in the North Pacific Ocean, is an economically important oceanic cephalopod species [1,2]. O. bartramii is an essential and important component of marine food webs and serves as a predator of numerous small species and a crucial prey species for numerous large marine organisms [3]. Therefore, it is extremely important to understand the spatial–temporal distribution and sustainable utilization of O. bartramii resources for ecosystem protection. The neon flying squid distribution and relative abundance are closely linked to changes in environmental conditions. Numerous studies have found that the potential fishing grounds of O. bartramii in the North Pacific were largely influenced by marine environmental variables such as sea surface temperature (SST), sea surface salinity (SSS), chlorophyll-a concentration (Chla) and sea surface height (SSH) [4,5,6,7,8].



The North Pacific population of O. bartramii is comprised of two seasonal spawning cohorts: the fall and winter–spring spawning cohorts and undergo north–south migration driven by feeding and spawning [8]. The spatial distribution of the two cohorts can been classed into four stocks: the western and central-eastern stocks of the winter–spring cohort; the central and eastern stocks of the autumn cohort [9]. In previous studies, the analysis of fishery conditions was based on single commercial fishing data. A prediction model was established by using the commercial fishing data. Research results were limited in spatio–temporal range relative to potential fishing grounds. The sample selection bias from limitations on spatial coverage also results in environmental bias and could introduce estimation errors in models [5].



The log data adopted in previous studies were historic data due to the time lags, usually several years ago [1,5]. It is well known that O. bartramii distribution and abundance are demonstrably quite different from year to year [6]. There is also significant seasonal variability in habitat quality [7], and the squid vessel fishing location shows obvious difference between months [1,5]. For a 1-year short-lived lifespan species, its spatial–temporal distribution is highly susceptible to changes in marine conditions. It is necessary to adopt not only medium- term and long-term policies, but also flexible, short- and medium-term management policies [10]. Short-term, flexible management policies require continuous and near real-time monitoring of the spatial distribution of the fish. Hence, a comprehensive sampling, near real-time substitutable fishery information is necessary.



Recent developments in large data collected from the Automatic Identification System (AIS) [11,12,13] now provides dynamic vessel information, which was used for vessel safety [14,15,16] and fishing vessel monitoring [17] at first. It is now used for environmental pollution [18,19,20], traffic monitoring [21,22,23] and marine spatial planning [24,25,26,27,28]. The fishing effort information calculated from AIS also show great value in fishery resources. The fishing effort was used to investigate the characteristics of fishing behaviour [29], map high-resolution fishing grounds by detecting the fishing operation location [30] and determine the impact of human fishing activities on marine ecology [31]. The marine environment impacts the spatial–temporal distribution of fishery resources and thereby indirectly impacts the dynamic distribution of fishing spaces. The relationship between the temporal and spatial distribution of fishing vessel operation and marine surface environment has been preliminarily analysed by using ecological models and predicting fishing grounds [32,33,34,35].



Until now, hundreds of scientific research articles have been published regarding the spatial and temporal dynamics of fishing vessels. The squid-jigging vessel fishing location in the North Pacific Ocean shows significant difference between months, and is related to marine environment change. However, the spatial distribution of squid-jigging fishing vessels and its relationship with the marine environment have not been reported. In this study, the fishing effort data calculated from squid-jigging vessel tracking information in the North Pacific Ocean is coupled with remotely-sensed environmental data to analyse the spatial distribution of fishing vessel operation and its relationship with the marine environment, to support the vessels and fishery resource management.




2. Materials and Methods


2.1. Study Area


The traditional squid-jigging fishing area is mainly distributed in the western North Pacific (   140 ∘   E ∼  160 ∘   W  ,    35 ∘   N ∼  50 ∘   N  ) (Figure 1). In this area, there are two predominant western boundary currents, the warm Kuroshio Current and the cold Oyashio Current [36]. The dynamic and productive ecosystem is mainly influenced by the two currents.




2.2. Fishing Vessel Data Sources and Processing


The fishing effort data of squid-jigging fishing vessels were downloaded from Global Fishing Watch (https://globalfishingwatch.org/, accessed on 8 June 2021). The data included date, latitude, longitude, (Maritime Mobile Service Identify, MMSI), sailing time and fishing time information. The spatial resolution was 0.1 degrees and the temporal resolution was in days. The time was calculated by assigning an amount of time to each AIS detection and then summing those results at all positions in each grid cell. The fishing effort of the squid-jigging fishery was calculated through the convolutional neural network (CNN) [37].



