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Abstract. Fisheries resources in inshore regions of the South China Sea (SCS) have been depleted by 

overfishing. Purpleback flying squid (Sthenoteuthis oualaniensis) fishery is considered as a potential 

resource in the open SCS. However, little is known about their optimal habitat. Here, habitat suitability 

index (HSI) models were constructed using the external envelope and arithmetic mean methods to 

identify optimal habitats of purpleback flying squid. The matched fishery and environmental data (sea 

surface temperature, sea surface height anomaly, and ocean net primary productivity data) were collected 

from 2010 to 2014 in the open SCS. We calculated catch per unit effort (CPUE) and fishing effort to 

estimate the suitability index. The estimated suitable ranges for sea surface temperature, sea surface 

height anomaly, and net primary productivity were 27.1–30.4 C, 0–0.15 cm, and 236.2–492.8 mg C/m2 d 

based on the HSI model incorporating fishing effort. The corresponding suitable ranges estimated by the 

HSI model incorporating CPUE were 27.4–30.7 C, 0.03–0.18 cm, and 238.4–475.5 mg C/m2 d, 

respectively. When HSI values for 2014 were >0.6, the HSI model based on fishing effort explained 

72.6% of the fishing effort and the average CPUE was 4.29 t/d. The HSI model based on CPUE explained 

66.39% of the fishing effort for 2014 and the average CPUE was 4.23 t/d. The accuracy of the forecasting 

model based on fishing effort was higher than that based on CPUE. This HSI model can be used to aid in 

the management and conservation of purpleback flying squid in the SCS. 

Keywords: ocean remote sensing, SCS, ecological model, fishery resources, catch per unit effort 

Introduction 

Commercial fisheries in the South China Sea (SCS) contribute to the tota China’s 

marine fishery by 27.4% (Qiu et al., 2008). However, fisheries resources have depleted 

because of overfishing in coastal regions of the SCS. More fishing activities spread to 

the open SCS, capturing cephalopods as main targets (Chen et al., 2013). Specifically, 

purpleback flying squid (Sthenoteuthis oualaniensis), a cephalopod species inhabiting 

warm waters, is widely distributed in the open SCS (Siriraksophon et al., 2001a, 2011b; 

Zhang et al., 2015b). As a potential commercial fishery resources for sustainable 

exploitation, the available annual capture is estimated between 1.3 and 2.0 million tons 

in the SCS, while the actual capture was 0.05 million tons in 2011 (Siriraksophon et al., 

2001a; Ji et al., 2015). Thus, purpleback flying squid fishery will play a crucial role in 

the SCS’s fishery. Although it has been considered to support potentially a more robust 

fishery in the open SCS because of its abundance, short life span, fast growth rate, high 
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fecundity, and high nutritional value (Chen et al., 2013; Zhang et al., 2015b; Yu et al., 

2012), there is no complete and scientific research about the relationship between 

purpleback flying squid and environmental factors in the open SCS. It is crucial to 

sustain and protect the fishery in the SCS under environmental changes in future (Ji et 

al., 2015). 

Commercial fisheries data at large-scale are available as an important index to 

understand status of fishery resource (Hilborn and Walters, 1992). Catch and effort 

from commercial fishery were commonly used to develop models to predict distribution 

of fish species (Morris and Ball, 2006; Tian, et al., 2009). The catch per unit effort 

(CPUE) is commonly used to analyze the relationship between environmental variables 

and fish habitat, but commercial fisheries CPUE is influenced by other variables. Thus 

CPUE must be standardized to be a reliable abundance index (Zhang et al., 2015a). In 

addition, comparison of fishing effort and CPUE as an abundance index are be 

necessary especial for purpleback flying squid with high swimming speed (Tian et al., 

2009; Zhang et al., 2015a; Pedro et al., 2006). 

Habitat suitability index (HSI) model is suitable for describing and evaluating habitat 

qualities and species distributions (US Fish and Wildlife Service, 1981), including 

management of species, ecological environmental restoration (Duel et al., 1996; Gore 

and Hamilton, 1996; Maddock, 1999), and forecasting of central fishing grounds (Tian 

et al., 2009; Li et al., 2015). In addition, it has been applied to investigate relationships 

between fishing ground and relevant environmental factors effecting distribution of 

flying squid species in northwestern Indian Ocean (Yu et al., 2012), northwestern 

Pacific Ocean (Tian et al., 2009). Currently, large variation in spatial distribution of 

capture for purpleback flying squid fishery in the SCS existed, with overfishing in the 

coastal regions and underutilization in the open regions. 

