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Abstract: The understanding of the spatio-temporal distributions of the species habitat in the
marine environment is central to effectual resource management and conservation. Here, we
examined the potential habitat distributions of Japanese common squid (Todarodes pacificus) in
the Sea of Japan during a four-year period. The seasonal patterns of preferential habitat were
inferred from species distribution models, built using squid occurrences detected from night-time
visible images and remotely-sensed environmental factors. The predicted squid habitat (i.e., areas
with high habitat suitability) revealed strong seasonal variability, characterized by a reduction of
potential habitat, confined off of the southern part of the basin during the winter–spring period
(December–May). Apparent expansion of preferential habitat occurred during summer–autumn
months (June–November), concurrent with the formation of highly suitable habitat patches in certain
regions of the Sea of Japan. These habitat distribution patterns were in response to changes in
oceanographic conditions and synchronous with seasonal migration of squid. Moreover, the most
important variables regulating the spatio-temporal patterns of suitable habitat were sea surface
temperature, depth, sea surface height anomaly, and eddy kinetic energy. These variables could
affect the habitat distributions through their impacts on growth and survival of squid, local nutrient
transport, and the availability of favorable spawning and feeding grounds.

Keywords: Japanese common squid; Japan Sea; night-time visible imageries; satellite data; potential
habitat distribution; species distribution models

1. Introduction

The Japanese common squid (Todarodes pacificus) is one of the most economically important marine
resources in the Sea of Japan [1,2]. In Japan, the Japanese common squid catch constitutes roughly
56% of the total cephalopod catch. It is also one of the large-scale fishery resources commercially
harvested by Korea [3] and China [4]. Moreover, T. pacificus is on the top two or three in total annual
landings of cephalopods in the world and is the largest single cephalopod fishery resource, over time,
on record [5,6]. The estimated instantaneous biomass for T. Pacificus is between 2–5 million tonnes.
From an ecological perspective, the Japanese common squid plays a critical role in marine food
webs, serving as an important prey species for numerous marine vertebrates [7] and an opportunistic
predator of small fishes and cephalopods [5].
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The Japanese common squid population is comprised of three seasonal populations, each with its
characteristic spawning peaks. The two largest seasonal cohorts (autumn (September–November) and
winter (December–February) spawners) spawn mainly in the southwest Sea of Japan and northern East
China Sea and, in turn, maintain the squid stocks in the Sea of Japan [8]. Both cohorts exhibit an annual
migration around the Japan Islands to the waters between the East China Sea and the Okhotsk Sea,
within their one-year life span. Their distribution, abundance, and consequent availability to fisheries
are tightly linked with the variations in oceanographic conditions. For instance, the spatial expansion
of possible spawning regions due to changes in the extents of favorable temperature [1], as well as
the increase in the zooplankton biomass [9], positively influenced the distribution and abundance of
T. pacificus in the Sea of Japan. Similarly, the complex oceanographic dynamics of the Sea of Japan,
characterized by short-lived circulation and quasi-permanent frontal features, consequently generates
important spawning and foraging habitats for many marine organisms, including squid [3].

Numerous observational and experimental studies focused on the biology and fisheries of squid
in Japanese waters have been implemented over the years [1,8]. These studies provided important
insights on the species behavior and responses to environmental changes. However, the availability of
observational fishery and oceanographic data on basin-wide and longer time scales, remains a constant
challenge due to the high cost and labor-intensive requirements of ship-based surveys. The recent
technological and scientific advents have ushered in novel sources of publicly available data and
state-of-the-art analytical approaches, to advance our efforts in understanding the species-habitat
interactions. Here, we have utilized a suite of remotely-sensed information of the squid occurrences
from night-time visible images coupled with oceanographic data from various satellite products,
to explore the squid-environment interactions in the Sea of Japan. The available satellite-derived
data were used to construct species distribution models based on a maximum entropy (MaxEnt)
algorithm [10]. This presence-only model was successfully applied for mapping the spatio-temporal
distributions of cephalopods across the different ocean basins in response to key environmental
parameters [11,12].