The spatial pattern of the squid-jigging fishing location shows two distinct fishing areas divided by 170   ∘   E. The distribution of fishing effort between the western and eastern regions for the squid-jigging fishery from 2012 to 2020 are shown in Figure 2a,b, respectively. The fishing effort increased from 2017. In order to eliminate the spatial sample bias, the data after 2017 were adopted for analysis. According to the migration characteristics of O. bartramii, the fishing season for squid is generally from July and November [6]. Therefore, the time range of the fishing effort data selected in this paper was from July to November. The previous study [38] indicated that the optimal temporal and spatial scales are month, and    0.5 ∘    latitude and    0.5 ∘    longitude for O. bartramii in the Northwest Pacific Ocean. The fishing effort was compiled to monthly and    0.5 ∘    resolution.




2.3. Marine Environmental Data


The important environmental factors impacting the O. bartramii spatial–temporal distribution in the North Pacific Ocean usually include SST, SSH, SSS and Chla [5,39,40]. In this study, SST, SSH, SSS and Chla from July to November 2017–2020 were used to study the relationship between environmental conditions and the spatial distribution of squid-jigging vessels. These environmental data were obtained from the website: https://resources.marine.copernicus.eu/?option=com_csw&task=results, accessed on 8 June 2021. The environmental data were processed to a spatial resolution of    0.5 ∘  ×  0.5 ∘    and were averaged by month.




2.4. Gravity of Fishing Effort


In this paper, the fishing effort in the grids corresponding from July to November in 2017 to 2019 was averaged by month as the fishing effort of the squid-jigging vessels in this grid. The equation for calculating the gravity of the fishing effort is as follows [41]:


  X =     ∑  i = 1  n   (  E i  ×  X i  )     ∑  i = 1  n   E i     ,  Y =     ∑  i = 1  n   (  E i  ×  Y i  )     ∑  i = 1  n   E i     .  



(1)




where X and Y are the longitude and latitude of fishing effort center of gravity, respectively;   X i   is latitude of central point of the i-th grid;   Y i   is longitude of central point of the i-th grid;   E i   is the fishing effort in the i-th grid.




2.5. Analysis of the Relationship between Fishing Effort and the Marine Environment


To understand the impacts of the marine environment on the distribution of working areas for squid-jigging vessels, in this study, we developed an overlay map of fishing efforts with SST, SSH, SSS and Chla to visualize the suitable range of marine environmental parameters for fishing efforts. The suitable range of marine environmental parameters for the fishing effort distribution was analyzed by using mathematical statistical methods. We use Matlab2018b to implement this method.




2.6. Generalized Additive Model


In this paper, the generalized additive model (GAM) was used to establish nonlinear response relationships for the fishing effort of squid-jigging vessels, spatial variables, and marine environmental variables. In addition, the nonlinear impacts of spatial variables and marine environmental variables on fishing efforts were analyzed according to the GAM model. The GAM model has been widely used in fishery research [6,39,40]. The spatial variables included longitude and latitude, and the marine environmental variables included SST, SSH, SSS and Chla. Here, the formula of GAM [6,39,40] is as follows:


  ln ( e f f o r t + 0.1 ) ∼ s ( L o n , L a t ) + s ( S S T ) + s ( S S H ) + s ( S S S ) + s ( C h l a ) ,  



(2)




where   s ( )   is the natural spline smoothing function and   s ( L o n , L a t )   represents the influence of spatial factors on the area of fishing vessel operations as the result of the interaction of longitude and latitude. The mgcv function library of the R package was used to construct and calculate the GAM model, and the AIC value was used for model selection. The relation function adopted a Gaussian distribution. The smoothing function adopted the adaptive smoother function based on the P spline, the freedom of the smoothing function was not set, and the optimal function order was chosen by automatic model simulation. The optimal function order was selected by automatic simulation of the model in R language. In addition, To compare the marine environmental impact differences at different spatial scales, four spatial scale GAM models were constructed, which included    0.1 ∘  ×  0.1 ∘   ,    0.25 ∘  ×  0.25 ∘   ,    0.5 ∘  ×  0.5 ∘    (excluding latitude and longitude) and    1 ∘  ×  1 ∘   , respectively.





3. Results


3.1. Monthly Distribution of Fishing Effort


Figure 3 showed the distribution of months for the average monthly fishing effort from July to November in 2017 to 2020. The fishing effort of the squid-jigging vessels increased gradually from July to August. After August, the fishing effort started to decrease. In August, the fishing effort reached a maximum at approximately 40,275 h. In November, the fishing effort was at its minimum at approximately 15,407 h. Furthermore, the fishing effort was higher during July to September than during October to November.