The HSI model for purpleback flying squid in the western Indian Ocean was applied 

to construct relationships between its catch and habitat factors (Chen et al., 2007), 

while, due to the dataset with short time series and mere catches of Chinese’s vessels 

they used, their study is limited to illustrating general theoretical relationships to 

explore and protect this species. Thus, more accurate estimations are needed to identify 

the suitable habitat for purpleback flying squid. To aim this, using the HSI model, a full 

and specific fishery dataset (2010-2014) in the SCS were used to investigate optimal 

habitat with high production and corresponding habitat factors, including sea surface 

temperature (SST), sea surface height anomaly (SSHA), and net primary productivity 

(NPP). Additionally, the final goal is to effectively develop purpleback flying squid 

fishery by predicting locations of fishing grounds of purpleback flying squid in the open 

SCS. 

Material and methods 

Data 

Commercial fishery data of purpleback flying squid were obtained from the SCS’s 

dynamic fishing and monitoring network. This data recorded the date, location, catches 

and number of nets for each fishing activities from 2010 to 2014. In addition, the full 

ranges of these activities covered the area of 105°–120°E, 5–25°N (Fig. 1). Changes in 

monthly number of nets for purpleback flying squid over this time period were 

illustrated in Figure 2. 
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Figure 1. The location of fishery data collected during 2010–2014 in the open South China Sea 

 

 

 

Figure 2. Changes in monthly number of nets for purpleback flying squid during 2010–2014 in 

the open South China Sea 

 

 

Environmental data included SST, SSHA and NPP. The daily SST data were derived 

by the remote sensing system research company located in Northern California 

(http://www.remss.com/measurements/sea-surface-temperature). These data were the 

optimally interpolating SST products merging from microwave and infrared SST maps 

at an approximately 9 × 9 km resolution. The daily SSHA images were downloaded 

from Centre National d‘Etudes Spatiales (CNES) data center 

(http://www.aviso.altimetry.fr/en/data/products/sea-surface-height-products.html), and 

merged based on altimeter data (Topex/Poseidon, JASON-1, Jason-2, Envisat, ERS-1, 

ERS-2, and Cryosat-2) at a 0.25 × 0.25 degree resolution. The 8 day average global 

ocean net primary production (NPP) data products were obtained from the Oregon State 

University College of Science 
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(http://orca.science.oregonstate.edu/1080.by.2160.monthly.hdf.vgpm.m.chl.m.sst.php), 

and were estimated based on MODIS at a 1/6 degree spatial resolution. All 

environmental data covered the full ranges of fishing grounds over the entire study 

period. 

 

Methods 

Data processing 

All environmental data were processed at a 0.5 × 0.5 degree resolution and matched 

to the ranges of the fishing grounds using MATLAB 2012b (The MathWorks, Inc., 

Natick, Massachusetts, United States). 

The nominal catch per unit effort (CPUE) for each cell was calculated in Equation 1 

as follows: 
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where Catchi,j and efforti,j is the total weight of catches, and numbers of nets for the ith 

and jth cell, respectively. 

The nominal CPUE in Equation 1 hardly indicates the true abundance of fishery over 

the entire fishing geographical locations and periods, because many factors can affect 

their accuracies (Zhang et al., 2015a; Maunder et al., 2006). Thus, to remover these 

effects, a standardized CPUE was computed using a support vector machine method 

following Yang et al. (2015). See Yang et al. (2015) for the detail processes for 

standardizing CPUE. 

 

Building a suitability index (SI) model 

A number of models and methods have been used to forecast the location of fishing 

grounds (e.g., Lee et al., 2005; Grant et al., 1988; Georgakarakos et al., 2006; Skov et 

al., 2008). HSI models appear to perform well for identifying the location of purpleback 

flying squid fishing grounds (Tian et al., 2009; Li et al., 2015). A number of methods 

have been used to calculate the Suitability index (SI) in HSI models, including the 

external envelope method, BP neural networks, and non-linear regression (Chen et al., 

2009; Yu et al., 2012; Frenkel et al., 2017). Among these, the external envelope method 

appears more suited for cephalopoda (Fang et al., 2014; Gurkan, 2016). 

Effort can be used as an index of fish presence or provide general information on the 

utilization of fishery resources (Andrade et al., 1999; Swamy et al., 2017). And we want 

to know whether swimming speed has an effect on catch, we adopted effort as a 

variable to build model. The correlation between effort and Standardized CPUE was 

analyzed, P value is 0.7724, which means there is no significant correlation between 

effort and standardized CPUE in other words. 