While there have been several studies using the night-time visible imageries to elucidate the
distribution and migration patterns of T. pacificus in the Sea of Japan [2,3], our paper provides the first
attempt to combine the habitat modeling approach and remotely-sensed data to explore the potential
habitat of Japanese common squid in the basin. Moreover, our present analyses integrated the squid
fishing light-detected data from the newly-launched satellite (Visible Infrared Imager Radiometer
Suite (VIIRS)/National Polar-orbiting Operational Environmental Satellite System Preparatory Project
(NPP)) and the earlier utilized datasets provided by the NOAA Defense Meteorological Satellite
Program/Operational Linescan System (DMSP/OLS). As such, this reinforced the squid occurrences
for subsequent habitat modeling analyses for the otherwise data-deficient spring–summer periods.
We have also examined the contributions of oceanographic factors, such as sea surface height anomaly
(SSHA), eddy kinetic energy (EKE), and surface geostrophic currents, to potential squid habitat.
These oceanographic factors play important roles in transport/retention of materials in marine
environment which in turn, regulate the biological production. Therefore, the primary objectives of
this paper are (1) to examine the spatial and seasonal habitat distribution of T. pacificus in the Sea of
Japan using species distribution models, built from satellite-based information; and (2) to identify the
environmental characteristics defining the preferential habitat of squid across the basin.

2. Materials and Methods

2.1. Study Area

The Sea of Japan is a semi-enclosed marginal sea in the western North Pacific with an area
of roughly 1 × 106 km2, geographically bounded by Japan peninsula, Sakhalin, and mainland Asia
(Figure 1A). The sea is also considered as a miniature ocean because of its characteristic oceanic features,
including the basin-scale gyres, mesoscale eddies, sub-polar front and thermohaline circulation [13,14].
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The basin is divided by sub-polar front into cold and warm subarctic and subtropical waters,
respectively [15]. The Tsushima warm current (TWC) transports warm, saline waters into the Sea of
Japan through the Korea Strait. The TWC further branches out into the East Korean warm current
and nearshore branch of the Tsushima current. In the north of the subarctic front, the Liman and
North Korean cold currents carry cold and less salty waters southward along the coasts (Figure 1A).
The notably complex physical dynamics of the Sea of Japan consequently creates a variety of habitats
for the marine communities [16]. Thus, this area constitutes an important large marine ecosystem that
supports commercially-valuable fishery resources, including Japanese common squid. The spawning
grounds and migration routes of the seasonal cohorts of Japanese common squid in the Sea of Japan
and East China Sea, as well as the western Pacific Ocean, are shown in Figure 1B (modified from [2]).
The extensive seasonal migration of T. pacificus across the different ocean basins are highlighted.
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Figure 1. (A) Map of the Sea of Japan describing the major topographic and oceanographic
features in the study area [17]. Major current systems are color-coded based on their temperature
characteristic as either warm (red) or cold (blue) currents and the subpolar front is shown in broken
line; (B) Map showing the spawning and migration routes of seasonal cohorts of Japanese common
squid in the Sea of Japan, East China Sea, and western Pacific Ocean [2].

