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Abstract

:

The climate-induced changes in marine fishery resources in South Korea have been a big concern over the last decades. The climate regime shift has led to not only a change in the dominant fishery resources, but also a decline in fishery landings in several species. The habitat suitability index (HSI) has been widely used to detect and forecast fishing ground formation. In this study, the catch data of the Todarodes pacificus (Japanese Common Squid) and satellite-derived environmental parameters were used to estimate the HSI for the T. pacificus around South Korea. More than 80% of the total catch was found in regions with a sea surface temperature (SST) of 14.91–27.26 °C, sea surface height anomaly (SSHA) of 0.05–0.20 m, chlorophyll-a of 0.32–1.35 mg m−3, and primary production of 480.41–850.18 mg C m−2 d−1. Based on these results, the HSI model for T. pacificus was derived. A strong positive relationship (R2 = 0.9260) was found between the HSI and the fishery landings. The climatological monthly mean HSI from 2002 to 2016 showed several hotspots, coinciding with the spawning and feeding grounds of T. pacificus. This outcome implies that our estimated HSI can yield a reliable prediction of the fishing ground for T. pacificus around South Korea. Furthermore, the approach with the simple HSI model used in this study can be applied elsewhere, and will help us to understand the spatial and temporal distribution of fishery resources.
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1. Introduction


Todarodes pacificus (Japanese Common Squid) is a commercially important fish species in the South Korea, and is widely distributed around the Korean Peninsula. The fishery production value of T. pacificus accounts for about 10% of total fishery production value in South Korea [1]. The commercial catch of T. pacificus is mainly performed by jigging and trawling [1]. T. pacificus is known as a migratory species which usually migrates to the Yellow Sea and the East/Japan Sea for feeding and moves back to the East China Sea for spawning [2,3,4,5]. The community of T. pacificus around the Korean Peninsula can be divided into two groups based on the spawning seasons [2,3,4,5]. The groups can be expressed as the ‘winter spawners’ and ‘autumn spawners’. Although the spawning ground of both groups are distributed around the South Sea and the East China Sea, their feeding grounds are distributed differently [2,3,4,5]. Many previous studies reported that the feeding grounds of T. pacificus in Korean waters are located mainly in the Yellow Sea and the East/Japan Sea for ‘winter spawners’ and ‘autumn spawners’, respectively [2,3,4,5]. The main prey of the juvenile T. pacificus is the zooplankton. The main food source of adult squid is small pelagic fishes. Moreover, the zooplankton is an important food source for the small pelagic fishes Consequently, chlorophyll-a (Chl-a) concentration and primary production will have an indirect relationship with the distribution of T. pacificus, thus they will be useful indicator of habitat distribution of the T. pacificus.



In the 1980s, the dominant fishery resources were saury (Cololabis saira), cod (Gadus macrocephalus), and walleye pollock (Gadus chalcogramma) [6,7]. However, in the 1990s, the dominant fish catch was changed to squid (Todarodes pacificus) [6,7]. There could be many reasons for the recent changes in fishery resource such as climate change and overfishing [8,9,10,11]. However, the main causes for the recent changes still remain unclear. To examine the recent changes in fishery resources in South Korea, we need to understand the relationship between major environmental parameters and the species’ habitat formation.



The habitat suitability index (HSI) has been widely used to investigate the distribution of marine fish population [12,13,14,15,16,17]. The development of HSI would allow us to obtain a useful database to establish a resource management strategy [12,18,19]. Generally, the species abundance has a strong dependency on environmental conditions, and each species has a different environmental preference [20,21,22]. The HSI model can estimate the relative abundance of a species through this approach. A general form of the HSI model is composited of a number of suitability indices based on relationships between environmental factors and species’ abundance. The composited HSI index is a non-dimensional value ranging from 0 to 1. Since the population dynamics of marine fishes are very complex and the HSI model is defined by a few key factors such as sea surface temperature (SST), Chl-a, and salinity [14], selecting the main parameters is a significant process in the HSI model derivation. However, several studies already have reported that the spatial distribution of the marine fish population is largely influenced by several environmental variables such as temperature, salinity, chlorophyll-a (Chl-a) concentration, and sea surface height anomaly in other regions [14,23,24,25]. Therefore, the derivation of the HSI model will be possible by considering several environmental conditions including these environmental variables. Moreover, the simplified HSI model with a few environmental variables will allow us to understand the spatial and temporal variations of the habitat distribution of the T. pacificus.