Thus, we modeled the relationships between effort or standardized CPUE, and SST, 

SSHA, and NPP using the external envelope method during the years 2010–2013. When 

effort or standardized CPUE is highest, the SI value is 1, and when effort or 

standardized CPUE is 0, the SI value is 0 (Mohri et al., 1999). We calculated SI using 

Equations 2 and 3: 
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where SIeffort (SICPUE) represents SI values computed based on effort (CPUE), effortij 

(CPUEij) represents the effort (CPUE) at the location represented by longitude i and 

latitude j, and effortmax (CPUEmax) represents the maximum of all effort (CPUE) data. 

 

Building the HSI model 

Prior research suggests that the arithmetic mean method (AM) is a better predictor of 

the fishing ground location than the geometric mean method (Li et al., 2015; Mejia-

Sanchez et al., 2018). Thus, we used the AM method to calculate HSI values during HSI 

model establishment. The HSI was calculated using Equations 4 and 5: 

 

 3/)( ___effort effortNPPeffortSSHAeffortSST SISISIHSI ++=  (Eq.4) 

 

 3/)( ___ CPUENPPCPUESSHACPUESSTCPUE SISISIHSI ++=  (Eq.5) 

 

where HSIeffort, and HSICPUE represent HSI values calculated based on effort and CPUE, 

respectively. SISST_effort, SISSHA_effort, and SINPP_effort represent SI values computed based 

on effort using SST, SSHA, or NPP as the variable, respectively. SISST_CPUE, 

SISSHA_CPUE, and SINPP_CPUE represent SI values computed based on CPUE using SST, 

SSHA, or NPP as the variable, respectively. 

 

HSI model verification and comparison 

The HSI values in 2014 were obtained using the models described above, and 

divided into five classes: 0–0.2, 0.2–0.4, 0.4–0.6, 0.6–0.8, and 0.8–1 (Yu et al., 2012; Li 

et al., 2015). Then, the cumulative effort and catch was counted separately in each class 

(Tian et al., 2009). The habitats with HSI values >0.6 were considered to represent 

habitat near the center of the fishing grounds (Yu et al., 2012; Yuan et al., 2017). 

Percentages of effort with HSI values >0.6 computed by HSI models based on effort 

and CPUE, respectively were compared to get an optimal model for studying habitant of 

purpleback flying squid. 

Results 

Relationships between fishing effort, CPUE, and environmental factors 

Figure 3 illustrated relationships between the SI based on fishing effort (Fig. 3a-c) 

and CPUE (Fig. 3d-f) and environmental factors. For the SI from the fishing effort, the 

optimal ranges for SST, SSHA, and NPP are 27.1–30.4 C, 0–0.15 cm, and 236.2–

492.8 mg C/m2 d., respectively. For the SI from CPUE, the corresponding suitable 

ranges are 27.4–30.7 C, 0.03–0.18 cm, and 238.4–475.5 mg C/m2 d, respectively. 
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Figure 3. The suitability index curves based on fishing effort and catch per unit effort (CPUE) 

during 2010–2013 in the open South China Sea 

 

 

Models comparisons 

Regions with a HSI value greater than 0.6, are considered as the preferred fishing 

grounds for purpleback flying squid in the open SCS. Thus, in this study, 72.45% of the 

catches and 71.88% of fishing effort in whole fishing grounds is with HSI over 0.6 

based on HSI model from fishing effort during the period from 2010 to 2013 (Table 1), 

while, 68.86% of the catches and 70.24% of fishing effort in whole fishing grounds is 

with HSI over 0.6 based on HSI model from CPUE. 

 

Verification and comparison of fishing ground distribution 

When HSI is >0.6, the HSI model based on fishing effort verifies fishing effort in 

2014 with 72.6% accuracy and the average CPUE is 4.29 t/d. Similarly, the model 

based on CPUE is 66.39% accurate and the average CPUE is 4.23 t/d (Table 2). The 

accuracy of the forecasting model based on fishing effort is higher than that based on 

CPUE. Thus, the HSI model based on fishing effort is the best available model for 
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forecasting the distribution of habitats suitable for purpleback flying squid in the open 

SCS. The precision of this forecasting model is 72% when actual fishing effort can be 

used as an index to judge the accuracy of main fishing grounds. Catch and HSI values 

of SST, SSHA and NPP in 2014 were calculated using above HSI model based on 

fishing effort illustrated in Figure 4. 

