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Abstract: We provide an overview of selected recent operational applications of satellite
remote sensing and marine Geographic Information Systems (GIS) procedures to the practice
of sustainable aquaculture in southern Hokkaido, Japan, focusing mainly on kelp and scallop
aquaculture. We also developed a suitable aquaculture site-selection model (SASSM) for
suspension culture of Gagome (a kelp species) in the same region. Models for Japanese kelp
and Gagome showed that the distributions of the most suitable areas for both species
overlapped. Competition between kelps was especially marked along the coastline between
Hakodate and Esan. In addition, we examined the impact of oceanographic environmental
changes and atmospheric events on scallop and kelp aquaculture sites, demonstrating that
variations in the coastal Oyashio Current and the Tsugaru Warm Current significantly
influenced the growth and harvesting seasons of scallops and kelps in Funka Bay and other
sections of southern Hokkaido. Because a strong El Nifio event occurred in 2010, January of
that year was extremely cold. The proportion of suitable areas for both scallops and kelps
during their respective growing seasons contracted in 2010. Thus, shifts in oceanographic
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and atmospheric conditions should be incorporated into sustainability management planning
for coastal scallop and kelp aquaculture in southern Hokkaido.

Keywords: climate events; Gagome; Japanese kelp; Japanese scallop; suitable aquaculture
site-selection model (SASSM)

1. Introduction

Global aquaculture production has grown substantially in the past decade, reaching 66.6 x 10° ton in
2012. The Asia-Pacific region is dominant in this food supply sector [1]. Marine agriculture has the
greatest potential for the production of safe, high quality seafood. However, with the intensification of
atmospheric and oceanographic environmental changes, more attention is now being focused on the
sustainability of aquaculture; changing environments threaten food security and economic growth [2].
The suspension culture method used for Japanese scallop (Mizuhopecten yessoensis) aquaculture is
largely concentrated in Funka Bay, Japan, where it has a key economic role for coastal communities.
The production of Japanese scallop in Hokkaido amounted to 418,175 ton in 2012 [3]. In addition,
two species of seaweeds, Japanese kelp (Saccharina japonica) and Gagome (S. sculpera), are
commercially harvested in the waters of southern Hokkaido; in 2012, harvests of the two species
amounted to 5504 ton and 315.2 ton, respectively [3]. Japanese kelp is a preferred source of kombu, but
Gagome has been invading S. japonica habitat [4], causing serious industrial problems. Gagome is
usually considered a pest species, but this view is changing. The use of brown algae as medicines and
health foods has been growing in recent years because these marine plants contain several important
carbohydrates, including alginate, fucoidan, and laminarin [5]. Many new commodities have been
developed from Gagome, and demand for this kelp has been growing. However, the recent production
of kelp and scallops has been highly variable. The root causes of this variability may lie in human
activities that have resulted in atmospheric and oceanographic environmental changes [6].

The Japanese scallop is a cold-tolerant shellfish that inhabits waters that have wide seasonal shifts in
temperature (5-20 °C) [7]. The two commercial kelps are also temperate/cold-water species. When the
seawater temperature exceeds 23 °C, kelp blades die back toward the meristem [8]. Consequently, both
scallop and kelp aquaculture production facilities are vulnerable to oceanographic environmental
changes, especially shifts in water temperature.

Funka Bay and the remaining sections of southern Hokkaido provide unusually favorable marine
environmental conditions for aquaculture activities. The region is affected by the coastal Oyashio
Current (COC) and the Tsugaru Warm Current (TWC). The COC brings cold, low-salinity, high-nutrient
water that sometimes flows into Funka Bay in winter and spring. The TWC is an eastward-flowing
branch of the northward-flowing Tsushima Current. The TWC flows through the Tsugaru Strait and into
Funka Bay from mid-July; its waters are warm and highly saline [9,10]. In recent years, the southward
intrusion of the Oyashio has been highly variable between seasons and years [11]. In addition, the TWC
flow has varied seasonally, corresponding with seasonal changes in sea level differences between the Japan
Sea and Pacific Ocean sides of the Tsugaru Strait [12]. Climate change-associated spatial and temporal
fluctuations in the COC and TWC have potentially significant influences on scallop and kelp aquaculture
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along the coast of southern Hokkaido. Particularly extreme weather conditions, such as a strong El Nifio
event, occurred in the period 2009-2010. Many studies have shown that the ENSO (El Nifio/La Nifa
Southern Oscillation) has considerable influence on the inter-annual variability in environmental
conditions within tropical Pacific regions; the ENSO also affects northeastern Asia [13—15]. In the winter
of 2010, East Asia, Europe, and North America suffered extreme cold events under the influence of the
Arctic Oscillation (AO) [16].