The objectives of this study can be divided mainly into three goals: (1) to investigate the preferred environmental conditions of the T. pacificus using the satellite dataset, (2) to develop the HSI model for the T. pacificus around South Korea, and (3) to investigate seasonal and spatial variations of the HSI in the Korean waters.




2. Materials and Methods


2.1. Fishery Data


The commercial fishing records for the T. pacificus around the South Sea from 2010 to 2016 were obtained from the Large Purse Seine Fishery Cooperatives of South Korea. The total number of reported catches was 9401, and the dataset contains locations and dates, as well as the amount of catch (metric ton, M/T) (Figure 1). The fishing locations were collected at a spatial resolution of 0.17 × 0.17 degrees (latitude × longitude).




2.2. Satellite Dataset


We obtained the satellite ocean color data from the Moderate Resolution Imaging Spectroradiometer (MODIS) onboard the satellite Aqua platform provided by the Ocean Biology Processing Group at NASA Goddard Space Flight Center (https://oceandata.sci.gsfc.nasa.gov/MODIS-Aqua/Mapped/8-Day/4km/). We used the MODIS Level-3 8-day composite data from July 2002 to December 2016 at 4 km of spatial resolution covering the South Korea and nearby oceans. SST, Chl-a, photosynthetically available radiation (PAR), and diffuse attenuation coefficient at 490 nm (Kd(490)) datasets were used in this study [26,27,28,29].



The primary production was derived using a regional algorithm based on the Vertically Generalized Productivity Model (VGPM) [30] with satellite ocean color data described as:


   PP eu  = 0.66125 ×  P opt B  ×  [   E 0  /  E 0  + 4.1  ]  ×  Z eu  ×  Chl - a  × DL  



(1)




where PPeu is the daily primary production integrated from euphotic depth (mg C m−2 d−1), PBopt is the optimal carbon fixation rate (mg C (mg Chl)−1 h−1), E0 is the amount of incident photosynthetically available radiation (PAR) during the day (E m−2 d−1), Zeu is the euphotic depth (m) which is derived by the equation 4.6/Kd(490) that represent 1% penetration depth of 490 nm radiation [31], Chl-a is the concentration of chlorophyll-a (mg Chl m−2), and DL is the photoperiod (h) which is computed with latitude and date mathematically.



The PBopt is derived from a multiple regression equation with SST and Chl-a [32] as follows:


   P  opt  B  =   0.071 × SST − 3.2 ×  10  − 3   ×  SST 2  + 3.0 ×  10  − 5   ×  SST 3    Chl - a   +  [  1.0 + 0.17 × SST − 2.5 ×  10  − 3   ×  SST 2  − 8.0 ×  10  − 5   ×  SST 3   ]   



(2)







In addition to the ocean color data, the sea surface height anomaly (SSHA) datasets were also used for the physical environmental variables in this study. The satellite altimetry products have been produced by SSALTO/DUACS and distributed by AVISO with support from Centre National d’Etudes Spatiales (CNES). We obtained the SSALTO/DUACS SSHA datasets on a Cartesian grid with spatial resolution of 1/4 × 1/4 degrees.



To investigate the environmental conditions when fishing occurred, we extracted mean values in 3 × 3 pixels of each environmental parameter on every catch point from the satellite dataset. The number of catch data matched with the satellite dataset was 5960 (Table 1). Many parts of the satellite data were unavailable due to cloudiness, and thus, only approximately 63% of the catch data was matched with the satellite data.




2.3. HSI Model


Many previous studies derived HSI models with several environmental variables for a single species [14,16,17,33]. In this study, we chose SST, SSHA, Chl-a, and primary production (PP) to calculate HSI. Primary production is a very important factor for biological productivity, so it can be an important factor in determining habitats of marine fishes.



The SIs for four parameters were calculated based on Chen et al. [14]. Each SI was estimated as a value between 0 and 1. The SIs were estimated by using an equation as follows:


SI = exp(A × (X + B)2)



(3)




where A and B are constants, and X is the values for the parameters. After deriving the SIs for four parameters, the indices were combined into a single index.



When combining the SIs for the four variables, several types of models, such as the Continued Product Model (CPM), Minimum Model (MINM), Arithmetic Mean Model (AMM), or Geometric Mean Model (GMM), could be used [14,30,31,32,33,34,35,36,37,38]. However, several previous studies already reported that the AMM is the most appropriate model for the HSI of several fish species [14,16,17,33]. Thus, we used the AMM as described below:


HSI = (SI1 × SI2 × SI3 × SI4)/4



(4)









3. Results


3.1. Preferred Environmental Conditions of the Todarodes Pacificus


Monthly distributions of the number of fishing records and the amount of fishery landings showed a high seasonal dependency. Most of the catches were occurred on January, August, and December (Figure 2).



