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Abstract: Oysters are nutritious food organisms, rich in protein, minerals and vitamins. Production from Pacific oyster (Crassostrea 
gigas) aquaculture is increasing and supports the livelihoods of coastal communities. To ensure both success and long-term 
sustainability of oyster production, the determination of suitable sites is an important step in any aquaculture operation. This study 
applied GIS (Geographic Information System) based MCE (Multi-Criteria Evaluation) for locating suitable sites for Pacific oyster 
(Crassostrea gigas) farms in coastal regions in Central Vietnam. Remote sensing data were obtained viaMODIS (Moderate 
Resolution Imaging Spectroradiometer) and high resolution imagery from the Google Earth Engine, while oceanic data were 
obtained from HYCOM-NCODA (Hybrid Coordinate Ocean Model-Navy Coupled Ocean Data Assimilation) coupled with local 
hydrodynamic FEM (Finite Element Model) Hydrographic charts and GPS (Global Positioning System) data were used to extract 
required information layers for GIS based MCE for the suitable site selection of oyster farms. Six thematic layers of biophysical 
parameters were used to analysis MCE non-constraints including the depth, temperature, salinity, Chl-a (Chlorophyll-a) content, 
suspended matter concentration and velocity of sea current. Then, an MCE analysis with constraint was used to exclude the areas 
from suitability maps where oyster aquaculture could not be developed. They were conducted in two subgroups, biophysical 
subgroup (including un-suitable depth, un-suitable substratum and shore line types, potential regions prone to strong impact of 
natural disasters and environmental risks, sensitive habitats in MPAs (Marine Protection Areas), and social-infrastructural subgroups 
(including human settlement in urban area, wastewater system, industrial zones, piers, harbors etc.). A series of GIS models was 
developed to identify the most suitable areas for oyster culture using MCE with the estimating of factor score (Xi) based on expert 
knowledge as well as calculating of Weighting (Wi) based on Saaty’s matrix relevant to the importance level of assessed factors in 
comparison. Suitability scores were ranked on a scale from 1 (least suitable) to 8 (most suitable). The best suitable sites for oyster 
aquaculture in coastal areas of the central region of Vietnam have been found. These study results confirmed that a GIS based MCE 
model is a powerful tool that supports site selection decision-making in aquaculture. 
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1. Introduction 

Oysters are nutritious food organisms, rich in protein, 

minerals and vitamins. Their importance as food has 

helped numerous countries culturing them, to build up 

foreign exchange earnings. In Korea, for instance, 

oyster exports in 1982 contributed to about 54% of the 

total export of canned marine products to Canada, 
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Australia, Holland and Sweden. The Philippines was a 

significant exporter of oyster in Singapore’s market 

until the early 1980’s. About 180,000 kg of oyster meat 

valued at Peso 215 million was exported to Singapore 

in 1980. Foreign market for Philippine oysters includes 

many countries in the world. In Vietnam, Pacific oyster 

(Crassostrea gigas) is also a popular species being 

cultured in different regions in the coastal lagoons and 

bays of Central Vietnam.  

Aquaculture is one of the fastest growing 

food-producing sectors, supplying approximately 47% 
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of the world’s seafood supply in 2009 [1]. The rapid 

growth of aquaculture has forced it to address 

environmental, social and economic issues in a unified 

way to achieve sustainability. Combined with the 

social aspects of siting shellfish farms is the 

consideration of environmental parameters in which 

cultured species of interest are capable of thriving. 

Bivalve mollusks derive their energy for growth and 

necessary life functions through filter feeding; the 

active removal of phytoplankton, detritus and POM 

(Particulate Organic Matter) from the water column. 

Many concomitant factors affect bivalve feeding, 

nutrition, growth and survival including both biotic 

and abiotic influences (e.g. Chl-a (Chlorophyll-a) 

content, organic particulate matter concentration, 

water velocity or flow rate, water temperature, 

dissolved oxygen and CO2 concentrations, pH and 

sediment characteristics) [2]. Siting farms within 

appropriate environmental parameters allows for 

maximum crop yield, benefiting the farmer and the 

local economy.  

GIS (Geographic Information System) coupled with 

remote sensing provides the ability to display spatially 

complex data and competing demands on coastal 

space, allowing managers to better understand the 

needs of user groups, farmers to maximize potential 

profits and the protection of critical habitats. GIS 

based MCE (Multi-Criteria Evaluation) is a method to 

support decision-making based on the concept of 

multi-layer space environment (including information 

layers on the environment, economy and society). 