Satellite remote sensing technology and Geographical Information System (GIS) procedures have
proven to be especially important in acquiring spatial and temporal data for effective resource
management; they may also be applied to coastal environment monitoring and management [17]. Based
on an understanding of the interaction between aquaculture and the environment, an informed site
selection process is likely to be crucial for the sustained development of aquaculture. Our previous work
has developed suitable aquaculture site-selection models (SASSMs) for the identification of suitable
locations for Japanese kelp and Japanese scallop aquaculture [18—22]. We have now developed SASSMs
to identify the most suitable areas for Gagome aquaculture and to examine the potential impacts of
oceanographic environmental changes and atmospheric events on the development of scallop and kelp
aquaculture in Funka Bay and the remainder of southern Hokkaido.

2. Methods
2.1. Study Area

The study area comprised the coastal waters of southern Hokkaido, including Funka Bay and the
Tsugaru Strait. This area lies between 41°40'N and 42°10'N, and 140°40’E and 141°10’E. Mean and
maximum water depths are 38 m and 107 m, respectively. Japanese kelp and Gagome are farmed along
the coastline from Shikabe to Hakodate in southern Hokkaido; most Japanese scallops are farmed in
Funka Bay (Figure 1).

2.2. Satellite Data

The data used included sea surface temperature (SST), Chl-a concentration, sea surface nitrate
concentration (SSN), and suspended solids concentration (SS). The parameters we used were Level-2 data
(at 1-km resolution) derived from measurements made by a Moderate Resolution Imaging
Spectroradiometer (MODIS) on board the Earth Observing System Aqua satellite. We used the R2012.0
version of daily data from January 2003 to May 2014. Monthly averages of nLw (555) images were
used to calculate SS images with the algorithm of Ahn et al. [23]. SSNs were calculated using the
algorithm of Liu et al. [21]. Advanced Land Observing Satellite (ALOS) Advanced Visible and
Near-Infrared Radiometer Type-2 (AVNIR-2) images with 10-m resolution were used for extracting
social-infrastructural and constraint data, such as harbors, town/industrial areas, and river mouths.
Bathymetry data were obtained from the Japan Oceanographic Data Center (JODC) and were integrated
and gridded at 150-m intervals. All of the remotely-sensed data were processed with the SeaWiFS Data
Analysis System (SeaDAS) 6.4, ERDAS Imagine 2010, and ArcGIS 10.0 software.
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Figure 1. Study area showing scallop and kelp aquaculture zones and water temperature
cross-section lines and ship samples location in southern Hokkaido, Japan.

2.3. 4D-VAR Data

A spatiotemporally high-resolution output was produced for Funka Bay using a land-sea coupled
model [24] that has been available since 23 January 2008. The coupled model contains a 3D ocean
general circulation model that was developed at Kyoto University [25]. The components of the output
from the model are temperature, salinity, 3D velocity, seawater density, and sea level. The four
dimensional-variational (4D-VAR) data assimilation system uses a nesting method (NEST2) with a
finest horizontal resolution of 1/54° longitude and 1/72° latitude to reproduce small-scale physical
features within coastal zones. For our modeling exercise, we used simulated temperatures for Funka Bay
(between January 2008 and December 2013) at depths ranging from 2 m near the sea surface to 150 m
at a vertical resolution of 4 m and a time resolution of 24 h.

2.4. Ship Samples Data

and RV
“Ushio-Maru” (Hokkaido University) between April 2010 and January 2012. Optical measurements,

Shipboard data were obtained during 15 cruises on the TS “Oshoro-Maru”
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conductivity-temperature-depth (CTD) measurements, and water sampling were conducted at 33 stations
in Funka Bay and 14 stations in the Tsugaru Strait (Figure 1). Water temperature data was conducted
vertically to a depth of 50 m.