The T. pacificus around South Korea were distributed in a wide range of environmental conditions. Our match-up results showed that the squid catches were distributed in SST ranging from 5.11 to 31.94 °C, SSHA from –0.15 to 0.46 m, Chl-a from 0.15 to 25.43 mg m−3, and PP from 258.53 to 1209.75 mg C m−2 d−1 (Figure 3). Based on Kaschner et al. [39], we defined the optimum ranges of the three parameters as the 10th percentile and the 90th percentile of each parameter. The optimum ranges were 14.91–27.26 °C, 0.05–0.20 m, 0.32–1.35 mg m−3, and 480.41–850.18 mg C m−2 d−1, for SST, SSHA, Chl-a, and PP, respectively. In the optimum conditions of SST, SSHA, Chl-a, and PP, the accounted amount of total catches was approximately 80% for each factor.



Among these results, double peaks are found in the frequency distributions of SST and SSHA. To derive an appropriate suitability index model, the seasonal frequency distribution was derived from the results (Figure 4). The distribution of suitability index during winter to spring, and summer to autumn showed a similar SST and SSHA range. Based on these results, the suitability index distributions were analyzed on two periods (winter-spring and summer-autumn; Figure 5). Each period showed remarkably different peaks of SST and SSHA. Accordingly, the suitability index models of SST and SSHA for winter to spring and summer to autumn were derived separately.




3.2. HSI Model Derivation


To derive the HSI values for the T. pacificus, six empirical models were used (Table 2). The SI models for the environmental parameters were adapted from Chen et al. [14]. As mentioned above, the suitability index models for the SST and the SSHA were divided into the two parts; winter to spring and summer to autumn. The constants of the models were obtained from the least squares fitting to derive optimized models for the study area (Figure 6). In the case of Chl-a, we used a natural logarithmic form to fit to the asymmetric distribution of the Chl-a concentration.



The RMSE of the SI models for SSTWS, SSTSA, SSHAWS, SSHASA, Chl-a, and PP were 0.0500, 0.0745, 0.0871, 0.0667, 0.0640, and 0.0876, respectively. The coefficients of determination (R2) for the SI models were 0.9654, 0.9461, 0.9063, 0.9468, 0.9165, and 0.9072 for SSTWS, SSTSA, SSHAWS, SSHASA, Chl-a, and PP, respectively.



The climatological monthly distribution (July 2002–December 2016) of the HSI by the AMM model was derived by averaging datasets for each month. It showed that a relatively high HSI in the South Sea of South Korea. In addition, the high HSI regions were observed in the Yellow Sea and the East/Japan Sea from early summer to autumn (Figure 7).




3.3. HSI Model Evaluation


To validate our HSI model, we compared the HSI values from our model with fishery catches. The HSI was divided into 10 classes with a step of 0.1. Then, we summed the landed fisheries from the region with the HSI values corresponding to each class. A strong positive linear relationship (R2 = 0.9260) was observed between the HSI and the fishery landings (Figure 8). In addition, spatial distributions between the HSI and the fish catches for the T. pacificus appeared well matched throughout 2010 to 2016 (Figure 9).





4. Discussion


4.1. Environmental Conditions


Among the several environmental variables, temperature and salinity are well known for the most important factors affect spatial and temporal distribution of marine fish species [40,41,42]. Several previous studies revealed the habitat formation is closely related with distribution of the SST, SSHA, Chl-a, and sea surface salinity (SSS) [14,16,39]. However, salinity was not considered in this study, since its variation in the East/Japan Sea and the South Sea mostly fell within the reported optimal ranges (from 31.93 to 35.7) [39] for the T. pacificus. Also, mixed layer depth (MLD) which can be a good indicator for the habitat formation of several species also not considered. The MLD dataset is hard to use in this study due to its relatively poor spatial. We need spatial resolution of at least 0.17 × 0.17 degrees due to the resolution of the catch data. Thus, the MLD is not considered in this study. Instead, we tried to examine the optimal conditions for the T. pacificus with other environmental variables.



The optimal environmental conditions for T. pacificus in this study showed similar results with several previous studies [5,39]. Alabia et al. [5] already reported that the environmental ranges of the potential squid habitat in the East/Japan Sea. According to them, the SST and the SSHA ranged from 10 to 30 °C and –0.16 to 0.36 cm, respectively, which correspond well with the results from our study. The Species Environmental Envelope (HSPEN) in AquaMaps global distribution model [39] also showed similar environmental range with this study. The species’ preferred environmental conditions for the T. pacificus in AquaMaps are 9.24–23.54 °C and 364–939 mg C m−2 d−1 for temperature and PP, respectively [39].