MCE analysis includes a set of evaluation criteria 

which are quantitative indicators of the extent to 

which the decided objective needs to be made [3]. An 

overview of spatially related issues using GIS 

applications in aquaculture was carried out by 

Kapetsky and Aguilar-Manjarrez [4] which included 

finfish cage culture (13 applications) and shellfish 

culture (24 applications). By managing mapping, 

remote sensing and GIS applications separately, the 

important role of each technique in spatial analysis for 

development and management of aquaculture was 

emphasized. Altogether, GIS aimed at aquaculture 

development accounted for more than 50 percent of all 

applications, and the sub-issues most frequently 

addressed were: (i) suitability of the site and zoning 

and (ii) strategic planning for development. GIS 

applications in this main issue category are carried out 

as a prelude to aquaculture development. The 

application of GIS-based MCE has developed 

worldwide and has reached many achievements in 

aquaculture, particularly in bivalve farming and oyster 

culture towards long-term sustainability [2, 4, 5-13]. 

In this work, we attempt to apply GIS based MCE for 

identifying suitable sites for Pacific oyster 

(Crassostrea gigas) farming in the coastal waters of 

Central Vietnam.  

2. Data and Methodology 

2.1 Study Area 

The area of studyis located in coastal waters of the 

central region of Viet Nam and is limited by Da Nang 

in the north and Binh Thuan Province to the South 

(Fig. 1). Coastal areas of this region include seven 

provinces and one municipality city, making it a group 

with the greatest potential in developing the economy 

and tourism of the country. The coast is divided by 

mountains that reach the sea and create a series of 

coastal bays and lagoons. The seasonal oceanographic 

characteristics of surface water of the SCS (South 

China Sea) have been studied since the Naga 

expedition in 1959-1961 [14]. Central Viet Nam has 

strong seasonal patterns of monsoon influence. In 

these surveys, a noticeable finding included coastal 

upwelling activity in the south central Viet Nam [14]. 

Some studies revealed patterns of upper circulation 

[15, 16] using models from climatological and 

satellite data while in situ data were rare. However, 

these studies identified the clear surface circulation 

pattern of the southern part of the SCS with 

clockwise/counterclockwise gyres. These features 

were well indicated with salinity and temperature. The 
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Fig. 1  Study area—the coastal waters in Central region of Vietnam (including 8 coastal provinces) where it needs to 
determine suitable sites for Pacific oyster (Crassostrea gigas) aquaculture.  
 

western boundary current (Viet Nam coastal jet) was 

also seasonally varied with strong, broad and 

northeast ward during the southeast monsoon [16, 17]. 

The monsoons introduce upwelling both in south 

central coast of Viet Nam [17] and in the north Sunda 

shelf [18-20] generating high productive areas in the 

south of SCS. SST (Sea Surface Temperature) in 

coastal waters of this region varies from 23 °C in 

January-February to 32 °C in July-August. Salinity is 

relatively stable, ranging from 31‰ to 34‰. Chl-a 

levels are very high during the spring bloom in 

February to March, but relatively low (< 1 mg/m3) 

during the summer (i.e. July-August). Wind 

conditions vary seasonally; winds are southeasterly in 

summer and northwesterly in winter. Coastal waters 

of Central Vietnam are also influenced by terrestrial 

materials from river discharge as well as urban and 

industrial effects.  

The formation of coastal bays and lagoons creates 

favorable conditions for the development of marine 

cage culture of bivalves and lobster in the Central 

region of Vietnam. In terms of oyster farming, Pacific 

oyster (Crassostrea gigas) is the most popular species 

being farmed in different regions in the coastal 

lagoons, bays in central Vietnam such as Cua Lo, An 

Hoa estuaries (Quang Nam province); Sa Ky, Sa 

Huynh coastal water (Quang Ngai province), Degi, 

Thi Nai lagoons (Binh Dinh), Cu Mong lagoon, Xuan 

Dai bay (Phu Yen province); Nha Phu lagoon (Khanh 

Hoa province), Vinh Hy lagoon (Ninh Thuan 

province). Pacific oyster is widely cultivated by 

individuals, companies and fishermen associations.  

2.2 Identification of Criteria and Data Collection 

For mariculture, optimal site selection is considered 

based on physico-chemical properties of water masses. 

They include parameters such as temperature, salinity, 

dissolved oxygen content and water circulation, 

ventilation level and the ability of water exchange, 

pollution levels, eutrophication, the food source 

(through concentration of Chl-a), shielding ability, 

depth and type of substrate.  

According to a study on the development of bivalve 

culture, monthly shell growth has significant 

correlation with the original size, water temperature, 

salinity and phytoplankton biomass [21]. The fouling 

organisms, predation and disease should be considered 

for exclusion. The hydrodynamic conditions can 
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contribute to productivity through the food provision 

and seed diffusion [22], but it can also cause 

disadvantage to oyster farming when current velocity 

is too high or too low [23]. Oysters are bivalve, filter 

feeding animals, with their food including bacteria, 

protozoa, diatoms, the larvae of the species of 

vertebrate and organic detritus [24]. For Pacific oyster 

(C. gigas), the site selection depends mainly on 

temperature, salinity and abundance of food sources 

[21, 23, 25]. These factors have a strong influence on 

the different phases of the life cycle of oyster (i.e. 

gametogenesis, reproduction, larval development, and 

grow-out phases) [25]. Factors that adversely affect 

the growth and development of the oysterinclude 

unfavorable water flow (velocity is too high or too 

low) [23]. Inappropriate substrata and unsuitable 

depth are inconsistent with the ecology of the oyster, 

including predators, disease and pollution [23]. In 

addition, social and infrastructural factors also affect 

farming operations. Therefore, these parameters were 

used for identifying suitable sites for oyster culture in 

coastal waters of Central Vietnam.  