2.5. Procedures for Sea Temperature-Depth Visualizations

Daily vertical water column distributions of sea temperature were extracted using the 4D-VAR data
assimilation system. We obtained vertical data corresponding to latitude/longitude locations of the
study areas in order to ascertain marine environmental conditions for scallop and kelps. Daily sea
temperature-depth structures along point cross-section lines located at the entrance of Funka Bay (A) and
the middle of Tsugaru Strait (B) (Figure 1) were visualized using Ocean Data View 4 (ODV 4) software.

2.6. Suitable Aquaculture Site Selection Models (SASSMs)

The SASSMs used here were built using hierarchical structures (Figure 2). Each model incorporated
an environment sub-model (SST, Chl-a, SS, and Bathymetry), a socio-infrastructure sub-model (distance
to town, distance to pier, and distance to land-based facilities) and a constraint sub-model (harbor, river
mouth, and industrial areas) matching the basic requirements for scallop aquaculture in Funka Bay [18].
We added nutrient parameters (SSN) and slope to develop a more accurate SASSM for Japanese kelp [21],
and used the models to develop a SASSM for Gagome. Suitability scores for each parameter were
defined according to the requirements of Gagome aquaculture using the suspension technique (Table 1).
Suitability scores for each criterion were ranked on a scale from 1 (least suitable) to 8 (most suitable);
the scoring system for Gagome followed Liu et al. [21]. Gagome occurs in deeper waters than Japanese
kelp [26]. Therefore, we set a depth score of 8 at 15-30 m for the Gagome bathymetry parameter. The
highest depth score for Japanese kelp was 5 m shallower. These depths are at the limits of aquaculture
construction capability in waters 60 m deep.

Table 1. Physical factor requirements and suitability scores for Gagome aquaculture-site
selection in southern Hokkaido, Japan.

Suitability Rating and Score
Parameter 1 2 3 4 5 6 7 8
Sea surface <4 4-4.5 4.5-5 5-5.5 5.5-6 6-6.5 6.5-7
temperature (°C) >17.5 16-17.5 14.5-16 13-14.5 11.5-13 10.5-11.5 9-10.5
0-2.1 2.1-43 43-6.4 6.4-8.6 8.6-10.7 10.7-12.9 12.9-15

Bathymetry (m) 15-30
>60 55-60 50-55 45-50 40-45 35-40 30-35

79

Secchi disk
depth (g'm™)
Sea surface
nitrate (UM)
Slope (°) <5 5-10 10-15 15-18 18-20 20-23 23-25 >25

0-0.5 0.5-1 1-1.5 1.5-2 2-25 2.5-3 3-35 >3.5

<0.64 0.64-1.49 149-2.69 2.69-448 4.48-747 747-13.44 13.44-3136 >31.36
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Figure 2. Hierarchical schematic of the suitable aquaculture site selection models
(SASSMs). SST, sea surface temperature; SS, suspended solid concentration; SSN, sea
surface nitrate concentration.

We set a SST score of 8 at 7-9 °C for Gagome and 10-11 °C for Japanese kelp because (i) the growth
periods of the two species differ, from May to July for Japanese kelp and from April to June for Gagome,
and (ii) Gagome inhabits deeper, cooler waters than Japanese kelp.

Suitability scores for SSN parameters were defined according to the Michaelis-Menten kinetic
relationship between nitrate uptake and nitrate concentration for disks cut from kelp blades. Nitrate
kinetics were described by the half-saturation concentration (Km) and the maximum uptake rate (Vmax).
Thus, for S. sculpera disks, Km = 4.48 uM and Vmax = 0.92 ug N/cm*/h [27,28]. NO3~ concentrations
were placed in rank order from 1 (least suitable) to 8 (most suitable) by calculations based on nitrate
uptake rates of 0.115 ug N/cm?/h (Table 1).

The scores for SS and the slope parameter were same identical for the two kelp species.

We used a pairwise comparison method in an analytic hierarchy process (AHP) to develop a
weighting for each criterion. Relative importance was obtained from published literature data and the
opinions of experts [21]. Each model was implemented using the Model Builder package in ArcGIS.
The construction was based on a multi-criteria evaluation (MCE: weighted linear combination)
procedure. Final suitability maps were created by combining these models.