2.2. Satellite-Derived Squid Occurrences

The squid fishing locations were identified from the night-time visible imageries provided and
supplemented by the NOAA Defense Meteorological Satellite Program/ Operational Linescan System
(DMSP/OLS) and NASA’s Visible Infrared Imager Radiometer Suite (VIIRS) onboard the newest
Earth-observing satellite of the National Polar-orbiting Operational Environmental Satellite System
Preparatory Project (NPP) [18]. The DMSP/OLS data were obtained from the Satellite Image Data
Base (SIDaB) of Japan’s Agriculture, Forestry and Fisheries Research Information Technology Center
(AFFRIT). The DMSP/OLS and NPP/VIIRS imageries were available at raw spatial resolutions of 4 km
and 0.75 km, respectively. Combining the data from the sensors augmented the squid presence points
for subsequent habitat modeling analyses, during the period from March to July 2012–2013, when the
data availability is minimal (Table 1). The paucity of the data in spring and summer were due to the
elevated temperature and corresponding increases in water vapor [2]. The detection of squid fishing
locations from daily night-time satellite images from January–December, 2010–2013 was implemented
using a threshold-based image classification [2]. From this two-level slicing method, the bright areas
thought to be caused by the fishing fleet were extracted. It is assumed that the squid were caught in
the areas where fishing vessels were located [2,3]. The earlier work by Choi et al. [3] revealed that
DMSP/OLS-inferred squid fishing locations in the southwestern part of the Sea of Japan matched well
with reported actual catch data and fishing vessel positions. Hence, these provide us with useful data
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for presence-only habitat model construction, enabling us to resolve the seasonal potential habitat
patterns of T. pacificus in the Sea of Japan. Prior to the habitat model development, the detected
squid fishing locations were compiled into monthly databases and gridded at 0.25◦ spatial resolution.
This was done to match the coarsest available spatial and temporal resolutions of environmental data.

Table 1. Monthly-compiled squid fishing points detected from the daily DMSP/OLS night-time visible
images from January–December, 2010–2013. The values in parenthesis are the augmented squid fishing
locations from the DMSP/OLS and NPP/VIIRS imageries.

Year/Month 2010 2011 2012 2013

January 121 1003 634 2908
February 179 479 217 1133

March 0 413 131 (3198) 171 (2861)
April 159 41 56 (2539) 0 (1541)
May 179 29 14 (14) 205 (2948)
June 0 21 0 (714) 8 (8)
July 0 6 101 (382) 40 (765)

August 978 471 505 371
September 3682 1673 1956 2250

October 2881 3208 5387 3158
November 3300 2814 1522 4722
December 3127 3963 2374 1044

2.3. Satellite-Based Topographic and Environmental Variables

The static and environmental parameters used to infer species habitat distribution were sourced
from remotely-sensed information, covering the period from January–December 2010–2013. The suite
of data consisted of static habitat factor (depth) and five environmental variables (sea surface
temperature (SST), chlorophyll-a (Chl-a), sea surface height anomaly (SSHA), eddy kinetic energy
(EKE), zonal (u) and meridional (v) geostrophic velocity). The topographic data was from the ETOPO1
bathymetry data global relief model of Earth's surface, provided by the NOAA National Centers for
Environmental Information (NCEI) [19], available at 0.01◦ spatial resolution. The monthly blended
SST and Moderate resolution Imaging Spectroradiometer (MODIS) Chl-a data were obtained from
National Oceanic and Atmospheric Administration (NOAA) data server website [20] at a source spatial
footprint of 0.10◦. Monthly-averaged SSHA, EKE, and geostrophic velocities were computed from
the daily merged product of the mapped sea level anomaly (MSLA) and geostrophic velocities (u, v),
downloaded from the Archiving Validation and Interpretation of Satellite Data (AVISO) website [21] at
0.25◦ spatial resolution. The EKE was then calculated from geostrophic velocities, as half of the sum
of squared values of u and v [22]. Moreover, the temporal patterns of environmental, topographic,
and geographical data (longitude and latitude) corresponding to squid occurrences were extracted
and averaged for each month to explore their seasonal variability. All environmental and topographic
data were resampled to 0.25◦ spatial resolution for the habitat modeling analyses.

