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Abstract

:

The southern waters off Java-Bali were recognized as spawning and potential fishing ground for tuna species. However, few studies have been conducted on this area. In this paper, the environmental preference of bigeye tuna was assessed based on catch data and three main environmental satellite data; namely; sea surface temperature (SST), sea surface chlorophyll (SSC), and sea surface height deviation (SSHD). Then, the relationship between bigeye tuna catches and environmental satellite data was analyzed by using a simplified method of the Generalized Additive Model (GAM) which is called scatterplot smoothers. This method is the forerunner of GAM and has not yet been applied for fisheries analysis. The aim of this study was to evaluate its performance for/in analyzing bigeye tuna habitat preference. The result indicated that SST, SSC, and SSHD had a high correlation with the bigeye tuna’s spatial patterns. Furthermore, spatial patterns of bigeye tuna preference display typical characteristics of low SST, low SSC, and low positive SSHD as well as areas with extreme SSHD values, which are almost the same results as those identified with GAM analysis in the same study area.
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1. Introduction


The Indian Ocean is the second biggest tuna fishery industry, and it contributes 26% of the world’s catches [1]. Bigeye tuna (Thunnus obesus) is one of the tuna species which has high commercial value in the Eastern Indian Ocean [2], and it contributes 24% of the total catches of the four species of tuna in Indonesia [3]. This species displays large longitudinal movement between 40° S and 40° N, especially in tropical waters [4,5]. They prefer to stay at the temperature around the thermocline layers, and they have a high tolerance of water temperature [6]. Moreover, bigeye tuna are considered a visual predator, which means that they favor staying in clear water [5]. The main depth of fishing for bigeye tuna in the Indian Ocean is between 161–280 m [7], although they can stay in the surface layer (0–100 m) at night time [4].



Explorations to assess Eastern Indian Ocean characteristics have been undertaken for the last 50 years [8], but linkages with tuna fisheries have rarely been studied. The Eastern Indian Ocean, particularly in the southern waters off Java-Bali, has a semi-permanent coastal upwelling which annually arises from June to October [9,10]. This phenomenon is mainly generated by Ekman transport, associated with the monsoonal system [11], and it is the dominant factor influencing the ocean properties such as sea surface temperature (SST), the sea surface chlorophyll (SSC), and the sea surface height deviation (SSHD) variability. In addition, these features can be used to infer a productive frontal zone (i.e., important habitat structure) for tuna [12]. However, the frontal zones around tropical oceans are difficult to recognize due to their low variability. The Indonesian seas are the only major low-latitude connection in the global oceans [13]. This connection permits the transfer of Western Pacific waters to the Indian Ocean by the Indonesia Through Flow (ITF) through the Lombok strait and the Ombai Strait [14]. As a result, unique distributions of physical and biogeochemical parameters in the southern part of Java-Bali have been created [14]. In addition, mesoscale eddies and inter-annual variations associated with the Indian Ocean Dipole (IOD) and the Pacific El Niño/Southern Oscillation (ENSO) strongly modify seasonal variations over a large part of the Eastern Indian Ocean. Furthermore, upwelling and offshore transport of the ITF outflow have important implications for offshore fisheries, including the surface waters of the Indo-Australian basin region [15,16]. These are caused by offshore transport of the coastal upwelling injecting plankton rich water into this key spawning area.



The ocean environmental properties play a crucial role in regulating bigeye tuna distribution and abundance [12]. Moreover, the near real-time data of ocean properties can be obtained from satellite remote sensing. In recent years, satellite remote sensing has been developed as an instrumental tool in ecology for monitoring purposes [17] and has been used to manage fisheries at sustainable levels [18]. Reliable global ocean coverage of SST, SSC, and SSHD has been provided by satellite remote sensing data which has high spatial and temporal resolution [19]. Satellite remote sensing applications for fisheries have been increasing worldwide (e.g., [20,21,22,23,24,25]). Thus, oceanographic phenomena such as front, eddies, ENSO, and IOD are often used to determine the preferred habitat and potential fishing grounds [6,17,26,27]. However, the study of tuna fisheries ecology by satellite remote sensing is relatively uncommon in the study area [21,25,28,29]. Previous researchers stated that the ocean properties had not influenced the number of bigeye tuna [22,29], while other researchers reported that ocean properties influence the existence of bigeye tuna based upon their results from using a generalized additive model (GAM) in the study area [21,25]. GAM was commonly used to evaluate the relationship between environmental variables and tuna distribution [12,21,25,30,31]. However, GAM requires complex knowledge and equations. Scatter plot smoothers is the forerunner of GAM [32] and was developed by Tibshirani and Hastie (1986). This method was conducted to determine the relationship between tuna presence and environmental variables. However, this method has not applied yet for fisheries. By applying scatter plot smoothers, the readers can understand how to calculate GAM step by step, and the interpretation is easier to understand. Furthermore, other researchers have conducted cluster analysis and principal component analysis (PCA) to measure tuna habitat characteristics on global scales as well as in the Gulf Mexico [33,34]. PCA was conducted to decide the weight/score of each parameter in order to build a potential habitat map by using ArcGIS. In this study, we combined scatterplot smoothers and PCA to determine the potential habitat of bigeye tuna. The combination between scatterplot smoothers and PCA were able to build the preferred habitat analysis while introducing less subjectivity.