 
Table 1. Percent of catch and fishing effort explained by the HSI models based on fishing 

effort or catch per unit effort (CPUE) 

HSI 

HSI model based on fishing effort HSI model based on CPUE 

Percentage 

of catch /% 

Percentage of 

fishing effort /% 

Average 

CPUE /(t/d) 

Percentage 

of catch /% 

Percentage of 

fishing effort /% 

Average 

CPUE /(t/d) 

0–0.2 4.77 4.39 1.73 5.08 4.51 1.79 

0.2–0.4 7.46 8.73 1.36 14.02 12.07 1.85 

0.4–0.6 15.32 15.00 1.63 12.04 13.18 1.45 

0.6–0.8 22.31 24.96 1.42 23.91 24.60 1.55 

0.8–1 50.14 46.92 1.70 44.95 45.64 1.57 

We used sea surface temperature (SST), sea surface height anomaly (SSHA), net primary productivity 

(NPP) as explanatory variables for the years 2010–2013 in the open South China Sea 

 

 

 

Figure 4. Distribution of projected HSI values and fishing location of 2014 in the open South 

China Sea 
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Table 2. Percentage of catch and fishing effort in 2014 explained by the HSI model based on 

fishing effort and catch per unit effort (CPUE) 

HSI 

HSI model based on fishing effort HSI model based on CPUE 

Percentage 

of catch /% 

Percentage of 

fishing effort /% 

Average 

CPUE /(t/d) 

Percentage 

of catch /% 

Percentage of 

fishing effort /% 

Average 

CPUE /(t/d) 

0–0.2 0.88 1.28 1.41 0.51 0.73 1.43 

0.2–0.4 2.89 5.30 1.11 5.84 7.31 1.63 

0.4–0.6 19.05 20.82 1.87 24.01 25.57 1.92 

0.6–0.8 27.85 27.85 2.04 26.94 28.13 1.95 

0.8–1 49.32 44.75 2.25 42.70 38.26 2.28 

We used sea surface temperature (SST), sea surface height anomaly (SSHA), net primary productivity 

(NPP) as explanatory variables for the years 2014 in the open South China Sea 

Discussion 

Changes in the fishing ground were impacted by multi-factors, e.g. life history for 

each fish species, supply of food, and changes in environmental factors (Chen et al., 

2007; Yan et al., 2012). Among these factors, the later one can directly affect fish’s life 

cycle by, e.g. food supplication or distribution of prey resources (Yu et al., 2016). For 

detail, SST can determine the general distribution patterns by affecting the processes of 

birth, reproduction, and migration (Ji et al., 2015; Zhang et al., 2015a). 

Sea surface height (SSH) data reflects the influence of the direction and velocity of 

water flow, the interaction of cold and warm water masses, and other dynamic 

environmental variables (Shao et al., 2008; Song, 2014), which, in turn influence the 

distribution of fauna and the formation of fishing grounds (Shao et al., 2008). SSHA 

reflects the difference between sea surface height and mean sea level. Thus, SSH or 

SSHA data are often used in assessments of the relationship between environmental 

factors and fisheries (Song, 2014). NPP data have been used to model tuna, mackerel, 

and squid resources in other regions (Zainuddin et al., 2006; Yu et al., 2016). To our 

knowledge, this is the first study to evaluate the utility of using NPP to predict 

purpleback flying squid distribution in the open SCS. Our analysis suggests that it is 

feasible to build an HSI model based on SST, SSHA, and NPP to describe the fishing 

distribution of purpleback flying squid in the open SCS. For the period 2010–2013, the 

suitable range of SST, SSHA, and NPP was 27.1–30.4 C, 0–0.15 cm, and 236.2–492.8 

mg C/m2 d, respectively. This is consistent with prior studies that estimated the range of 

suitable SST for purpleback flying squid was 27–29°C in the northwestern waters of the 

Indian Ocean (Yu et al., 2012; Luo et al., 2015) and an optimal SSHA of 0.00 in the 

northwest Indian Ocean (Shao et al., 2008). 

Conclusions 

Analysis of the HSI models 

Because of sovereignty disputes in the SCS, the spatial scale of fishing is limited. To 

ensure forecasting accuracy, we used daily records of environmental data rather than 

monthly. Additionally, because of the influence of atmospheric climate on oceanic 

variables, the environmental factors that exhibit high spatial and temporal resolution 

with respect to the distribution of purpleback flying squid should also reflect the 
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influence of season on distribution of purpleback flying squid. We compared two HSI 

models, one based on fishing effort and the other based on CPUE using the external 

envelope method. The precision of the HSI model based on fishing effort (72.6%) was 

higher than the HSI model based on CPUE (66.39%). Thus, the HSI model based on 

fishing effort appears to provide more realistic results when his values >0.6. 

 

Improvement of the HSI model 

Although the HSI model described in this paper has high forecast precision, it could 

be improved by increasing the amount of fishing data used to parameterize the model. 

Additionally, although we used three commonly referenced environmental variables, 

purpleback flying squid may be influenced by other environmental factors that were not 

considered (Jia et al., 2004; Yu et al., 2012). Thus, we recommend developing the 

current HSI model to incorporate more fishery data and test the influence of other 

environmental factors (e.g. currents, sea surface salinity) and interactions among 

variables. 
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