2.4. MaxEnt Model Construction and Evaluation

The species distribution model for Japanese common squid was developed using the maximum
entropy (MaxEnt) model algorithm. The MaxEnt model uses a presence-only algorithm based on a
generative approach to infer species’ habitat distributions. This is achieved by combining the set of
relevant environmental layers and species occurrence to identify its suitable habitat in the geographic
space [23]. MaxEnt model is one of the most widely used tool for various marine habitat studies,
to identify and map the key habitats of diverse marine fauna [12,24,25]. In this study, we used this
model approach to resolve the seasonal potential habitat of T. pacificus in the Sea of Japan, where the
potential habitat is directly proportional to the measure of habitat suitability index (HSI). The HSI
ranged from 0–1, where values closer to 1 represent the preferential squid habitat.



Remote Sens. 2016, 8, 921 5 of 16

We developed the models using MaxEnt software [26] invoked from within the BIOMOD2
package [27] in R version 3.2.5, Vienna, Austria [28]. This was done to increase the flexibility
of MaxEnt software as the latter R package provides a wider suite of built-in statistical tools for
evaluating the model’s predictive performance. Here, we used the spatially-matched squid fishing data
(response variable) and environmental parameters (independent variables) from January–December
2010–2013. The models were designed as such, due to the short data coverage available for this
study. Moreover, the likely inter-annual persistence of key frontal features in the study area could
result to the stability of potential squid habitat within a four-year period. To further test for the
inter-annual variability in potential squid habitat, statistical tests for homogeneity of variances were
performed using Bartlett test and chi-square at alpha value (α) of 0.95 and three degrees of freedom (df).
These statistical tests confirmed that the monthly variances in potential squid habitat between years
were homogeneous (p > 0.05 and chi-squared > Bartlett K-squared; Table 2), suggesting no significant
inter-annual variability signals were evident.

Table 2. Summary statistics showing the results of Bartlett’s test and chi-square (α = 0.95; df = 3) to test
for the homogeneity in variances in the potential squid habitat for each month within the four-year
period (2010–2013).

Month Bartlett K-Squared p-Value chi-Squared

January 0.5731 0.9026 7.8147
February 0.4550 0.7965 7.8147

March 4.2120 0.2395 7.8147
April 4.5426 0.2085 7.8147
May 3.4146 0.3320 7.8147
June 0.5315 0.9119 7.8147
July 2.5550 0.4654 7.8147

August 0.7082 0.8713 7.8147
September 0.3433 0.9517 7.8147

October 0.5641 0.7542 7.8147
November 0.6513 0.8846 7.8147
December 0.4990 0.9191 7.8147

The model input was prepared using the sample with data (SWD) format as described in the
online MaxEnt documentation [26]. In each monthly-compiled squid presence data, the background
points were randomly selected using a 1:10 presence to pseudo-absence ratio [29] using the dismo
R package [30]. These data were subsequently pooled together to generate the background SWD.
The model SWD input was then apportioned to 70% training and 30% testing data sets. A total of
10 model simulations were implemented to generate the robust statistical measures of the model
performance [31]. The models’ statistical performance were evaluated using threshold-independent
and dependent metrics, the area under the curve (AUC) of ROC [32], true skill statistics (TSS) [33],
and Cohen’s Kappa, hereafter referred to as ‘Kappa’ [34], respectively. Given these metrics, a model is
considered performing when the AUC is greater than 0.5 and TSS and Kappa values are greater than 0.

Moreover, the relative contributions of each oceanographic and topographic parameters for the
model simulations were computed within BIOMOD2. The procedure invokes the calculation of the
correlation scores between the standard and new predictions. The standard prediction was made once
the model was calibrated. Subsequently, each variable is randomized to create the new prediction.
Highly correlated predictions (i.e., with slight differences in predictions) show that the randomized
factor has little influence on prediction-making. The variable importance is, then, expressed as 1 minus
the correlation score. The high values correspond to high variable importance and values close to 0
reveal low to no importance [27].