2. Method


2.1. Study Area


The study area was located in the southern waters off Java-Bali which is between 10° S to 18° S latitude and 110° E to 118° E longitude, as shown in Figure 1.



It has a tropical monsoon type of climate, as a result of the Asia-Australian monsoon wind systems, which alter the wind direction in line with the seasons. The prevailing southeast monsoon affords upwelling along the coast off Sumatra, Java, and Bali between July and September, [20]. These conditions are adverse during the northwest monsoon (i.e., November to April; [10]). Moreover, the southern waters off Java-Bali are also influenced by ITF variability [35]. Physically, the study area and the surroundings have some complex dynamic currents and wave systems [35]. The range value of SST depends on the seasonal monsoon [36]. The surface layer of the tropical ocean is warm and the annual variation of temperature is normally small [36]. In addition, the range of SSC is inversely proportional with SST. Every year, the higher concentrations of SSC occur in June to September and lower concentrations occur in December, January, and February [37,38]. These conditions directly affect the amount of fishing catches [21].




2.2. Fisheries Data and Remotely Sensed Environmental Data


We analyzed daily catch data and remotely sensed environmental data within the period of 2006–2010. Data sets for bigeye tuna catches were used to examine the link between the number of bigeye tuna and environmental data. The bigeye tuna catch data were retrieved from nineteen longline fishing logbooks provided by PT Perikanan Nusantara (i.e., an integrated company of the Indonesian government, at Benoa, Bali). Most of the fishing efforts were conducted by 100 gross tonnage vessels size. In addition, the data sets consisted of latitude, longitude, daily catch data of bigeye tuna, and operational days. All the data sets were digitized and compiled into a database organized on a monthly basis. We considered the number of bigeye tuna caught (BE) as daily catch data. Although most scientists have employed catch per unit effort (CPUE) as an index for fish abundance [20,37,38], we employed number of bigeye tuna caught as an index of fish abundance due to in-situ data limitations and because its trends which follow almost the same pattern as the hook rate (i.e., hook rate can be inferred as CPUE) data, as shown in the Figure 2. Moreover, we assume that a fish catch was the number caught by one boat in one location. As such, it is proportional to fish density in one location.



SST, SSC, and SSHD were used as indices for remote sensing environmental data. Monthly SST (°C) and SSC (mg/m3) were downloaded from Level 3 Standard Mapped Images (SMI) Aqua MODIS satellite data [39] with the spatial resolution of 4 km. A correction of SSC was carried out to remove unexpected values (i.e., <0 and >10 mg/m3) [23,24]. SSHD images were derived from the Aviso homepage by using the environmental data connector (EDC) with the spatial resolution of 17.8 km. The images were then resampled to adjust the images corresponding to SST and SSC. The EDC is compatible with ArcGIS and can be downloaded freely from the National Oceanic and Atmospheric Administration (NOAA) website [40]. Moreover, the pixel values of the aforementioned environmental data were extracted with the location of the fishing activities by using the spatial analysis tool from ArcGIS software. The full matrix consisting of the number of bigeye tuna caught and environmental variables was the outcome from the extraction and it was employed for scatterplot smoothers analysis.




2.3. Scatterplot Smoothers


The scatterplot smoothers method was employed to analyze the link between number of bigeye tuna and environmental variables (i.e., SST, SSC, SSHD), as according to Tibshirani and Hastie (1986) [32]. In this method, each environmental variable as predictor variable was analyzed separately.