3. Results and Discussion
3.1. Verification of 4D-VAR Data

For water temperature data, we compared 4D-VAR data and shipboard data at all water depth of
6, 10, and 14 m. The results showed a strong relationship between 4D-VAR and shipboard water
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temperature, with R> values of 0.94 (Figure 3). The 4D-VAR data provided reasonable temperature

values in this study.
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Figure 3. Comparisons of shipboard data with four dimensional-variational (4D-VAR)
temperature data in Southern Hokkaido during observations from April 2010 to January 2012.

3.2. Sea Temperature-Depth Visualizations

The COC began to affect Funka Bay in February and the scallop harvest began in the March—April
period. Thus, we generated water temperature section maps for the entrance of Funka Bay from the
4D-V AR dataset for each 10-day interval from February to March in 2008, 2009, 2010, 2011, 2012, and
2013 (Figure 4). We observed vertical water temperature variations among different years. Oyashio cold
water strongly affected Funka Bay from the end of March in 2008. From the daily vertical water
temperature variations, we determined that the current entered the bay earlier than March in 2011, 2012,
and 2013. However, the current did not enter the bay in 2009; it arrived late in 2010 and had only weak
effects on the bay’s temperature structure.

The TWC affected southern Hokkaido and Funka Bay in summer and autumn; Gagome was harvested
from June to July. Therefore, we generated water temperature section maps for the middle of the Tsugaru
Strait for 10-day intervals in the June—July period of each year (Figure 5). Warm water arrived in early
July in 2010 and 2013, when the surface waters were warmer than in other years. These
variations are associated with the coupling of oceanic variability and atmospheric circulation (as in ENSO
event) [10,12,29]. Variations in the COC and TWC may significantly influence marine environmental

conditions in the aquaculture region.
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Figure 4. Vertical distribution of sea temperature at the entrance to Funka Bay during 10-day intervals in the February—March period from
2008 to 2013.
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Figure 5. Vertical distribution of sea temperature in the middle of Tsugaru Strait during 10-day intervals in the June—July period from
2008 to 2013.
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3.3. Impact of Oceanographic Environment Changes on SASSMs

Using our SASSMs, we generated monthly suitable site selection maps for Japanese scallop in the
Funka Bay coastal region during the month of March for the period 2008-2013 (Figure 6). March
conditions were most suitable in 2008 and worst in 2010. The SASSM maps were validated by
the location of existing Japanese scallop culture operation (see Figure 1). The suitable areas for
Japanese scallop model output were matched with existing scallop aquaculture location (Figure 6).
Combining this information with data in the water temperature section maps for February and March,
we ascertained that the COC strongly affected Funka Bay in spring 2008, when large volumes of
high-nutrient water entered the bay and generated conditions conducive to the growth of scallops.
Evidence obtained from two different datasets (satellite and 4D-VAR) was strongly corroborative.
Figure 4 shows that the COC slightly affected Funka Bay in 2010, but a strong El Nifio event occurred
in winter 2010 and January 2010 was extremely cold, thereby reducing the extent of the most suitable
areas in March 2010. This finding is corroborated by a previous study [22]. Therefore, suspension culture
in the 0—20 m depth range was influenced not only by oceanographic environmental changes, but also
by shifts in climate.

Using our SASSMs, we generated suitable site selection maps for Gagome in southern Hokkaido for
the month of July during the period from 2008 to 2013 (Figure 7). The SASSM maps were also
validated by the location of existing Gagome culture operation in Minamikayabe, Toi and Hakodate (see
Figure 1). The most of suitable areas (scores 7 and 8) for Gagome model output were matched with
existing Gagome aquaculture location (Figure 7). The proportion of the most suitable areas was smaller
in 2010 and 2013 than in other years. Water temperature section maps for the Tsugaru Strait during the
June—July period (Figure 5) indicate that warm water inflow significantly increased at the surface during
2010 and 2013. This inflow may have influenced the southern Hokkaido coastal region. Since Gagome
blades die back at temperatures >23 °C and this kelp is harvested from June to July, shifts in TWC water
temperature during July are of particular concern.
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Figure 6. Suitable aquaculture site selection model (SASSM) maps for Japanese scallop
during the month of March (2008-2013) in Funka Bay, Japan.
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Figure 7. Suitable aquaculture site selection model (SASSM) maps for Gagome during the
month of July (2008-2013) in southern Hokkaido.