2.5. Spatio-Temporal Mapping of Potential Squid Habitat

For each month between 2010 and 2013, ten MaxEnt model simulations were used to generate
40 squid habitat predictions (i.e., 10 predictions per month × 4 years). Each monthly set, comprised of
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40 habitat predictions, was subsequently used to compute for the pixel-wise averages and standard
deviations (SD) of the suitable squid habitat (expressed in terms of HSI) from January–December.
This was carried out to examine the seasonal variation of squid habitat patterns across space.
These maps further highlight the regions where persistent potential squid habitat (defined as areas
with low SD) were identified during the four-year period. All the mapping routines for this work
were conducted using an open-source software, the generic mapping tools (GMT) version 4.5.12,
Hawaii, USA [35].

3. Results

3.1. Distributional Patterns of Oceanographic and Geographic Factors in Squid Fishing Sites

The monthly mean distributions of the oceanographic and geographical variables computed in
the squid fishing sites, during the four-year period are shown in Figure 2A,I. Based on these time-series,
most environmental factors exhibited strong seasonality. A clear seasonal pattern is exemplified in SST
distributions (Figure 2A), where low and high SSTs characterize the squid habitat from winter–spring
(December–May) and summer–autumn (June–November), respectively. Highly variable SSTs were
also observed during the seasonal transitions, except in spring and early summer (April–June).
In contrast, Chl-a distributions (Figure 2B) showed minimal seasonality, albeit with highly variable
measurements observed during autumn–winter (October–February) period. The temporal patterns of
SSHA (Figure 2C) revealed a prominent shift from negative to positive SSHAs between January–June
and July–December, however, the variability of measurements across months was comparable.
Interestingly, similar temporal pattern was observed for the bathymetric time-series (Figure 2D),
where the squid occurrences were found at shallower depths from January–June, relative to the
July–December period. The EKE temporal pattern showed that squid occurrences were mostly located
in regions with weaker EKEs, yet highly variable measurements were observed between months
(Figure 2E).The temporal patterns for u (Figure 2F) and v (Figure 2G) components of the geostrophic
velocity, however, showed similar patterns with a velocity peak in July. Moreover, the temporal
patterns of geographical parameters across and along the longitudinal and latitudinal axes, revealed
prominent west–east (Figure 2H) and south–north (Figure 2I) shifts of squid occurrences in winter and
summer, respectively. The largest fluctuations in the zonal and meridional geographic positions across
a 12-month period, were observed between August and October.
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3.2. Relative Importance of Environmental Factors to Squid Habitat

The relative contributions of individual oceanographic and topographic features to the
potential squid habitat (Table 3) showed that the most important variables were SST (0.81 ± 0.02),
depth (0.19 ± 0.02), SSHA (0.14 ± 0.01), and EKE (0.10 ± 0.05). The rest of the oceanographic
variables exhibited low (geostrophic velocity components) to almost negligible (Chl-a) effects on
squid habitat predictions.

Figure 3A–D showed the generated response curves and their respective standard deviations
for the four most important environmental factors. Based on these figures, the characteristic
environmental ranges of the potential squid habitat between the 5th and 95th percentiles were
highlighted. The percentile SST cut-off revealed that the SST range for potential squid habitat was
between 10 ◦C –30 ◦C, albeit, the upper tail of the distribution exhibited the largest standard deviation
at SST greater than 27 ◦C. The highest predicted HSI was found at 23 ◦C (Figure 3A). The response
curve for the bathymetric factor showed that the squid potential habitat was distributed over shallow
(171 m) and deeper (3580 m) areas of the basin (Figure 3B). However, a prominent peak in HSI was
observed at a depth of 3600 m. For SSHA, the preferred potential squid habitat range was found
between −16 and 36 cm and the highest predicted HSI was centered at cold water parcels of SSHA
equal to −18 cm (Figure 3C). Moreover, the preferred squid habitat range for the EKE was between 71
and 1306 cm2/s2, with high HSI at relatively weaker EKE (Figure 3D).