3.2. Variations in the Gravity of Fishing Effort


Obvious variations in the center of gravity of the squid-jigging vessel fishing effort occurred from July to November in 2017–2020 (Figure 4). In July, the center of gravity of the fishing effort was in the vicinity of    174.2 ∘   E  ,    43.1 ∘   N  , and then the center of gravity of the fishing effort shifted to the northwest. In August, the center of gravity of the fishing effort was at the northernmost end, positioned in the vicinity of    166 ∘   E  ,    43.7 ∘   N  , and then it shifted to the southwest. In September, the center of gravity of the fishing effort was in the vicinity of    161.8 ∘   E  ,    43.3 ∘   N  , and it continued to move in a south-westerly direction. In October, the center of gravity of the fishing effort was in the vicinity of    156.5 ∘   E  ,    42.1 ∘   N  . In November, the center of gravity of the fishing effort was at the southernmost end, positioned in the vicinity of    152.1 ∘   E  ,    41.7 ∘   N  .




3.3. The Relationship between Fishing Effort and SSH


As shown in Figure 5, the variation in SSH was not obvious from July to November in 2017–2020. The areas with SSH values were concentrated along the coast of the Japanese Archipelago to the east into the sea in the vicinity of    140 ∘   E ∼  160 ∘   E  ,    35 ∘   N  , with SSH values above 1 m in this area, and there was almost no fishing effort distributed within this area.



From July to November, the fishing effort distribution areas were mainly in areas with low SSHs. In July, the fishing effort was mainly distributed in the areas with   − 0.25  m ∼ 0.16  m   of SSH, and there was considerable fishing effort in the eastern area which was in the vicinity of    175 ∘   E ∼  170 ∘   W  ,    40 ∘   N ∼  44 ∘   N   with   0 ∼ 0.2  m   of SSH. In August, the fishing effort was mainly distributed in the areas with   − 0.27  m ∼ 0.17  m   of SSH. Compared with July, there was a little fishing effort in the eastern area in August. In September, the fishing effort was mainly distributed in the areas with   − 0.23  m ∼ 0.1  m   of SSH. From October to November, the fishing effort was mainly distributed in the areas with   − 0.2  m ∼ 0.2  m   of SSH.



Figure 6 shows that the fishing effort was distributed in areas with an SSH range of   − 0.27  m ∼ 0.2  m  . The average SSH was 0.16 m. The fishing effort was maximum when SSH was 0 m.




3.4. The Relationship between Fishing Effort and SSS


Figure 7 showed that the considerable fishing effort was mainly distributed in the areas with   32 ×  10  − 3   ∼ 34 ×  10  − 3     from July to November. There was almost no fishing effort in the area in which SSS was greater than   34 ×  10  − 3    .



Figure 8 showed that the fishing effort was distributed in areas with an SSS range of   32.5 ×  10  − 3   ∼ 34.1 ×  10  − 3    . The average SSS was   33.5 ×  10  − 3    . The fishing effort was maximum when SSS was   33.5 ×  10  − 3    .




3.5. The Relationship between Fishing Effort and Chla


As shown in Figure 9, the Chla was mainly distributed spatially in a latitudinal direction from July to November between 2017 and 2020, with high Chla in the north and low Chla in the south. The fishing effort was mainly distributed in the area with Chla over   0.2  mg ·  m  − 3     from July to November. In July, Chla was higher in the northern area at    140 ∘   E ∼  170 ∘   W  ,    39 ∘   N ∼  50 ∘   N  , and the fishing effort was also mainly distributed in this region. In August and September, Chla began to contract to the north, with the latitudinal range decreasing to approximately    41 ∘   N ∼  50 ∘   N  . In October, Chla began to spread southward again. In November, high Chla values were the most widely distributed, covering almost the entire study area. The distribution of the fishing effort moved southward with Chla from October to November.



Almost no fishing effort occurred in the areas with Chla concentrations below   0.1  mg ·  m  − 3    . In July, the fishing effort was mainly distributed in areas where the range of Chla concentrations was   0.25  mg ·  m  − 3   ∼ 0.3  mg ·  m  − 3    . In August and September, the fishing effort was mainly distributed in areas where the range of Chla concentrations was   0.1  mg ·  m  − 3   ∼ 0.3  mg ·  m  − 3    . In October, the fishing effort was mainly distributed in areas where the range of Chla concentrations was   0.2  mg ·  m  − 3   ∼ 0.3  mg ·  m  − 3    . In November, the fishing effort was mainly distributed in areas where the range of Chla concentrations was   0.3  mg ·  m  − 3   ∼ 0.4  mg ·  m  − 3    .



Figure 10 showed that the fishing effort was distributed in areas with the range of Chla at   0.21  mg ·  m  − 3   ∼ 0.43  mg ·  m  − 3    . The average Chla was   0.46  mg ·  m  − 3    . The fishing effort was at its maximum when Chla was   0.31  mg ·  m  − 3    .