E (Y|X) = s(X)



(1)




where Y represents the number of bigeye tuna, X represents SST or SSC or SSHD, and s is the smooth function of X. First, a logarithmic transformation was applied (i.e., log10(number of bigeye tuna + 1)). Transformation was conducted because the data type was integer and asymmetric. Moreover, before log-transformation, a factor of 1 was added to account for the null catches of the fisheries data. Then, to determine s(X) from the data, any explanatory estimate of E (Y|X = X) can be used. One class estimates are the local average estimates:


    s ^   (   X i   )  =   Ave   j ∈  N i     {   Y j   }    



(2)




where Ave represents the averaging operator (mean) of Yj of Ni data. To estimate Ni, the data is sorted by increasing X value. This statement can be explained in Equation (3):


    N i  =  {  min  (   w 1  , 1  )  ,  (   w 2  , 2  )  , … . , max  (   w  50   , 50  )   }    



(3)




where the total number of classes (knots) was determined (i.e., 50), w is span/window/interval which has the same number of total points in each interval. In addition, the point in each interval was determined by the total number observations divided by the total number of classes. This is shown in Figure 3.



The smoothness of the estimate outcomes was controlled by the span, and it is determined according to the data distribution of each of the predictor variables. The Ave in Equation (2) of this study stands for polynomial estimates, as defined by:


    s ^   (   X i   )  =  C 1  +  C 2  X +  C 3   X 2  + … +  C  n + 1    X n    



(4)






    [   C k   ]  =    [    ∑   k = 1  n   f i   (   X k   )    ×    f j   (   X k   )   ]    n   x   n   − 1      [    ∑   k = 1  n   f j  (  X k  )   ×    Y k   ]    n   x   1     



(5)




where f1 = 1, f2 = X, f3 = X2, fi = Xn, X is the average in each wi span and Yk is the average of log10 (number of bigeye tuna + 1) in each wi span, the bracket symbols indicate that all the calculations were determined by using a matrix. This model was evaluated by using pvalue (i.e., the probability that our data would be at least this inconsistent with the hypothesis) and the coefficient of determination (R2) was calculated to analyze the influence of predictor variables on the number of bigeye tuna, as defined below:


    R 2  = 1 −     ∑   i = 1  n   (   Y k  −  s ^  (  X i   )   ) 2      ∑   i = 1  n     (   Y k  −  Y ¯   )   2      



(6)




where    Y ¯    is the total average of the number of bigeye tuna. A high value of R2 indicates that there is a strong relationship of both data. By applying scatter plot function, σ2 (variance) of each span was almost the same, so that the trend can be determined.




2.4. Fisheries Data Classification


Fisheries data classification is favorable for inferring the type of fish catch data and for determining the optimum value of environmental variables and also for being able to reduce the bias due to null catches [41]. The classification of fisheries data was divided into three groups based on the Quartile method [41], namely null catches (i.e., 0, positive catches (i.e., 1–3) and high catches (i.e., ≥4). The number of four was calculated from the third quartile. The third quartile was obtained from 7750 observational data. The result of this analysis was the full matrix of null, positive, and high catches data and the adjusted values of SST, SSC, and SSHD. Table 1 shows a part of the full matrix. This result was applied to validate potential habitat for bigeye tuna.




2.5. Generating the Optimum Range of Environmental Variables


Preferred environmental conditions were obtained by considering the difference of predicted values of bigeye tuna (i.e., scatter plot smoothers) and the total average of bigeye tuna. If the estimated value of bigeye tuna was higher than average ones, it meant that the environmental variables range gave a positive effect for big eye tuna, as shown in Equations (7) and (8).


    Y ¯  =  1 n    ∑   i = 1  n  (  Y i  )   



(7)




with the indicator functions


     Y ^  >  Y ¯    ( Positive   Effect )     Y ^  <  Y ¯    ( Negative   Effect )    



(8)




where    Y ¯    is the average number of bigeye tuna, n is the number of samples, and     Y ^     is the estimated value of big eye tuna in each environmental variable from scatter smoothers calculations. Furthermore, the positive effect was considered to be the optimum range and this result was then used to generate simple predicted distribution map.