Table 3. Relative contribution of environmental variables averaged across all model simulations.
The mean and standard deviation values of environmental factors with highest model contributions
are highlighted in bold. The u and v correspond to geostrophic velocity components along the zonal
and meridional planes, respectively.

Statistics
Environmental Variables

SST Chl-a SSHA EKE u v dep

Mean 0.808 0.004 0.141 0.099 0.040 0.023 0.186
Standard Deviation 0.023 0.007 0.012 0.048 0.023 0.013 0.015
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3.3. Model-Inferred Seasonal and Spatial Squid Habitat Patterns

The multiple model simulations exhibited modest and robust statistical performance based on
the threshold-dependent and independent metrics (Table 4). Despite the wide distribution of squid
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in the basin throughout an annual cycle, the models were able to predict the squid occurrences
better than when predicted in random. Based on these models, the spatio-temporal patterns of squid
in the Sea of Japan showed the basin-wide differences in predicted habitat distributions over an
inter-seasonal time-scale.

Table 4. Summary statistics of model performance from multiple habitat model simulations using the
BIOMOD2 package in R. The statistical metrics were comprised of threshold-independent (AUC and
TSS) and –dependent (Kappa) performance measures.

Statistics
Model Performance Metrics

AUC TSS Kappa

Mean 0.695 0.306 0.132
Standard Deviation 0.010 0.010 0.010

The monthly-averaged habitat predictions overlain with the corresponding distribution of the
fishing effort from January to December are shown in Figure 4. During the winter-spring period
(December–May), the squid potential habitat was largely confined within a narrow area in the southern
tip of the basin (125◦–140◦E and 33◦–41◦N). The predicted suitable habitat was also found to correspond
well with the spatial distributions of the squid fishing activities. The smallest habitat areal extents
during this period were mainly observed from February to March, covering the waters off the Tsushima
Strait and nearshore areas of South Korea and Japan. The onset of summer (June) marked the
basin-wide expansion of potential squid habitat, albeit the patches of highly-suitable habitat were
found along the nearshore waters of Japan. In July, the potential habitat distribution throughout the
basin revealed a uniform pattern, with squid fishing activities gradually extending off the central and
northern parts of the basin. However, distinct patches of highly-suitable habitat were recognizable
from August–November. This pattern is accompanied with the extensive fishing activities along the
entire stretch of the basin. Between August and September, large patches of highly suitable habitat
were formed in Japan basin (40◦–44◦N and 132◦–140◦E). These regions also exhibited moderate level
of fishing activities. In October and November, the squid fishing activities were most intensified and
were located off the highly suitable habitat regions in the central part of the Sea of Japan. While the
offshore fishing activities persisted through November, potential squid habitat exhibited considerable
areal reduction with formation of highly suitable zones off the nearshore waters of Japan and Korea.
Throughout the year, however, the highest squid fishing activities were consistently located off the
shallow waters around the Tsushima Strait.

3.4. Stability of Potential Squid Habitat and Patterns of Key Oceanographic Conditions

The pixel-wise standard deviation (SD) of the potential squid habitat from January–December
are shown in Figure 5. Based on this figure, the stable suitable areas for squid off the Tsushima Strait
(i.e., with lower SD) corresponded to the regions where intensive fishing activities occurred. In the
winter–spring period (December–May), relatively variable suitable habitat zones were located off
the Ulleung and Yamato basins. In summer (June–August), the unstable potential habitat patches
decreased off these basins and significantly increased in autumn (September–November). In October,
highly unstable potential habitat patches were predominantly observed off the Yamato basin.