The primary data sources used included MODIS 

(Moderate Resolution Imaging Spectroradiometer) 

and high-resolution imagery obtained from the Google 

Earth Engine, hydrographic charts and GPS (Global 

Positioning System) data. SST data were derived from 

the MODIS-Aqua sensor as level-2B data with 1 km 

resolution from OCx (Ocean Color) website of NASA 

(https://oceancolor.gsfc.nasa.gov/cgi/). Daily SST 

product was processed using the split window 

algorithm [26]. Daily OCx MODIS data with 1 km 

resolution from January 2012 to January 2016 were 

also obtained from website https://oceancolor.gsfc. 

nasa.gov/cgi/. Each OCx data file contained derived 

Chl-a (Chlorophyll-a) and ten remote sensing 

Reflectance in different wave lengths (i.e. Rrs412, 

Rrs443, Rrs469, Rrs488, Rrs531, Rrs547, Rrs555, Rrs645, 

Rrs667, and Rrs678). The chlorophyll-a images were 

processed using the MODIS chlorophyll band ratio 

algorithm standard OCx [27] merged with the CI 

(Color Index) of Hu’s algorithm [28]. From the daily 

OC MODIS data that were downloaded (as presented 

in the previous paragraph), remote sensing reflectance 

at a wavelength of 667 nm (Rrs667) data were 

extracted. Monthly averages of Rrs667 images were 

used to calculate TSS (Total Suspended Solid) images 

(g/m3) following Nechad’s algorithm [29] and were 

described by the Eq. (1):  
601.79.

1 1.007.
 (1)

All images were combined to generate monthly 

composite maps, which were then used to generate 

average values of monthly SST, Chl-a and TSS. 

Finally, this image was reclassified according to a 

suitability score of SST, Chl-a and TSS, respectively. 

Oceanic data from the Western SCS were 

downloaded from HYCOM (Hybrid Coordinate 

Ocean Model) plus the NCODA (Navy Coupled 

Ocean Data Assimilation) from the US Navy website 

https://www.hycom.org/data/glbv0pt08 with a spatial 

resolution of 1/12° (about 10 km). A reanalysis data 

system of HYCOM-NCODA is coupled with local 

hydrodynamic FEM (Finite Element Model) for 

extracting sea water salinity and ocean circulation (i.e 

water current) in coastal waters of Central region of 

Viet Nam in more detail meshes (i.e. spatial resolution 

of 1 km in coastal waters). Then, these mesh data were 

rasterized into grids of 1 km and reclassified 

according to suitability scores of sea water salinity and 

oceanic current (including velocity and their 

direction).  

Hydrographic charts (1/100,000) in coastal waters 

of Central region of Vietnam from the survey maps of 

the Map Surveying Department of Vietnam Navy 

(archived in the library of the Institute of 

Oceanography) were screen digitized from scanned 

maps (in hard copy format) to become GIS maps and 

then they were rasterized and re-sampled into the 

same size and dimension (1,000 * 1,000 m).  

Social-infrastructural and constraint data (including 

waste water sources, sewages, industry zones, human 
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settlement (urban) and MPAs (Marine Protection 

Areas) were extracted from the Google Earth Engine. 

On-screen digitizing was the technique chosen to 

produce social-infrastructural features as well as 

constraint data. The final step was to run distance 

analysis (using buffer function) to measure distances 

from each data source (social-infrastructural constraint) 

and reclassify them according to suitability scores. 

2.3 Methodology of GIS Based MCE for Suitable 

Optimum Site Selection in Oyster Cultivation 

The information overlaid and analyzed for selecting 

suitable oyster farming areas was based on the MCE 

technique known as the weighted linear combination 

[3] and performed through the Eq. (2):  

 ∑ . ∏            (2) 

where:  

S: Suitable index for zoning and selection of the 

best appropriate sites.  

Xi: Suitable score of factor i. Xi appears as a suitable 

or unsuitable level of environmental factors related to 

culture object (i.e. Pacific oyster C. gigas). Each factor 

will be reclassified according to suitable/unsuitable 

tolerances of environmental factors.  

Wi: Weighting of factor i (with ∑ 1 . Wi 

appears important level of factor i in comparison with 

other factors. Wi will be determined through pair 

comparison matrix of factor i in comparison with 

remaining ones. This matrix is called as Saaty’s one 

[30]. Saaty matrix allows decoding the importance 

from one (1) to nine (9) and determines relative 

importance of factor i in comparison with factor j 

(Table 1).  