3.6. The Relationship between Fishing Effort and SST


As shown in Figure 11, SST was mainly distributed spatially in a latitudinal direction from July to November from 2017 to 2020, with high SST in the south and low SST in the north. From a temporal point of view, summer in the Northern Hemisphere is in July and August, the SST in the southern area is higher, and the area covered by high-temperature water is large. Autumn to early winter occurs from September to November. High-temperature water began to fade from north to south, and the area of low-temperature waters began to increase southward. Hence, there were obvious seasonal differences in SST variation.



Almost no fishing effort was distributed in waters with SST over   21   ∘  C   from July to November. In July, the fishing effort was concentrated in waters with sea surface temperatures between   8   ∘  C   and   20   ∘  C  . In August, the area of high SST waters in the North Pacific expanded from south to north, and the fishing effort area moved northward with the low SST waters, and the SST of the fishing effort area was between   10   ∘  C   and   21   ∘  C  . The area of waters with a high SST in the North Pacific decreased from north to south from September to November, and the area of low-temperature waters began to increase southward, with the fishing effort area moving southward with low-temperature waters. During this period, the SST of the fishing effort area was between   10   ∘  C   and   21   ∘  C   in September and October, and the SST of the fishing effort area was between   8   ∘  C   and   19   ∘  C   in November.



Figure 12 shows that the fishing effort was distributed in areas with an SST range of   10.9   ∘  C ∼ 20.6   ∘  C  . The average SST was   17.4   ∘  C  . The fishing effort was at its maximum when SST was   14.8   ∘  C  .




3.7. Generalized Additive Model


3.7.1. Analysis of GAM Results


The F-test showed that the model of the final GAM obtained in a stepwise manner using the AIC retained latitude, longitude, SSH, SSS, Chla and SST at the significance level   α = 0.05   (Table 1 and Table 2). The final GAM model at the significance level of   α = 0.05   showed that the variation in fishing effort explained by all variables was 40.8%, and the coefficient of determination was 0.389 (Table 1). Of the variables, the synergistic impacts of longitude and latitude contributed the most to the variation in fishing effort (Table 1), and its corresponding F-value is also the largest (Table 2). In the four marine environmental variables, according to their contribution to the model, we had SST > Chla > SSH > SSS. The sequence of their corresponding F-value was in the same order as above.




3.7.2. Impact of Latitude and Longitude on Fishing Effort


The solid black line in Figure 13a indicated the area where the fishing effort of squid-jigging vessels in the North Pacific Ocean was mainly distributed. The red dashed line (a positive standard deviation) and the green dashed line (a negative standard deviation) indicate confidence intervals for the area of operation of squid-jigging vessels. The area showed a closed curve of one layer, distributed in the regions of    144 ∘   E ∼  170 ∘   E  ,    38 ∘   N ∼  50 ∘   N   and    172 ∘   E ∼  160 ∘   W  ,    40 ∘   N ∼  46 ∘   N  . A three-dimensional spatial plot of the impact of latitude and longitude on the fishing effort (Figure 13b) showed that two mountain range bumps appeared in the fishing area, corresponding to the areas of    144 ∘   E ∼  170 ∘   E  ,    38 ∘   N ∼  50 ∘   N   and    172 ∘   E ∼  160 ∘   W  ,    40 ∘   N ∼  46 ∘   N   in Figure 13a. The favorable area for fishing effort was in    152 ∘   E ∼  165 ∘   E  ,    41 ∘   N ∼  44 ∘   N   by combining Figure 4 and Figure 13a.




3.7.3. Impacts of Different Marine Environmental Factors on Fishing Effort


Figure 14a showed that the impact of SSH on fishing effort was positively correlated when SSH was between −0.2 m and 0 m. The impact of SSH on fishing effort was relatively stable when SSH was between 0 m and 0.5 m. The suitable range of SSH for fishing effort was −0.2 m ∼ 0.2 m, and a range of SST that was more beneficial to fishing squid was between 0 ∼ 0.2 m. Figure 14b showed that the impact of SSS on fishing effort was positively correlated when SSS was between   32.5 ×  10  − 3     and   33.5 ×  10  − 3    . The impact of SSS on fishing effort gradually decreased as SSS over   34.5 ×  10  − 3     or below   32.5 ×  10  − 3    . The favorable range of SSS for fishing effort was   33 ×  10  − 3   ∼ 34 ×  10  − 3    . Figure 14c showed that the impact of Chla on fishing effort was relatively stable when Chla was between   0.1  mg ·  m  − 3     and   0.4  mg ·  m  − 3    . The impact of Chla on fishing effort decreased as Chla over   0.4  mg ·  m  − 3    . The favorable range of Chla for fishing effort was   0.2  mg ·  m  − 3   ∼ 0.4  mg ·  m  − 3    . Figure 14d showed that the impact of SST on fishing effort was negatively correlated when SST was between   11   ∘  C   and   13   ∘  C  . Nevertheless, when SST was between   13   ∘  C   and   17   ∘  C  , the impact of SST on fishing effort gradually increased, with the strongest impact at approximately   17   ∘  C  . The suitable range of SST for fishing effort was   14   ∘  C ∼ 20   ∘  C  , and a preferred SST was in the range of   15   ∘  C ∼ 18   ∘  C  .