In this study, we tried to derive the HSI for the T. pacificus with SST, SSHA, Chl-a, and primary production around the South Korea. The habitat depth of T. pacificus is known to be at least 30 m and up to 100 m. It seems to be nonsense that HSI derivation for the T. pacificus with SST data, but the seasonal habitat distribution would be reflected in the range of SST. On the other hand, phytoplankton is not a direct prey of T. pacificus. However, the intermediate consumers in the food web can largely influenced by the distribution of phytoplankton [43]. Indeed, Lee et al. [44] already reported that the spatial distribution of the common minke whale (Balaenoptera acutorostrata) is closely related to the Chl-a distribution in the East/Japan Sea [44], although there is not any direct linkage in the food web. Moreover, the HSI derivation for the chub mackerel (Scomber japonicus) was also successfully conducted in the South Sea and the East/Japan Sea using primary production dataset [17]. As mentioned before, the zooplankton is an important food source for the juvenile T. pacificus and the small pelagic fishes which are main prey for the adult T. pacificus. Although there are only a few studies that have used primary production as an environmental variable for the HSI model, not only Chl-a but also primary production can be useful indicator of spatio-temporal distribution of the T. pacificus.



However, T. pacificus distributed mostly around South Korea and Japan (or northwestern pacific). Thus, the HSI model derived from regional dataset should be applied to global ocean or other regions carefully with understanding of the native distribution range of the target species.




4.2. Seasonal Variation of the HSI


In this study, seasonal variations of the HSI for the T. pacificus were observed which are not seen in map of the native habitat ranges. The optimal environmental conditions for the T. pacificus in this study showed high seasonal dependences. The optimum ranges of the SST and the SSHA for Summer–Autumn were significantly higher than those of Winter–Spring. The monthly distribution of the catches suggested that January and August are representative fishing time for each group (Figure 2). The catches occurred in January were mainly distributed in the southern part of the East/Japan Sea and the eastern part of the South Sea, while catches occurred in August mostly distributed in the Yellow Sea and the western part of the South Sea. As mentioned above, T. pacificus is well known for their characteristic migration routes around the Korean Peninsula. Also, they consist of two groups, the ‘winter spawners’ and ‘autumn spawners’. Their characteristic migration routes suggest that the caught population in January and August might be composed with different group each other. Consequently, the differences in the optimal environmental conditions between Summer–Autumn and Winter–Spring might be caused by these seasonal population distributions of T. pacificus in Korean waters.




4.3. Regions with High Catch Probability


For the investigation of the hotspots, which are the regions with high catch probability, we defined the hotspot as regions with an HSI over 0.7, because more than half of the total catches occurred in areas when the HSI ranged to 0.7 or more. The results of our hotspot analysis showed a seasonal distribution (Figure 10). One of the major hotspots was observed around the South Sea in winter (January–Febuary) and autumn (October–November). As mentioned above, not only the South Sea is well known for the spawning ground of the T. pacificus, they spawn during winter and autumn [2,3,4,5]. These characteristic spawning ground distributions of the T.pacificus might be reflected in the hotspot located in the South Sea. Another major hotspot located in the Yellow Sea was observed on July and September, while the hotspot located in the East/Japan Sea was observed on September and October. Generally, from late spring to early summer, the ‘winter spawners’ group begins to migrate mainly to the Yellow Sea which is well known for their feeding grounds, and their feeding activity continues until Autumn [3]. In case of the ‘autumn spawners’, they begin to migrate to the East/Japan Sea from spring to summer, and their feeding activity continues until late summer to autumn [3]. Consequently, the seasonal distribution of the hotspots was in agreement with the general migration patterns of the T. pacificus reported previously around the Korean Peninsula.





5. Summary and Conclusions


In this study, the HSI of the T. pacificus was derived by using commercial catch data and satellite datasets between 2010 and 2016. Four environmental parameters (SST, SSHA, Chl-a, and PP) were selected as key variables in the habitat formation of the T. pacificus.