The spatial patterns of oceanographic conditions based on SST and EKE are shown in Figure 6.
From these maps, the contraction and expansion of favorable SST range (10 ◦C–27 ◦C) for squid habitat
were captured and resembled the spatial distributions of the predicted HSI (Figure 4). During the
winter–spring period (December–March), the favorable SST distributions were comprised of colder
waters (10 ◦C–18 ◦C). This is further accompanied with the relatively smaller patches of moderate–high
EKE, located off the Ulleung and Yamato basins. In summer (June–August), the preferred SST limit
gradually transitioned to the dominance of the warm SST bin (18 ◦C–27 ◦C) and persisted through
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mid-autumn (October). This warm water pattern regressed to the cold water phase by the end of
the autumn season (November). These periods are marked by the expansion of moderate–high EKE
zone, extending towards the Tsushima Strait. Between October and November, the colder waters
encroached further south, consequently limiting the spatial distribution of warm waters. Despite the
SST shift observed for these months, the areal extent of moderate–high EKE zones in the northern
part of the Tsushima Strait remained significant. Moreover, a significant positive correlation between
the instability of the potential squid habitat and mesoscale activity is further highlighted in Figure 7.
More stable suitable squid habitat was also located at warmer SSTs, with low–moderate EKE.
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4. Discussion

The present study has taken advantage of available datasets from multi-sensor satellite platforms
to explore the seasonal distributions of squid resources in the Sea of Japan. It further emphasized
the use of combined data from recently-launched satellite sensors (NPP/VIIRS) and DMSP/OLS
for the detection of squid fishing vessels in the basin. These in turn, provided potential occurrence
data sources for developing species distribution models for T. pacificus. In the ocean, collection of
fishery-independent data through biological surveys remains a challenge [36]. Therefore, tapping
alternative data sources to further fisheries studies has attracted fisheries scientists and managers.
The night-time visible imageries have been earlier used in a variety of marine applications,
including that for tracking ship and fishing activities [2,3,37,38]. Our study further expanded the
practical applications of these data to examine the squid-environment interactions through a habitat
modeling approach.

The species distribution models are widely used tools to examine the habitat preferences of
species, map its potential geographical distributions and explore species-environment interactions [39].
Here, we developed the species distribution models for Japanese common squid to examine the
seasonal habitat patterns in response to relevant oceanographic and topographic factors. To our
knowledge, this is the first satellite–based habitat modeling study for T. pacificus in the Sea of Japan.
From our results, the MaxEnt-derived habitat models have shown modest statistical performance in
predicting squid habitat (Table 4). Moreover, averaging the monthly squid habitat predictions from
multiple model simulations generated robust spatial squid habitat maps (Figure 4). From these maps,
the spatial changes in potential squid habitat distributions within an inter-seasonal timescale were
evident. The salient zonal and meridional shifts of preferential squid habitat from winter–spring
to summer–autumn periods are potentially driven by the responses of squid to environmental
changes and physiological processes that are associated with its annual life cycle. The model-inferred
environmental ranges of the suitable habitat highlighted the favorable oceanographic conditions for
squid (Figure 3). These conditions were largely regulated by the seasonal distribution patterns of SST
and proxies for mesoscale activity (SSHA and EKE). These oceanographic factors have been shown to
exert significant impacts on habitat distributions and abundance of pelagic species likely through local
nutrient enhancement [25,40].
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Previous field and experimental studies have shown that temperature is crucial for the growth
and survival of T. Pacificus. Off the southern part of the Sea of Japan, extending towards the East
China Sea in winter, SST values in this area ranged from 12.7 ◦C –23.2 ◦C. Within this observed
SST range, SST from 15 ◦C–18 ◦C were found favorable for spawning [41]. Moreover, results from
laboratory studies of reared individuals showed that normal embryonic development occurred in
temperatures between 14 ◦C and 26 ◦C, with the highest survival rates from 14.7 ◦C and 22.2 ◦C [42,43].
Model-derived SST ranges inferred from our study (Figure 3A) were comparable with these reported
values, albeit our results covered a broader SST limit than the latter. This could possibly suggest that
T. pacificus are likely to inhabit region with wider temperature limits in the wild and, hence, encounter
remarkably dynamic oceanographic conditions throughout its short life span. Other ommastrephids,
such as jumbo squid (Dosidicus gigas), for instance, were reported to exhibit irregular seasonal invasions
in areas past their normal environmental ranges. Such events were attributed to their active feeding
migrations during years of high abundance [44].