2.6. Generating a Simple Predicted Distribution Map


Potential habitat was assessed to determine the spatial distribution of preferred ocean properties for bigeye tuna. The raster calculator function in ArcGIS 10.3 was applied to compute potential habitat. The preferred ocean properties were compiled based on scatter plot smoothers and scored by “an additive priority function P”, as displayed in Equation (9):


   P =  (  0.62   ×    X 1   )  +  (  0.65   ×    X 2   )  +  (  0.45   ×    X 3   )    



(9)




where P is potential habitat, X1 is SST, X2 is SSC, and X3 is SSHD (Equations (10)–(12)):


    X 1  =  {      1 , optimum   range   of   SST       0 , non − optimum   range   of   SST         



(10)






    X 2  =  {      1 , optimum   range   of   SSC       0 , non − optimum   range   of   SSC         



(11)






    X 3  =  {      1 , optimum   range   of   SSHD       0 , non − optimum   range   of   SSHD         



(12)







The optimum value of each variable was calculated according to scatter plot smoothers results (Section 2.3 and Section 2.5). In addition, the constant numbers for SST, SSC, and SSHD are the weight values which were determined based on the PCA analysis. The PCA was computed by the following equation. Given a data matrix with three variables and 7750 samples, the data were first centered on the means of each variable by creating a covariance matrix (Equation (13)). Then, Eigenvalues and corresponding Eigen vectors were calculated, as shown in Equations (14) and (15). Finally, we computed the loading factor (i.e., Equation (16)), which has the same meaning with weight/score for each of the covariates.


   A =  1 n    ∑  ​   (  X − μ  )     (  X − μ  )   T    



(13)






(A − λI) = 0



(14)






[A − λ][x] = [0]



(15)




The above equation symbols are explained as follows, A is the covariance matrix, X represents the predictor variables, n is the sample number, T is transpose, μ is the mean of each predictor variables, λ is the eigenvalue, I is the identity matrix, x is the corresponding eigenvector of X. The PCA was computed in R version 3.03, using PCA function of the princomp package.



By conducting the PCA analysis, the weight value was calculated by combining the eigenvalue and corresponding eigenvector for each of the variables, as explained in Equation (16) [42] and Table 2.


   Weight = x   ×    λ    



(16)







In addition, the PCA combination explained 62.5% variance and the rest was explained by the other factors. The variance explained was obtained by the eigenvalue proportions (i.e., eigenvalue first component divided by total eigenvalue).





3. Results and Discussion


3.1. Scatter Smoothers


The relationship between the average, variance (σ2), maximum value of bigeye tuna, and SST is shown in Figure 4. The statistical parameter of the Y axis is the conversion of the number of bigeye tuna into log (BE + 1), where BE indicates the number of bigeye tuna. The average and variance values were obtained by the scatterplot smoothers method (i.e., by averaging the value of BE in each interval/span) in this figure. The solid line represents the average BE in each span w, the dashed line represents σ2, and the dotted dashed line represents the maximum value in each span. By conducting scatter smoothers, the trend of bigeye tuna caught is reliable because the variance value is almost constant. As a result, bigeye tuna environmental preference can be roughly distinguished. According to Figure 4, bigeye tuna were present in the area when the SST was from 24.6 to 30.8 °C. Moreover, the number of bigeye tuna tended to decrease when SST increased, especially when SST was higher than 29.4 °C.



Figure 5 describes the relationship between SSC and the number of bigeye tuna. This figure indicates that bigeye tuna were present in the area when the SSC was from 0.02–0.34 mg/m3. Moreover, bigeye tuna tended to increase as the SSC increased to 0.151 mg/m3, but with a reading higher than this, the number of bigeye tuna tended to decrease.



Figure 6 shows the relationship among the number of bigeye tuna and SSHD. Bigeye tuna were found in the area when the SSHD ranged from −18.46 to 31.76 cm. In addition, the variance was also constant, as shown by the dashed line, with the average number of bigeye tuna fluctuating as shown by the solid line, and the maximum number of bigeye tuna was higher when it reached the extreme positive of SSHD.




3.2. Relationship between Environmental Factors and Bigeye Tuna Caught


The relationship between environmental factors and bigeye tuna caught was calculated by Equations (4)–(6). Equations (4) and (5) were used to evaluate the trend and Equation (6) was used to determine the relationship of strength between the variables. The relationship between environmental factors and bigeye tuna caught was evaluated separately. Moreover, the optimum value of each factor was computed by Equations (7) and (8). This was indicated with the horizontal dashed line in Figure 7, Figure 8 and Figure 9.