3.4. Impact of Climate Events on SASSM Models

Because of the strong El Nifio event in 2010 and the extreme cold period in January of that year [22],
we generated final SASSM maps for the growing periods of each species in 2009 and 2010 to illustrate
effects related to climate changes (Figure 8). The SASSM maps were validated by the location of existing
Japanese scallop, Japanese kelp and Gagome culture operation (see Figure 1). The most of suitable areas
(scores 7 and 8) for each species model output were matched with existing aquaculture location (Figure 8).

Conditions during the growing period for Japanese scallop in 2009 (Figure 8A) were obviously better
than during the same season in 2010 (Figure 8B). We combined production data to evaluate the areas of
different suitability levels for each Japanese scallop aquaculture zone in Funka Bay (Table 2). We found
that suitable sites for scallop aquaculture changed considerably relative to different years, with the
percentage of the most suitable areas (scores 7 and 8) being significantly lower in climate event years
(2010) than the normal year (2009) (Table 2). Especially in 2010, the most suitable areas (score 8)
decreased to 0% in all the aquaculture zones. This finding is corroborated by a previous study [22] and
also was verified by Japanese scallop production statistics for each aquaculture zones in Funka Bay
(Table 2). The productions of Japanese scallop in the aquaculture zones (Date, Abuta, Toyoura,
Oshamambe, Yakumo, Mori and Sawara), which were all inside Funka Bay showed a decreasing trend
in 2010.

The proportion of the most suitable areas for Japanese kelp during the growing season declined from
2009 (Figure 8C) to 2010 (Figure 8D), but except Esan, which the most suitable areas (score 8) increased
from 4.9% in 2009 to 10.3% in 2010 (Table 2). This phenomenon may be influenced by a shift that is
attributable to ENSO events and variations of TWC, as indicated by previous work [21]. The changes of
most suitable areas for Japanese kelp were also reflected in the production statistics of each aquaculture
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zone. The total production of Japanese kelp in Shikabe, Minamikayabe, Todohokke, Toi and Hakodate

decreased in 2010, but only the Esan zone had an increase in 2010 (Table 2).

Table 2. Different suitability levels (expressed as a percentage of the total aquaculture area)

of each aquaculture zone for Japanese scallops (September—December), for Japanese kelp

(May—July) and Gagome (March—May) between the normal year (2009) and climate event

year (2010) in southern Hokkaido. Location of each zone was shown in Figure 1.

Species  Year Zone Area (km?) Suitability scores Production
4 5 6 7 8 (tons)
Date 28.6 0.1 1.1 7.5 788 125 4724
Abuta 16.8 0.0 0.2 7.1  86.5 6.2 7409
Toyoura 37.7 0.3 09 105 794 88 12,310
2009  Oshamambe 98.7 0.0 0.7 107 644 242 21,360
Yakumo 98.4 0.0 0.0 11.0 688 20.1 35,551
Mori 442 0.0 0.0 0.6 98.1 1.3 19,684
Japanese Sawara 11.7 0.0 0.0 55 762 183 9754
scallop Date 28.6 0.7 46 513 433 0.0 2997
Abuta 16.8 0.2 1.3 648 336 0.0 4452
Toyoura 37.7 0.4 1.8 188 79.0 0.0 8516
2010  Oshamambe 98.7 0.1 23 388 588 0.0 15,550
Yakumo 98.4 0.0 3.7 464 499 0.0 25,960
Mori 442 0.2 02 546 450 0.0 16,623
Sawara 11.7 0.9 1.9 258 714 0.0 10,235
Shikabe 24.5 0.0 0.1 75 773 151 415
Minamikayabe 16.3 0.0 0.6 188 7I.1 9.6 3580
2009 Todohokke 1.1 0.3 19.6  29.0 495 1.6 119
Esan 8.4 0.2 2.8 220 70.1 4.9 582
Toi 7.3 0.0 0.0 0.0 456 544 677
Japanese Hakodate 12.2 0.0 0.0 00 745 255 489
kelp Shikabe 24.5 0.0 0.0 11.0 889 0.0 335
Minamikayabe 16.3 0.0 0.0 90 902 0.8 3478
2010 Todohokke 1.1 0.0 0.0 190 81.0 0.0 82
Esan 8.4 0.0 0.0 00 89.7 103 642
Toi 7.3 0.0 0.0 103 577 320 599
Hakodate 12.2 0.0 00 223 777 0.0 295
Minamikayabe 16.3 0.0 02 315 663 2.0 156.7
2009 Toi 7.3 0.0 0.0 0.0 456 544 0.2
Hakodate 12.2 0.0 0.0 0.0 50.8 49.2 0.3
Gagome . -
Minamikayabe 16.3 0.0 49 642 308 0.0 30.6
2010 Toi 7.3 0.0 00 455 524 21 0
Hakodate 12.2 0.0 0.0 0.0 836 164 0.3