For example, if parameter i is more important than 

parameter j then it is decoded by a value of 3. In 

contrast, parameter j is less important than parameter i 

then it is decoded by a value of 1/3. The importance of 

each factor (or weighting Wi) will be estimated based 

on Saaty matrix by the calculation of eigenvalues.  

Ci includes both socio-economic constraints and 

natural ones. The constrains are decoded in binary, 

boolean format (0, 1). “Suitable” is assigned by value 

of 1, “unsuitable” is assigned by value of 0. The 

socio-economic constraints included the core area of 

MPA, premier regions needed for protection, the 

economic development zone that is unsuited for oyster 

farm, developed region related to regulation, strategy 

for local economic development… as well as natural 

constraints (seed grounds, rocky beds, regions with 

unsuitable depth, unsuitable substratum for oyster 

farming) (Cj = Cn Cn+1 Cn+2.. Cm).  

The site selection of oyster farming by MCE, 

include determining suitable score Xi, assessing the 

weighting Wi (or important level) and constraint 

analysis. The block schema for determined suitable 

area for C. gigas farming utilized GIS based MCE 

techniques (Fig. 2). 

Finally, the overlaying GIS maps (with component 

products of Xi, Wi, Cj) and calculation by formula S = 

∑  ∏  will give us zoning maps with 

suitable areas in different levels.  

3. Results and Discussion 

3.1 Determination of Suitable Score Xi of 
Environmental Parameters for Pacific Oyster (C. 
gigas) Farming 

3.1.1 Suitable Score Xi of Water Temperature Factor 

in the Relationship with Pacific Oyster Cultivation 

Sea water temperature has a major effect on the 

seasonal growth of bivalves and may have strong 
 

Table 1  Comparison pairwise matrix—Saaty matrix determines the importance (weighting) of each other’s factors. 

Value Convention Value  

1 Same importance 2 Slightly more important 

3 Slightly to moderately more important 4 Moderately more important 

5 Moderately to strongly more important 6 Strongly more important 

7 Greatly more important 8 More greatly important 

9 Most absolutely important  
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Fig. 2  Flow chart for determined suitable areas for oyster farming by GIS based MCE techniques. 
 

Table 2  Suitable score (Xi) for site selection of Pacific oyster aquaculture relative to water temperature.  

Temperature (oC) < 14 14-16 16-18 18-20 20-24 24-28 28-31 31-33 > 33 

Xi 1 1-4 4-6 6-8 8 6-8 4-6 1-4 1 

Xi = 1 according to less unsuitable level, Xi = 8 according to most suitable level and the suitable level increasing gradually from 1 to 8.  
 

influence on growth between different cultivation sites 

[31]. Water temperature is a factor affecting the ability 

of assimilation of the bivalve filter feeders as oyster 

[32] and development intensity of oyster will decline 

sharply when the water temperature reduces to very 

low levels. Pacific oyster larvae can tolerate 

temperatures between 15 and 34 °C [25]. From 

experimental results in the laboratory, many authors 

showed that oyster larvae appear to grow most rapidly 

at a temperature range from 28 to 30 °C and a salinity 

range from 19‰ to 30‰ [33-35]. However, in the 

natural environment larval development takes place 

with a water temperature between 16 and 23 °C and a 

salinity between 18‰ and 35‰. Leda Handog’s 

synthesis results [36] have shown for the Pacific 

oyster, suitable temperature range is 15-30 °C, optimal 

condition for the development of the egg is 23-25 °C, 

suitable condition for reproduction is 25 °C or greater. 

Meanwhile, the temperature range suitable for Pacific 

oyster is 15-25 °C. 

Through the synthesis of above-mentioned 

overviews, we determined suitable temperature 

tolerance for Pacific oyster as follows: optimum water 

temperature range: 20-24 °C; suitable temperature 

ranges of 15-20 °C and 24-30 °C; suitable temperature 

ranges lie out of above range (i.e. less than 15 °C or 

more than 30 °C). From suitable temperature 

tolerances of C. gigas as mentioned above, we 

reclassified ranking and assigned suitable temperature 

score Xi for C. gigas (with 1 being less unsuitable 

level and 8 being absolutely most suitable) and the 

detail is shown in Table 2.  

3.1.2 Suitable Score Xi of Sea Water Salinity in the 

Relationship with Pacific Oyster Cultivation  

Salinity also has strong influence on the different 

phases of the life cycle of the bivalve and also oysters 

(i.e. gametogenesis, fertility, larvae development, and 

settlement) [25]. Oysters can reproduce and grow in 

the salinity range of 10‰-42‰ with an optimum 

range for fertilization being 23‰-36‰ [24]. Optimal 

salinity for juveniles is similar to mature individuals 

[37]. Pacific oyster larvae appear to grow most rapidly 

under experimental conditions at a salinity from 19‰ 

to 30‰ [33-35]. Other authors showed that the 
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Table 3  Suitable score (Xi) for site selection of Pacific oyster aquaculture relative to water salinity. 