3.7.4. The GAM at Different Spatial Resolutions


At resolutions of    0.1 ∘  × 0 .  1 ∘   ,    0.25 ∘  ×  0.25 ∘    and    1 ∘  ×  1 ∘   , three final GAM models at the significance level of   α = 0.05   showed that deviance explained by the models was 20.5%, 30.4% and 50.5%, respectively (Table 3, Table 4 and Table 5). The deviance explained by the model was increased as spatial resolution increased. The synergistic effect of latitude and longitude on fishing effort was still the greatest no matter how the spatial resolution changed. For the four marine environmental variables, no matter how the spatial resolution changed, the SST always had the largest contribution to the model. The order of contribution of the other three marine environmental variables were changed with the change in spatial resolution (Table 3, Table 4 and Table 5). Moreover, the spatial distribution of fishing effort was essentially the same when the spatial resolutions were not the same (Figure 13a and see Figures S1a, S3a and S5a in the Supplementary Materials). When the spatial resolution was    1 ∘  ×  1 ∘   , the trend in the influence of the marine environment on fishing effort was different from the remaining three, especially for SSH. The influence of the marine environment on fishing effort fluctuates greatly and the trend was not obvious (see Figures S2a–d, S4a–d and S6a–d in the Supplementary Materials).




3.7.5. The Results of GAM without Latitude and Longitude


The final GAM model without latitude and longitude showed that the deviance explained by the model was 16.3% at the significance level of   α = 0.05   (Table 6). The SST had the greatest influence on fishing effort, followed by SSS. The contribution of Chla was lowest in the GAM model. In addition, intervals of the suitable marine environmental variables for fishing effort obtained from this GAM model were generally consistent with Figure 14a–d (see Figure S7 in the Supplementary Materials).






4. Discussion


4.1. Spatial and Temporal Distribution of Fishing Effort


There was obvious seasonal variability in the impact of the month factor on fishing effort in this study (Figure 3). The fishing effort from October to November was lower than from July to September. The results were similar to those in the study of Yu et al. [6]. The maximum and minimum value of fishing effort occurred in August and November, respectively, in this study. The squid population migrated to the Oyashio Current Frontal Zone and the surrounding waters between    40 ∘   N   and    46 ∘   N   from August to October during the main fishing seasons [6]. Fan et al. [42] suggested that O. bartramii migrate northward to feed in July and August. Tian et al. [43] and Wei et al. [44] suggested that sexually mature male O. bartramii individuals start migrating south to spawn in October to November, while female O. bartramii individuals are sexually mature later and generally migrate south to spawn in November to December. Therefore, the squid breeding was mainly in the traditional fishing grounds of China. Accordingly, the fishing effort was increased due to large number of vessels in August. Nevertheless, the squid migrated south to spawn in November, and the fishing effort was low. Furthermore, the above discussion revealed the reason for the spatial variation in fishing effort from July to November in Figure 4.



According to the results of GAM, there was a significant impact for latitude and longitude on fishing effort (Table 1). The area where fishing vessels were concentrated was faulted near longitude    170 ∘   E   (Figure 13a). This phenomenon was mainly caused by squid migration in July to August. The range of longitude beneficial for fishing tended to be between    152 ∘   E   and    165 ∘   E   (Figure 3, Figure 4 and Figure 13a). As shown in Figure 4 and Figure 13a, the range of latitude beneficial for fishing was between    41 ∘   N   and    44 ∘   N  . This sea area is formed by the confluence of the warm Kuroshio and cold Oyashio Currents [45]. High horizontal temperature gradient, high nutrient upwelling, meandering eddies, and front zones provide favorable environmental conditions to yield a highly productive abundance for O. bartramii [46]. Thus, the fishing effort was high in the sea area. Furthermore, Yu et al. [41] suggested that the favorable area for squid was in    40 ∘   N ∼  43.5 ∘   N  ,    153 ∘   E ∼  161 ∘   E  . The range of latitude is consistent with the results in this paper, but the range of longitude is less than that in this paper. The reason might be that the east of the study area was wide.