The optimum environmental conditions for SST, SSHA, Chl-a, and PP were 14.91–27.26 °C, 0.05–0.20 m, 0.32–1.35 mg m−3, and 480.41–850.18 mg C m−2 d−1, respectively. More than 80% of the total catch obtained from the region within the optimum ranges. SST and SSHA showed high seasonality in frequency distributions (Figure 4). Based on these results, suitability index models for SST and SSHA were derived separately for winter to spring and summer to autumn (Figure 6). In the derivation of the HSI model, the AMM was used to combine the four SIs (SST, SSHA, Chl-a, and PP) since many previous studies reported that the AMM is the most appropriate model for marine fish species.



Based on the results from the HSI model, we found a strong positive relationship (R2 = 0.9260) between the HSI and the fishery landings (Figure 8) and good match for the spatial distributions of the T. pacificus (Figure 9). The seasonal variations of the spatial distribution of the HSI for the T. pacificus were observed in climatological monthly distribution of the HSI (Figure 7). In addition, the hotspot analysis the hotspot analysis revealed several major hotspots around the South Korea (Figure 10). The hotspot observed in the South Sea is consistent with the reported spawning grounds for T. pacificus. The hotspots observed in the Yellow Sea and the East/Japan Sea appear to be similar to the feeding grounds of the ‘winter spawners’ and ‘autumn spawners’, respectively. Consequently, the seasonal and spatial variations of the HSI match well with the migration patterns of the T. pacificus reported previously in the Korean waters. The HSI model derived from this study could help us to predict fishing grounds with high catch probability of the T. pacificus around South Korea. The monitoring of the HSI for the T. pacificus at the Yellow Sea and the East/Japan Sea can help us to successful fishery management. Ultimately, long-term analysis in spatial and temporal distributions of the HSI for the T. pacificus will allow us to understand the recent changes in fishery resources around South Korea.
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Figure 1. Summarized commercial catch data for the T. pacificus during 2010 to 2016. 
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Figure 2. Monthly distribution of total fishery landings (M/T) and the number of fishing records. 
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Figure 3. Distribution of the suitability index of (a) sea surface temperature (SST) (°C), (b) sea surface height anomaly (SSHA) (m), (c) chlorophyll-a (Chl-a) (mg m−3), and (d) primary production (PP) (mg C m−2 d−1) on the fishing locations for the T. pacificus. Gray square represents an optimum range for each parameter. 
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Figure 4. Seasonal distributions of suitability index for the SST (°C) and SSHA (m) on the fishing locations for the T. pacificus. 
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Figure 5. Seasonality of frequency distributions of SST (°C) and SSHA (m) on the fishing locations for the T. pacificus. 
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Figure 6. Least squares fitting results of (a) SST (°C), (b) SSHA (m), (c) Chl-a (mg m−3), and (d) PP (mg C m−2 d−1) with the number of fishing sets (solid line: habitat suitability index (HSI) model, black dot: in situ fishing data). 
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Figure 7. Climatological monthly distribution of the (HSI) around South Korea from 2002 to 2016. 
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Figure 8. Correlation between the HSI and the fishery landings. Fishery landings were summed in each range of the HSI value. 






Figure 8. Correlation between the HSI and the fishery landings. Fishery landings were summed in each range of the HSI value.



[image: Remotesensing 11 02720 g008]







[image: Remotesensing 11 02720 g009 550] 





Figure 9. Spatial distribution of the eight-day composited HSI and the T. pacificus catches (black open circle) at corresponding periods in the South Sea. 
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Figure 10. Climatological monthly distribution of the HSI hotspots (HSI > 0.7) for the T. pacificus around South Korea from 2002 to 2016. 
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Table 1. The number of commercial catch data matched with satellite datasets.
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	Year
	Reported Catches
	No. of Matchable Catches





	2010
	797
	486



	2011
	1593
	956



	2012
	1479
	918



	2013
	1372
	834



	2014
	1219
	775



	2015
	1640
	1099



	2016
	1301
	892



	Total
	9401
	5960
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Table 2. SI models derived from three environmental parameters (SST, SSHA, Chl-a, and PP).
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	Variables
	SI models
	RMSE
	R2





	SSTWS
	exp(−0.2929(XSST − 15.44)2)
	0.0500
	0.9654



	SSTSA
	exp(−0.0657(XSST − 24.22)2)
	0.0745
	0.9461



	SSHAWS
	exp(−184.8(XSST + 0.01325)2)
	0.0871
	0.9063



	SSHASA
	exp(−157(XSST − 0.1514)2)
	0.0667
	0.9468



	Chl-a
	exp(−16.98(ln(XChl) + 0.5997)2)
	0.0640
	0.9165



	PP
	exp(−0.00004637(XPP − 658.7)2)
	0.0876
	0.9072
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