Salinity (‰) < 10 10-12 12-16 16-20 20-30 30-31 31-33 33-35 > 35 

Xi 1 1-4 4-6 6-8 8 6-8 4-5 1-4 1 
 

optimum salinity range for the growth of young C. 

gigas is 15‰-30‰, although they could survive even 

in a wider range of salinity. During the development 

stage of C. gigas oyster juveniles and adults, optimum 

salinity range is 15‰-30‰, whereas the mature C. 

gigas optimum salinity range is 20‰-30‰ [36].  

Through the synthesis of overviews on the 

relationship between salinity factor and oyster growth, 

we determined the suitable salinity tolerance for Pacific 

oyster as follows: optimum water salinity range: 

20‰-30‰; suitable salinity ranges of 10‰-20‰ and 

24‰-30‰; suitable salinity ranges lie out of above 

range (i.e. less than 10‰ or more than 34‰). From 

suitable salinity tolerances of C. gigas as above 

mention, we reclassified ranking and assigned suitable 

salinity score Xi for C. gigas (with 1 being less 

unsuitable level and 8 being absolutely most suitable) 

and the detail is shown in Table 3.  

3.1.3 Suitable Score Xi of Chl-a Factor in the 

Relationship with Pacific Oyster Cultivation 

Adult oysters are fixed to a hard substrate and 

therefore the food availability depends entirely on the 

natural food present in the surrounding waters. Food 

availability in the surrounding waters is also one of 

most important factors for optimum site selection of 

oyster farming (ranked behind salinity and water 

temperature). Like the vast majority of bivalves, C. 

gigas are filter-feeders using their gills to remove 

suspended particles from the water. Their food consists 

of phytoplankton (diatoms and dinoflagellates), copepod 

larvae, protozoans and detritus, phytoplankton also 

accounts for a significant proportion of food [24].  

Generally, the existence of microalgae does not 

affect the culture process, but the problem only 

becomes necessary when considering the limited food 

resources [36]. Nutrition is considered the factor that 

most explains variance in larval growth [35]. In 

estuaries, where the hydrographic conditions are 

favorable, plankton is abundant and therefore the 

oysters tend to perform well. During the dry season, the 

seawater salinity and temperature tend to increase, and 

the oysters are found to be thin and watery, suggesting 

a low supply of food [36]. For optimum site selection 

of bivalve culture, the parameter of Chl-a concentration 

can be chosen instead of food availability. In practice, 

Chl-a concentration of 0.5 mg/m3 is considered 

inadequate for site selection of C. gigas [38]. 

According to Barillari, et al. [39], the range of Chl-a 

of between 2-11 mg /m3 is considered as optimal 

conditions for oyster farming. In local condition of 

coastal waters of Central Vietnam, the value 10 mg/L 

of chl-a content (when eutrophication phenomena can 

occur) is considered as upper limitation for optimum 

site selection of C. gigas farming. 

Through the synthesis of overviews on relationship 

of Chl-a factor with oyster growth, authors determined 

suitable tolerance of Chl-a content for Pacific oyster 

as follows: optimum range of Chl-a content: 2-6 

mg/m3; suitable Chl-a ranges of 0.5-2 mg/m3 and 6-10 

mg/m3; suitable Chl-a ranges lie out of above range 

(i.e. less than 0.5 or more than 10 mg/m3). From 

suitable Chl-a tolerances of C. gigas as mentioned 

above, authors reclassified ranking and assigned 

suitable Chl-a score Xi for C. gigas (with 1 being less 

unsuitable level and 8 being absolutely most suitable) 

with detail as shown in Table 4. 

3.1.4 Suitable Score Xi of Suspended Matter Factor 

in the Relationship with Pacific Oyster Cultivation 

In the above-mentioned analyses, C. gigas can 

capture a high variety of particles from the water such 

as bacteria, protozoa, microalgae, invertebrate larvae 

and detritus [23]. The organic components in the 

suspended material can be assimilated and used as 

feed for oysters, but this food source accounts for an 

insignificant percentage [24]. On the other hand, 

unsuitable areas of oyster farming such as the muddy 
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Table 4  Suitable score (Xi) for site selection of Pacific oyster aquaculture relative to Chl-a content.  

Chl-a (mg/m3) < 0.5 0.5-0.8 0.8-1.0 1.0-2.0 2.0-6.0 6.0-7.0 7.0-8.0 8.0-10.0 > 10.0 

Xi 1 1-4 4 - 6 6 - 8 8 6-8 4-6  1-4 1 
 

Table 5  TSS (mg/L) in some lagoons in Central Vietnam.  