Figure 7 shows the trend and relationship between the average number of bigeye tuna caught and SST. According to Figure 7, SST has a strong relationship with bigeye tuna, which is indicated by the coefficient of determination (R2) of 0.85. In addition, the correlation trend between the number of bigeye tuna and SST was negative, which means that bigeye tuna numbers tend to decrease when SST increased. In other words, bigeye tuna prefer to remain in the low SST around the study area. This result displays the same trends as those observed with the GAM analysis in the same study area [21,25]. The optimum value can be inferred by determining the threshold (i.e., average number of bigeye tuna). If the estimated value was higher than the threshold, it means SST resulted in a positive impact for bigeye tuna. According to Figure 7, the positive impact of SST occurred at less than 28.5 °C.



Figure 8 shows the relationship between the average number of bigeye tuna caught and SSC. It shows that SSC has a strong relationship with bigeye tuna, which is indicated by the R2 of 0.78. Moreover, SSC has a positive impact on bigeye tuna when the SSC concentration is between 0.09 to 0.25 mg/m3 and a negative impact on bigeye tuna when the SSC is less than 0.09 mg/m3 and bigger than 0.25 mg/m3.



Figure 9 shows the relationship between the average number of bigeye tuna and SSHD. This figure shows that SSHD had a strong relationship with bigeye tuna with a R2 of 0.72. From this figure, the number of bigeye tuna was fluctuating. Moreover, it was high when SSHD was in the extreme negative values, low positive values, and extreme positive values. However, on both sides of the extreme negative and extreme positive values, the standard error of SSHD was also high (i.e., it is related with a wide span size in the extreme values), so that the optimum value of SSHD was between −3 and 7 cm.



The results of Figure 8, Figure 9 and Figure 10 were summarized in Table 2.



According to Table 3, three environmental variables were highly significant to the number of bigeye tuna, as shown by the low p-values (p-value < 0.01). Furthermore, the aforementioned variables influenced the number of bigeye tuna caught with the range of R2 equal to 64% to 82%, thus indicating that there was a strong relationship.



Scatterplot smoothers can estimate how important the impacts of different environmental variables are to the number of bigeye tuna. Those preferred environmental conditions of bigeye tuna were then plotted into a simple predicted distribution map, as shown in Figure 10.



Figure 10 displays the preferred location of bigeye tuna in July from 2006 to 2010. Pink colored areas indicate potential habitat, light brown colored areas indicate non-potential habitat, and white colored areas indicate missing value/no data. The maps were then overlaid with the number of BE which are indicated with black dot symbols. July was selected for the predicted map due to the highest frequency of high catches data in the study area. It occurred due to the annual coastal upwelling which typically reaches its peak in July [43]. Furthermore, the eddy current system encourages nutrients and chlorophyll from the coast towards the open sea [43]. These nutrients and the chlorophyll represent a major feature of primary production that lasts long enough to sustain zooplankton production and upper trophic levels [44]. In addition, the potential habitat was mostly found in the western and southern part of the study area. This spatial distribution result also had the same agreement with results the GAM method [25] and the frontal zone in the study area [4].




3.3. Model Validation and Potential Habitat Prediction


For validation purposes, 651 samples were employed based on the highest catch period (i.e., July) from 2006–2010. The quantitative method was conducted for validation, which based on the contingency table shown in Table 4. In Table 4, the tuna catches column, ”yes” was defined as high catches (i.e., BE ≥ 4) and “no” was defined as zero and positive catches (BE ≤ 3). To calculate the accuracy percentage, POD (Probability of Detection) and FAR (False Alarm Ratio) measurements were conducted. POD describes how good the model estimates are in detecting the occurrence of high catches and FAR measures the fraction of diagnosed events that turned out to be wrong. The POD and FAR were calculated by following equations (Equations (17) and (18), respectively):


   POD =  A  A + C     



(17)






   FAR =  B  A + B     



(18)




where A refers to correctly estimated, B refers to areas where potential habitat was predicted, but where high catches did not occur, C represents areas where non-potential habitat was predicted, but high catches occurred, and D represents correctly predicted areas of non-potential habitat.