Production data from Marine Net Hokkaido [3].

The proportion of most suitable areas (scores 7 and 8) for Gagome during the growing period
(March to May) also declined from 42% in 2009 (Figure 8E) to 27% in 2010 (Figure 8F). The changes
of most suitable areas for Gagome were also reflected in the production statistics of each aquaculture
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zone. In 2009, the total production of Gagome aquaculture in Minamikayabe, Toi and Hakodate were
156.7, 0.2 and 0.3 tons, respectively. However, in 2010, the production of Gagome in Minamikayabe
and Toi decreased into 30.6 and 0 tons, respectively, and no change was recorded in Hakodate. The total
most suitable areas (scores 7 and 8) for Gagome in Hakdate were no change (Table 2). These changes
were also reflected by SASSM maps (see Figure 8E,F), where the most suitable areas in Minamikayabe
and Toi were showed a deceasing trend in 2010, but remained unchanged in Hakodate zones.
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The SASSM distribution maps show that most of the suitable areas for Japanese scallop aquaculture
had scores greater than 5. Most of the suitable areas for Japanese kelp and Gagome (scores of 7 and 8)
covered about 70% of the potential area along the coastline of the southern Hokkaido. However, regions
that have not been producing Gagome may also be suitable for aquaculture, with the avoidance of
competing with Japanese kelp. Highly suitable areas for Japanese scallop, Japanese kelp and Gagome
occur in the Yakumo, Minamikayabe and Hakodate regions, respectively. These regions support
extensive aquaculture farm operations for these species. Models for Japanese kelp and Gagome showed
that the distributions of the most suitable areas (scores of 7 and 8) were similar. Competition between
the kelp species is especially marked along the coastline between Hakodate and Esan. Comparing the
production of Japanese kelp and Gagome in the normal year (2009) and climate event year (2010), we
could see the production of Japanese kelp with slight changes in Minamikayabe, but with large decreases
in Hakodate. Meanwhile, the production of Gagome was the opposite of Japanese kelp (Table 2). These
findings should be taken into account in future Japanese kelp and Gagome farming management plans.

The environmental shifts that we detected were associated with large-scale variability in conditions in
the northwestern Pacific that were related to ENSO events [21,22,30]. Thus, climate change-associated
spatial and temporal fluctuations in the COC and TWC should be incorporated into kelp and scallop
aquaculture planning along the coast of Funka Bay and other regions of southern Hokkaido.

4. Conclusions

Our integration of satellite remote sensing information with GIS will contribute significantly to the
sustainable development of aquaculture. Our enhanced SASSMs effectively identified the most suitable
areas for Gagome aquaculture in southern Hokkaido and demonstrated that Japanese kelp and Gagome
compete with one another along the coastline from Hakodate to Esan. We also examined the impacts of
oceanographic environmental changes and atmospheric events on the availability of suitable sites and
found that variations in the COC likely influenced scallop growth in winter and harvesting in April.
In addition, we found that the warm water TWC significantly affected Japanese kelp and Gagome along
the southern Hokkaido coastline, especially during the harvesting season (June—July). Extreme climate
events, such as strong El Nifio or AO impacts, may also negatively influence scallop and kelp aquaculture.
And the results were consistent with production statistic data. Large-scale climate events should therefore
be considered in management planning for scallop and kelp aquaculture in southern Hokkaido.
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