 
Rainy season Dry season 

Average Max Min Average Max Min 

De gi lagoon 18.54 75.1 2.32 9.72 24.2 1.75 

Thi nai lagoon 23.43 156.0 1.55 13.28 66.20 2.70 

Nha Phu lagoon 47.62 52.9 42.4 24.5 27.9 21.0 

Nai lagoon 24.4 82.1 6.7 17.7 29.3 1.6 

Source: Pham and Le [42].  
 

Table 6  Suitable score (Xi) for site selection of Pacific oyster aquaculture relative to TSS concentration.  

TSS (mg/L) < 0.1 0.1-0.5 0.5-0.8 0.8-1.0 1.0-20 20-24 24-30 30-40 > 40 

Xi 1 1-3 3-6 6-8 8 6-8 3-6 1-3 1 
 

seafloor should be eliminated as the impact of 

sedimentation on organisms impede the respiration 

process of oyster. In the bookSite Selection and 

Water Quality in Mariculture, [40], Prema showed 

that, suspended solids in a suitable site for mariculture 

should not exceed 2 mg/L. Another study on optimum 

site selection for Pearl oyster—Pintada fucata, Rahul 

and his colleagues [41] showed suitable tolerance of 

each parameter. For TSS, they determined 

suitable/unsuitable tolerances as follows: (a) high 

suitable: 10-20 mg/L; (b) suitable: 10-20 mg/L; and (c) 

unsuitable with TSS > 30 mg/L [41]. Through the 

synthesis of survey data from previous projects in 

Central Vietnam (such as Nha Phu, Thi Nai, De Gi 

Nai lagoons…). Table 5 shows the spatial variation of 

total suspended solid in these coastal waters. 

Through the synthesis of overviews on relationship 

of suspended matter factor with oyster growth, we 

determined suitable tolerance of TSS concentration for 

Pacific oyster as follows: optimum range of TSS 

concentration: 1-20 mg/L; suitable TSS ranges of 

20-30 mg/L; suitable TSS concentration ranges lie out 

of the above range (i.e. less 1 or more 30 mg/L). From 

suitable temperature tolerances of C. gigas as 

mentioned above, authors reclassified ranking and 

assigned suitable temperature score Xi for C. gigas 

(with 1 being less unsuitable level and 8 being 

absolutely most suitable). See Table 6 for details.  

3.1.5 Suitable Score Xi of Hydrodynamic Factor in 

the Relationship with Pacific Oyster Cultivation 

The hydrodynamic conditions can contribute 

productivity through food provision and seed 

diffusion [22], but it can also cause disadvantage to 

oyster farming when current velocity is too high or too 

low [23]. Bivalve culture sites should not be in the 

vicinity of strong currents particularly where bottom 

culture is practiced as strong currents usually generate 

high turbidity and high siltation rates. However, 

moderate currents are needed to provide adequate food 

supply. Currents of 0.02-0.1 m/sec have been reported 

to be suitable for cockle cultures, while stronger 

currents are usually required for the hanging method 

due to the intensive culture nature of this method [43]. 

In the hanging method, slow water movement usually 

results in slow growth of the bivalves due to the poor 

replenishment of food. Slow currents also promote the 

settling of organic and inorganic particulate materials 

on the cultured organisms. Potential sites should have a 

current speed within the range of 0.1-0.3 m/sec. 

Oysters are filter-feeders and are considered obligatory 

herbivores. Adult oysters are fixed to a hard substrate 

and therefore the food availability depends entirely on 

the natural food present in the surrounding waters. 

Thus, oysters completely depend on tidal currents for 
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obtaining food; low current velocities and limited 

flushing hamper growth and fattening. Equipment can 

also be damaged by strong tidal currents. Sheltered 

areas with tidal flows of 50-100 cm/s usually provide 

the best conditions and will give sufficient water 

exchange to supply the animals with an adequate 

supply of food and oxygen and for the removal of 

wastes [31]. The poor growth of oyster usually occurs 

where the water flow is not strong enough, partly due 

to lack of plankton and other food sources, thereby 

restricting the filter feeding ability of oysters [36]. 

Some studies have concluded that a low current 

velocity (20 cm/s) or if too large, is not suitable for 

bivalve filter feeders such as oysters [44, 45]. 

Through the synthesis of overviews on relationship 

of factor of sea current velocity with oyster growth, 

authors determined suitable tolerance of sea water 

current for Pacific oyster as follows: optimum water 

current velocity range: 20-30 cm/s; suitable current 

velocity ranges of 10-20 cm/s and 30-40 cm/s; suitable 

salinity ranges lie out of above range (i.e. less 10 cm/s 

or more 40 cm/s). From suitable current velocity 

tolerances of C. gigas as above mention, authors 

reclassified ranking and assigned suitable temperature 

score Xi for C. gigas (with 1 being less unsuitable 

level and 8 being absolutely most suitable), details 

shown in Table 7.  