Based on Table 4, POD and FAR values were 80.5% and 55.5%, respectively. This means that 80.5% of the model areas were correctly detected and 55.5% of the model predictions turned out to be wrong. Even though the result was not as high as expected, we consider that the potential habitat map can estimate the bigeye tuna distribution.




3.4. Relationship between Ocean Dynamics and Preferred Habitat for Bigeye Tuna


Combining observations of ocean dynamics from satellite and in-situ observations related to abundant fisheries is necessary because they are complimentary types of data. In this study, we combined remote sensing data and catch data of bigeye tuna in order to examine the relevance between the number of bigeye tuna and environmental variables. The availability of bigeye tuna catch data from one of the biggest tuna fishing industries in Indonesia greatly helped in providing the fish catch data in the study area According to the distribution of fishing activity, the fishing efforts of the tuna long lines were distributed within 10° S–18° S and 110° E–118° E, and this had not changed significantly for five years. Hence, the change of environmental variables is important for evaluating bigeye tuna distributions within the study area.



Bigeye tuna catch rates differed along with time and environmental factor variations [25]. Like other pelagic species, bigeye tuna have their preferred living environments. As such, there should be a correlation between bigeye tuna catch with the ocean properties, such as SST, SSC, and SSHD. However, fishing activity of bigeye tuna is only concentrated in this certain area which caused the variance in the number of bigeye tuna to be irregular. In order to evaluate the relationship between bigeye tuna and environmental variables, variance of bigeye tuna has to be constant. Hence, a scatterplot smoother was conducted. To create constant variance, Equations (1)–(3) were applied and the results were shown in Figure 4, Figure 5, Figure 6 and Figure 7. According to those figures, the variance in the number of bigeye tuna was relative to each environmental parameter and was constant (i.e., it was shown as a dashed line). As a result, the link between bigeye tuna and the ocean properties can be evaluated. Figure 8, Figure 9 and Figure 10 explain the relation among those environmental variables. Those figures stated that bigeye tuna have a high correlation with environmental variables and tend to stay in areas with low SST, low SSC, and in low positive values of SSHD and extreme SSHD. These conditions are related to bigeye tuna behavior.



Bigeye tuna prefer to stay in low SST to prevent overheating [6], thus they would need to curtail heat retention to avoid thermal limits of activity and distribution [26]. This condition mostly occurs in the tropical waters which have almost the same SST. For that reason, in Figure 7, SST has a negative correlation with bigeye tuna. The other environmental variable which influenced bigeye tuna distribution was SSC. Bigeye tuna rely on their visual ability to forage for their prey, so water clarity represents a crucial factor [5]. They appear to stay in clear water to increase the efficiency of prey foraging. Clear water means poor availability of nutrients, which can be reworded as low SSC concentration. Hence, most of the fishing activities were found in the low SSC. Even though fishery data is not free from bias, it represents a low-cost source of data for fish distribution which available to scientists [27]. SSHD also influenced bigeye tuna behavior, because bigeye tuna migration is influenced by the thermocline layer and it can be measured by calculating SSHD [21]. According to Syamsuddin [45], “extreme negative SSHD gave the positive effect to bigeye tuna” because it made the thermocline layer closer to the surface. In this study, extreme negative SSHD resulted in a positive effect in regards to the number of bigeye tuna (Figure 10), but it had high standard error. This is probably because extreme negative SSHD can be found only during an El Niño event. In addition, low positive SSHD resulted in the lowest standard error of SSHD and resulted in a positive effect in regards to the number of bigeye tuna in the study area. Bigeye tuna are characterized as opportunistic feeders, and their forage is usually composed of a diverse variety of organisms such as crustaceans, fish, gelatinous creatures, and squids [5], which can be found in the deep water of 250 m to more than 500 m. In addition, bigeye tuna spend the daytime in the deep water from 250 to 600 m [4] and the nighttime in the surface water [4]. The optimum range of environmental variables for bigeye tuna was calculated using threshold line for comparable values with estimated ones. The result showed that the highest number of bigeye tuna corresponded to the area of about less than 28.5 °C of SST, 0.09 to 0.23 mg/m3 of SSC, and −3 to 7 cm of SSHD (and the extreme value) (Figure 7, Figure 8 and Figure 9). Thus, these areas were designated as potential habitat for bigeye tuna (Figure 10). It is interesting to reveal that these biophysically essential areas can be projected over a map to recognize their spatial pattern. Furthermore, all environmental variables gave a strong correlation with the number of bigeye tuna. Therefore, these could be noted as acceptable indices of environmental properties that could be used to find the highest probability areas of big eye tuna presence. Overall, the SST, SSC, and SSHD ranges in the study area were relatively small compared with the conditions encountered in subtropical areas, and this makes it difficult to understand the relationship of these data and bigeye tuna fisheries data by using statistical analysis. In addition, our model explained 80.5% of the POD accuracy assessment. Environmental variables are necessary in projecting the bigeye tuna habitat, but are presumably not the only factors which drive the preferred habitat for this species.