Mesoscale activity in the ocean has also been an important physical driver of species distribution
and abundance. In the western North Pacific Ocean, meanders and eddies spinning off from the strong
boundary current were known to create favorable feeding environments for economically-important
fisheries [12,45]. In the Sea of Japan, similar gyral features were also identified from previous
studies [46,47]. In the present work, moderate–strong eddy activities (Figure 6) were situated in the
southern part of the basin (north of the Tsushima Strait) from July–December, which also corresponded
to the zones with significant fishing activity and high predicted squid habitat (Figure 4). While the
enhanced eddy activity appeared to support elevated biological production [48], the variability in
spatial distribution of the oceanographic features over time could also affect the persistence of the
potential squid habitat on the seasonal and inter-annual periods. A similar scenario was shown in our
results, highlighting the unstable potential habitat zones (i.e., highest HSI SD; Figure 5), located off
the eddy-rich regions. This is further reinforced by the significant positive correlation (Figure 7)
between the standard deviation of HSI and EKE, extracted from the squid fishing locations from
January–December. The warmer SST attribute of highly stable potential habitat could further suggest
its association with the warm-water eddies, which are prominent circulation features in the Sea of
Japan [2,3].

In contrast, static factors such as bathymetry, which was also recognized as the second most
important variable in this study, showed that the squid used a whole range of topographic habitat
from shallow to deeper areas from January–December (Figure 3). The pattern of utilization could
be potentially linked to the preferences of the squid in searching for the optimal spawning and
foraging grounds. Following the reproduction hypothesis for T. pacificus, adult squid generally
moved to the shallow continental shelves and slopes (100–500 m) for spawning [1,43]. However,
during summer feeding migration (June–August), the squid undergoes a northward movement into
deeper waters of the Sea of Japan. The southward spawning migration of the squid subsequently
ensues from September–November, traversing along the deep water corridors of the basin [2]. This is
also accompanied with the seasonal cooling of the north and central parts of the Sea of Japan (Figure 6),
as the sub-polar front intensifies and pushes the frontal boundary further south. Interestingly,
the formation of distinct highly suitable habitat patches in the northeastern part of Japan basin
from August–September (Figure 4) is coincident with the presence of an isolated frontal zone trapped
by a seamount around this area [49].

5. Conclusions

The habitat models developed for the T. Pacificus using all-satellite-based information in the
Sea of Japan, underscored the enormous potential of remotely-sensed data for understanding the
spatial and temporal squid habitat patterns, emerging from the species-environment interaction.
The use of fishing vessel positions detected from night-time visible images provided an alternative
data source for exploring the preferential squid habitat distributions. The use of the NPP/VIIRS data,
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which have an improved ability than DMSP/OLS to accurately detect the fishing fleets, has significantly
augmented the samples for constructing the presence-only models. However, we also recognized
that the data could similarly suffer from sampling biases and false positive detection of squid
occurrences. Hence, future studies complementing the satellite-detected squid presence with actual
fishery information, when available, could improve the predictive performance of the statistical models.
Longer temporal coverage of response data for habitat modeling analyses could also assist in making
robust detection of potential habitat hotspots and exploring the inter-annual variability in distributions
of predicted squid habitat. Despite the inherent data limitation, our habitat modeling analyses have
shown modest predictive performance. In the process, our analyses were able to reveal pertinent
insights on squid habitat responses to seasonal changes in oceanographic conditions and reinforced
the findings of observational and experimental studies. Our results also underpinned the roles of
oceanographic features and their respective attributes in regulating the persistence/stability of squid
habitat. These information could be invaluable in marine spatial planning and management of squid
resources in the Sea of Japan.
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