3.1.6 Suitable Score Xi of the Depth in the 

Relationship with Pacific Oyster Cultivation 

Noting that, oysters and other bivalve filter feeder 

species only develop well when they lie completely  

in the water media [31]. Growth intensity of oyster 

(and bivalve animals) is strongly influenced by 

exposure time. The experimental results of Laing and 

Spencer have pointed out the growth of the oysters 

will stop when the exposure time is greater than 35% 

[31]. For that reason, to select the criteria of farming 

depth, we need to determine the exposure time and 

tidal amplitude. C. gigas is a bivalve species that 

develops well in intertidal with suitable depth 

changing from high/highest level to low/lowest level 

[36, 46]. In central Vietnam, tidal amplitude changes 

from 2.6-2.8 m, suitable depth interval for oyster 

aquaculture is 2-5 m.  

From suitable tolerances of the depth for C. gigas 

cultivation, authors reclassified ranking and assigned 

suitable temperature score Xi for C. gigas (with 1 

being less unsuitable level and 8 being absolutely 

most suitable) with detailsas shown in Table 8. 

3.2 Assessing the Weighting Wi of Environmental 

Parameters for Pacific Oyster (C. gigas) Farming 

The weighting Wi appears as an important 

assessible factor in the growth of the Pacific oyster. 

The weighting Wi is the second index determined in 

the MCE algorithm (see formula 2). In this case, 

authors analyzed the two main scenarios for 

calculating the weighting Wi, as follows, (i) the 1st 

scenario of suitable oyster farming sitting in coastal 

waters; and (ii) the 2nd scenario of suitable oyster 

farming sitting in offshore waters. 

3.2.1 The Calculation the Weighting Wi in 1st 

Scenario of Oyster Farming in Coastal Waters 

In the first scenario, the aquaculture areas of C. 

gigas oyster focused mainly in coastal waters, lagoons 

and bays using traditional farming techniques (tray, 

raft, rack, stack…). These culture techniques are 

applied in Nha Phu laggon (Khanh Hoa province), Thi 

Nai lagoon, De gi lagoon (Binh Dinh province), Sa Ky, 

Sa Huynh (Quang Ngai province), Vinh Hy, Dam Nai 
 

Table 7  Suitable score (Xi) for site selection of Pacific oyster aquaculture relative to oceanic current.  

Velocity (cm/s) < 10 10-12 12-15 15-20 20-30 30-34 34-40  40-50 > 50 

Xi 1 1-3 3-6 6-8 8 6 - 8 3-6 1-3 1 
 

Table 8  Suitable score (Xi) for site selection of Pacific oyster aquaculture relevance to factor of the depth of farming site. 

Depth (m) < 1 1-2 2-4 4-6 6-8 8-10 10-20 > 20 

Xi 1 6-8 8 6-8 4-6 2-4 1-2 1 
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Table 9  Pair-wise matrix (Saaty matrix) and the weighting for site selection of oyster farming in the first scenario.  

 Depth Temperature Salinity chl-a TSS Vcurrent Wi 

Depth 1 3 3 5 7 9 0.423 

Temperature 1/3 1 3 5 7 9 0.2 

Salinity 1/3 1/3 1 3 5 7 0.2 

Chl-a 1/5 1/5 1/3 1 3 5 0.098 

TSS 1/7 1/7 1/5 1/3 1 3 0.051 

Vcurrent 1/9 1/9 1/7 1/5 1/3 1 0.028 

Wi 0.423 0.2 0.2 0.098 0.051 0.028  
 

Table 10  Pair-wise matrix (Saaty matrix) on relative importance of natural-environmental factors for site selection of oyster 
farming in the second scenario. 

 Temperature Salinity Chl-a TSS Vcurrent Depth Wi 

Temperature 1 1 3 5 7 9 0.325 

Salinity 1 1 3 5 7 9 0.325 

Chl-a 1/3 1/3 1 3 5 7 0.194 

TSS 1/5 1/5 1/3 1 3 5 0.086 

Vcurrent 1/7 1/7 1/5 1/3 1 3 0.045 

Depth 1/9 1/9 1/7 1/5 1/3 1 0.025 

Wi 0.325 0.325 0.194 0.086 0.045 0.025  
 

(Ninh Thuan province), Song Cau andAn Ninh (Phu 

Yen province)… According to this scenario, the 

important level of each factor was chosen as follows: 

The depth is the most importance (level 1) for suitable 

site selection of oyster farming. SST and SSS (Sea 

Surface Salinity) have the level 2 importance for 

suitable farming siting; Chl-a content has level 3 

importance for suitable farming siting; TSS 

concentration receives level 4 importance for suitable 

farming siting; while sea current factor gets the least 

importance (level 5). Consequently, MCE by first 

scenario with the importance of parameters is chosen 

in order as follow: depth  temperature, salinity  

Chl-a  TSS  sea current. A pair-wise matrix of 

relative importance between factor pairs is built in the 

first scenario and is shown in Table 9. The weighting 

of each parameter will be obtained from estimating the 

eigenvalues based on Saaty’s matrix and present in the 

last row/column of Table 9. 