4.2. Impacts of Marine Conditions on Fishing Effort


Variations in the marine environment lead to variations in the distribution of fish stocks, thus indirectly affecting the spatial distribution of fishing vessel operations. Previous studies suggested that O. bartramii, as an opportunistic species, is extremely susceptible to climatic and environmental variability at a range of spatial and temporal scales [47].



Chen et al. [48] suggested that a suitable water temperature was beneficial to O. bartramii in terms of gathering at fishing grounds. In this study, the fishing effort might be related to the increased temperature of water due to the high fishing effort in summer (Figure 3). Yu et al. [49] suggested that the optimum range of SST is   14   ∘  C ∼ 18   ∘  C   for O. bartramii in fishing season in the North Pacific Ocean. Furthermore, Wang et al. [50] reported that the suitable range of SST was >  15.5   ∘  C   and increasing water temperatures were beneficial to O. bartramii at the surface. These conclusions were basically similar to the results of this paper. The optimum range of SST derived from Japanese fishing grounds was   15   ∘  C ∼ 17   ∘  C   [5]. The difference is due to the spatial sample bias and data limitations.



SSH is influenced by variations in the dynamics of ocean topography, which can transport nutrients and salt from deep seawater to the surface to create an environment conducive to fish habitats. The fishing effort was decreased when SSH was too high (Figure 5 and Figure 14a). Fan et al. [51] suggested that at   SSH > 0  , the yields of O. bartramii are greater in the North Pacific Ocean, especially at SSH in   0 ∼ 0.3  m  ; at   SSH < 0  , yields for O. bartramii are increasingly lower. The phenomenon might be due to the migration of squid southward in October and November before the fishing vessels arrived. Therefore, the fishing effort was decreased in the area where SSH was too high.



Irene et al. [52] concluded that Chla is related to the availability of food and is another useful factor in predicting the distribution of squid habitat. As shown in Figure 9, the fishing effort of squid-jigging vessels was mainly distributed in the area where Chla was between   0.1  mg ·  m 3    and   0.4  mg ·  m 3    from July to November. The phenomenon of fishing effort increasing with increasing Chla was not found. The results of GAM showed that the impact of Chla on fishing effort was not obvious in the favorable range of Chla for fishing effort. The reason might be migration of squid to the north into low temperature waters from July to August, and Chla was high in the area of lower water temperature. The water temperature decreased in the South Sea area from September to November. Meanwhile, squid began to migrate to the south. Yu et al. [49] suggested that the optimum range of Chla is between   0.2  mg ·  m 3    and   0.5  mg ·  m 3    for O. bartramii. This conclusion is basically similar to the results in this paper. Wang et al. [53] suggested that Chlorophyll-a gradients have a significant influence on squid fishing grounds not only in the offshore region, but also in the open sea region. Thus, the Chlorophyll-a gradients could be a focus for future research.



Alabia et al. [5] suggested that the potential squid fishing ground was largely explained by SSS. Alabia et al. [5] also suggested that the favorable SSS for fishing squid were   33.8 ×  10  − 3   ∼ 34.8 ×  10  − 3     and   33.7 ×  10  − 3   ∼ 34.3 ×  10  − 3     in the winter and summer, respectively. The conclusion was similar to the results of this study. However, the results from GAM model suggested that SSS showed the least influence on fishing location.




4.3. The GAM Models of a Control Group


The deviance explained by GAM which was constructed by using data with a spatial resolution of    0.1 ∘  ×  0.1 ∘    or    0.25 ∘  ×  0.25 ∘    was low (Table 3 and Table 4). The reason might be that there were some details that had not been taken into account. Furthermore, the details of the fitted curve fluctuate significantly when the spatial resolution was    0.1 ∘  ×  0.1 ∘    or    0.25 ∘  ×  0.25 ∘   . This suggested that there was no obvious trend in the impacts of the marine environment on fishing effort. By using data with a spatial resolution of    1 ∘  ×  1 ∘   , the deviance explained by GAM was 50.5% (Table 5), which was higher than the model with a spatial resolution of    0.5 ∘  ×  0.5 ∘   . Nevertheless, although there was a high value of the deviance explained by the model when the spatial resolution was    1 ∘  ×  1 ∘   , the obviously high spatial resolution smoothed out a lot of details, which meant it was unable to reflect the real situation. The GAM bias using data with a spatial resolution of    0.5 ∘  ×  0.5 ∘   , and without latitude and longitude, explained very little of the deviance. This phenomenon indicated that the migration of O. bartramii from north to south had a significant influence on the spatial distribution of squid-jigging vessels. Therefore, the fishing effort was not entirely determined by the marine environment.