4. Conclusions


The environmental preference of bigeye tuna in the study area was determined by using a remote sensing satellite data approach. Daily fish catch data and monthly satellite data of SST, SSC, and SSHD within the period of 2006–2010 were considered. To characterize the preferred habitat for bigeye tuna, the scatterplot smoothers method and GIS were utilized. The results showed that SST, SSC, and SSHD had a high correlation with the abundance of bigeye tuna. Therefore, all of these environmental factors could be noted as acceptable indices to study the bigeye tuna’s preferred habitat. The spatial patterns of bigeye tuna preference have a typical characteristic of low SST, low SSC, and low positive SSHD, as well as areas with extreme SSHD. In future research, more predictor variables and longer time periods are necessary to improve our understanding of the relationship between environmental variables and bigeye tuna fisheries.
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Figure 1. Study area. 
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Figure 2. The relationship between number of tuna and hook rate [22]. 
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Figure 3. Data illustration. SST, sea surface temperature. 
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Figure 4. Number of bigeye tuna in relation to SST during 2006–2010. 
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Figure 5. Number of bigeye tuna in relation to SSC during 2006–2010. 






Figure 5. Number of bigeye tuna in relation to SSC during 2006–2010.



[image: Fishes 02 00002 g005]







[image: Fishes 02 00002 g006 550] 





Figure 6. Number of bigeye tuna in relation to SSHD during 2006–2010. 
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Figure 7. Average number of bigeye tuna SST. 






Figure 7. Average number of bigeye tuna SST.



[image: Fishes 02 00002 g007]







[image: Fishes 02 00002 g008 550] 





Figure 8. Average number of bigeye tuna in relation to SSC. 
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Figure 9. Average number of bigeye tuna in relation to SSHD. 
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Figure 10. Spatial distribution of longline fisheries in July from 2006 to 2010 (black dots) overlaid with simple prediction map generated from combination of SST, SSC, and SSHD. BE, bigeye tuna. 
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Table 1. The full matrix of null, positive, and high catches data. BE, number of bigeye tuna; SST, sea surface temperature; SSC, sea surface chlorophyll; SSHD, sea surface height deviation.
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Year

	
Month

	
Date

	
Latitude

	
Longitude

	
BE

	
SST

	
SSC

	
SSHD






	
2006

	
2

	
8

	
−14.4167

	
111.6667

	
2

	
28.12

	
0.06

	
−7.84




	
2006

	
2

	
8

	
−13.1667

	
113.0333

	
2

	
28.44

	
0.08

	
−2.35




	
2006

	
2

	
8

	
−14.15

	
112.75

	
3

	
28.52

	
0.08

	
−6.52




	
2006

	
2

	
8

	
−13.3333

	
114.6667

	
5

	
28.61

	
0.09

	
−6.72




	
2010

	
Mi

	
Di

	
Lati

	
Loni

	
BEi

	
SSTi

	
SSCi

	
SSHDi
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Table 2. Weighting of each of the environmental variables.
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Environmental Variables

	
x

	
λ

	
Weight






	
SST

	
0.45

	
1.87

	
0.62




	
SSC

	
0.48

	
1.87

	
0.65




	
SSHD

	
0.33

	
1.87

	
0.45
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Table 3. Regression analysis results.







Table 3. Regression analysis results.







	
Model

	
p-Value

	
R2






	
SST

	
3.7 × 10−19

	
0.85




	
SSC

	
3.12 × 10−14

	
0.78




	
SSHD

	
1.53 × 10−11

	
0.73
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Table 4. Contingency table.







Table 4. Contingency table.







	
Fisheries In-Situ Data

	
Potential Habitat




	
Yes

	
No






	
Tuna catches

	
Yes

	
210 (A)

	
51 (C)




	
No

	
262 (B)

	
128 (D)
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