5. Conclusions


In this study, the fishing effort calculated from AIS was adopted to detect the monthly spatial and temporal distribution patterns for North Pacific squid-jigging fishing vessels and their relationship with the marine environment. The GAM model was established by four key variables including SST, SSH, SSS and Chla. The spatial and temporal distribution of squid-jigging fishing operations showed significant monthly variation and was influenced by the marine environment. The results obtained in this paper from the analysis using AIS data and that using fish catch data are generally consistent, showing that the AIS data of squid-jigging fishing vessels can be used to analyse variations in squid in the Northwestern Pacific Ocean. In the future, flexible temporal and spatial data should be provided to address the issues. The tracking data of the squid-jigging vessels in this paper were obtained from a large number of countries and regions, with a more comprehensive sample representation and spatial distribution of data. Thus, this paper can better spatially represent the fishing pressure on these North Pacific fisheries resources.
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Figure 1. Distribution of fishing effort of squid-jigging vessels (represented by the red spots) in the North Pacific Ocean from July to November, 2017 to 2020. 
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Figure 2. (a) Annual fishing effort to the west of    170 ∘   E  . (b) Annual fishing effort to the east of    170 ∘   E  . 
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Figure 3. Average monthly fishing effort of squid-jigging vessels in the North Pacific Ocean from July to November during 2017 to 2020. 
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Figure 4. Distribution of gravity center of average monthly fishing effort of squid-jigging vessels in the North Pacific Ocean from July to November during 2017 to 2020. 
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Figure 5. The overlay map of SSH (color shading; units: m) and monthly fishing efforts (circle; units: h) of O. bartramii in the North Pacific Ocean from July to November from 2017 to 2020. 
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Figure 6. Scatter plot for the relationship between fishing effort and SSH. 
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Figure 7. The overlay map of SSS (color shading; units: dimensionless) and monthly fishing efforts (circle; units: h) of O. bartramii in the North Pacific Ocean from July to November from 2017 to 2020. 
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Figure 8. Scatter plot for the relationship between fishing effort and SSS. 
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Figure 9. The overlay map of Chla (color shading; units:   mg ·  m  − 3    ) and monthly fishing efforts (circle; units: h) of O. bartramii in the North Pacific Ocean from July to November between 2017 and 2020. 
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Figure 10. Scatter plot for the relationship between fishing effort and Chla. 
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Figure 11. The overlay map of SST (color shading; units:     ∘  C  ) and monthly fishing efforts (circle; units: h) of O. bartramii in the North Pacific Ocean from July to November during 2017 to 2020. 
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Figure 12. Scatter plot for the relationship between fishing effort and SST. 






Figure 12. Scatter plot for the relationship between fishing effort and SST.



[image: Jmse 10 00550 g012]







[image: Jmse 10 00550 g013 550] 





Figure 13. (a) The plan of the impacts of latitude and longitude on fishing effort. (b) The three-dimensional diagram of the impacts of latitude and longitude on fishing effort. 
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Figure 14. (a) Impacts of SSH on fishing effort. (b) Impacts of SSS on fishing effort. (c) Impacts of Chla on fishing effort. (d) Impacts of SST on fishing effort. 
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Table 1. Statistical parameters of GAM model.
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	Formula
	AIC
	Deviance Explained (%)
	    R adj 2    
	Deviance





	   ln ( e f f o r t + 0.1 ) ∼ s ( L o n , L a t )   
	27,049.15
	37.5
	0.360
	25,835.54



	   ln ( e f f o r t + 0.1 ) ∼ s ( L o n , L a t ) + s ( S S T )   
	26,920.17
	38.6
	0.371
	25,357.38



	   ln ( e f f o r t + 0.1 ) ∼ s ( L o n , L a t ) + s ( S S T ) + s ( S S H )   
	26,866.01
	39.4
	0.377
	25,048.13



	   ln ( e f f o r t + 0.1 ) ∼ s ( L o n , L a t ) + s ( S S T ) + s ( S S H ) + s ( S S S )   
	26,840.66
	39.7
	0.380
	24,897.19



	   ln ( e f f o r t + 0.1 ) ∼ s ( L o n , L a t ) + s ( S S T ) + s ( S S H ) + s ( S S S ) + s ( C h l a )   
	26,758.20
	40.8
	0.389
	24,458.48










[image: Table] 





Table 2. F-test for significance of non-parametric effects.
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	Variable
	Degrees of Freedom
	F-Value
	p-Value





	Lat, Lon
	147.515
	15.823
	<  2 ×  10  − 16    



	SST
	10.819
	7.407
	<  2 ×  10  − 16    



	SSH
	7.001
	3.362
	0.000527



	SSS
	10.186
	3.514
	   1.78 ×  10  − 5     



	Chla
	15.084
	5.641
	<  2 ×  10  − 16    
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Table 3. Statistical parameters of GAM model (   0.1 ∘  ×  0.1 ∘   ).
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	Formula
	AIC
	Deviance Explained (%)
	    R adj 2    
	Deviance





	   ln ( e f f o r t + 0.1 ) ∼ s ( L o n , L a t )   
	299,371.3
	17.2
	0.170
	160,078.5



	   ln ( e f f o r t + 0.1 ) ∼ s ( L o n , L a t ) + s ( S S T )   
	297,990.5
	18.4
	0.182
	157,696.8



	   ln ( e f f o r t + 0.1 ) ∼ s ( L o n , L a t ) + s ( S S T ) + s ( S S H )   
	297,534.8
	18.6
	0.186
	156,812.3



	   ln ( e f f o r t + 0.1 ) ∼ s ( L o n , L a t ) + s ( S S T ) + s ( S S H ) + s ( S S S )   
	296,792.2
	19.6
	0.193
	155,368.4



	   ln ( e f f o r t + 0.1 ) ∼ s ( L o n , L a t ) + s ( S S T ) + s ( S S H ) + s ( S S S ) + s ( C h l a )   
	295,658.5
	20.5
	0.202
	153,577.5
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Table 4. Statistical parameters of GAM model (   0.25 ∘  ×  0.25 ∘   ).






Table 4. Statistical parameters of GAM model (   0.25 ∘  ×  0.25 ∘   ).





	Formula
	AIC
	Deviance Explained (%)
	    R adj 2    
	Deviance





	   ln ( e f f o r t + 0.1 ) ∼ s ( L o n , L a t )   
	79,349.8
	26.8
	0.262
	61,522.3



	   ln ( e f f o r t + 0.1 ) ∼ s ( L o n , L a t ) + s ( S S T )   
	78,989.7
	28.1
	0.274
	60,388.2



	   ln ( e f f o r t + 0.1 ) ∼ s ( L o n , L a t ) + s ( S S T ) + s ( S S H )   
	78,842.8
	28.7
	0.280
	59,888.4



	   ln ( e f f o r t + 0.1 ) ∼ s ( L o n , L a t ) + s ( S S T ) + s ( S S H ) + s ( S S S )   
	78,698.6
	29.4
	0.286
	59,307.5



	   ln ( e f f o r t + 0.1 ) ∼ s ( L o n , L a t ) + s ( S S T ) + s ( S S H ) + s ( S S S ) + s ( C h l a )   
	78,430.6
	30.4
	0.295
	58,470.8
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Table 5. Statistical parameters of GAM model (   1 ∘  ×  1 ∘   ).






Table 5. Statistical parameters of GAM model (   1 ∘  ×  1 ∘   ).





	Formula
	AIC
	Deviance Explained (%)
	    R adj 2    
	Deviance





	   ln ( e f f o r t + 0.1 ) ∼ s ( L o n , L a t )   
	8977.0
	46.3
	0.435
	10,229.0



	   ln ( e f f o r t + 0.1 ) ∼ s ( L o n , L a t ) + s ( S S T )   
	8937.9
	47.9
	0.449
	9919.5



	   ln ( e f f o r t + 0.1 ) ∼ s ( L o n , L a t ) + s ( S S T ) + s ( S S H )   
	8933.2
	48.2
	0.451
	9864.8



	   ln ( e f f o r t + 0.1 ) ∼ s ( L o n , L a t ) + s ( S S T ) + s ( S S H ) + s ( S S S )   
	8903.6
	49.4
	0.461
	9632.4



	   ln ( e f f o r t + 0.1 ) ∼ s ( L o n , L a t ) + s ( S S T ) + s ( S S H ) + s ( S S S ) + s ( C h l a )   
	8893.6
	50.5
	46.8
	9439.5
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Table 6. Statistical parameters of GAM model (   0.5 ∘  ×  0.5 ∘   , not latitude and longitude).






Table 6. Statistical parameters of GAM model (   0.5 ∘  ×  0.5 ∘   , not latitude and longitude).





	Formula
	AIC
	Deviance Explained (%)
	    R adj 2    
	Deviance





	   ln ( e f f o r t + 0.1 ) ∼ s ( S S T )   
	28,943.6
	11.4
	0.112
	36,620.3



	   ln ( e f f o r t + 0.1 ) ∼ s ( S S T ) + s ( S S H )   
	28,841.4
	13.1
	0.128
	35,920.6



	   ln ( e f f o r t + 0.1 ) ∼ s ( S S T ) + s ( S S H ) + s ( S S S )   
	28,677.3
	15.8
	0.153
	34,794.8



	   ln ( e f f o r t + 0.1 ) ∼ s ( S S T ) + s ( S S H ) + s ( S S S ) + s ( C h l a )   
	28,652.6
	16.3
	0.156
	34,593.0
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