3.2.2 The Calculation the Weighting Wi in 2nd 

Scenario of Suitable Site Selection of Oyster Farming 

in Open Sea, Offshore Water  

In the second scenario, C. gigas farming by modern 

technologies in open sea, offshore waters with 

long-line string hanging in deeper depths. In fact, 

currently there are no sites where oyster is cultivated 

by this technique. However, with application of 

analysis by MCE technique according to second 

scenario, beneficial conditions are created to 

determine potential farming areas that will develop in 

the near future (if available). Under this scenario the 

importance of the factor was chosen as follows: 

according to this scenario, the important level of each 

factor is chosen in order as follow: temperature, 

salinity  Chl-a  TSS  sea current depth. A 

pair-wise matrix on relative importance between 

factor pairs is built into thesecond scenario and is 

shown in Table 10. The weighting of each parameter 

will be obtained from estimating the eigenvalues and 

present in last row/column of Table 10. 

3.2.3 Suitable areas of Oyster Farming obtained 

from MCE Analysis with Non-constrains  

The  calculated  results  of  factor  score Xi  and 

weighting Wi as presented as above, based on MCE 

techniques and environmental parameters and 

non-constraint analysis, give us seasonal distribution 

scenes of suitable/un-suitable areas of C. gigas  

farming.  
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Fig. 3  Suitable/un-suitable areas for Pacific oyster farming in coastal water of Vietnam from MCE analysis (non-constraint) 
according to first scenario (traditional, coastal mariculture).  
Light yellow: least suitable (1), blue light: medium suitable (4); red: most suitable (8). 
 

The distribution maps of suitable/unsuitable areas 

for oyster farming from MCE (non-constraint) 

according to first scenario are shown in Fig. 3, and 

maps of the second scenario are shown in Fig. 4.  

Analyzed results from both scenarios shown that in 

the first scenario, depth is chosen as the most 

important factor (next parameters are temperature and 

salinity) in the selection of best appropriate farming 

sites by MCE (non-constraint) analysis.  

Most suitable sites that are obtained from 

MCE—First scenario (as in mouths of Nha Phu lagoon, 

Thi Nai lagoon, Xuan Dai bay, and some others) 

appear permanent consistency and approximately 

coincide with existing farming areas of Pacific  

oyster (C. gigas) in coastal waters in Central  

Vietnam.  

In the second scenario, depth is chosen as a factor 

with minor importance (most important parameters  

are temperature and salinity) in selection of farming 

sites by MCE (non-constraint) analysis. Most suitable 

sites that are obtained from MCE—second scenario 

are not consistent. In some periods of December, 

January, the best suitable farming sites appear in all 

coastal waters of the south of project region (i.e. in 

Binh Thuan province, and few in Phan rang bay), 

whereas in March, the best suitable sites appear in the 

north (i.e. in Da Nang and Quang Nam). The best sites 

in offshore waters almost do not exist in both 

scenarios. MCE based on parameters in first scenario 

is better in comparison with the second scenario. So, 

MCE by first scenario with parameter dataset is 

chosen for final MCE analysis with constraints. The 

order on the importance of parameters (from     

high level to low one) was chosen as follows: depth 

 temperature, salinity  Chl-a  TSS  sea 

current.  
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Fig. 4  Suitable/un-suitable areas for Pacific oyster farming in coastal water of Vietnam from MCE analysis (non-constraint) 
according to second scenario (modern, offshore mariculture).  
Light yellow: least suitable (1), blue light: medium suitable (4); red: most suitable (8). 
 

3.3 Constraint Analysis of Environmental and 

Socio-Economic Categories in Optimum Site Section 

of Pacific Oyster Farming by MCE Technique 

In MCE technique, constrain factors (including both 

environmental parameters and socio-economic 

subjects) will be decoded in Boolean (binary) format 

(i.e., values of 0 and 1). Suitable waters will be 

assigned by value of unit (i.e.: 1), whereas unsuitable 

ones will be assigned by value zero (i.e.: 0).  

3.3.1 The Depth in Constraint Analysis 

In terms of the ecological aspect, Pacific oysters are 

bivalve, filter feeder species that live in intertidal 

zones where the depth changes from high higher level 

to low lower one [36, 46]. In coastal waters of Central 

Vietnam, where tidal amplitude changes from 2.6-2.8 

m, the best suitable depth interval for C. gigas farming 

will be 2-5 m. However, because of new modern 

aquaculture technique in future, oyster can adapt to 

some deeper waters, the suitable depth can be 

extended, Cdepth = 0 with the depth more 20 m deep 

and Cdepth = 1 with the depth is less 20 m deep.  

3.3.2 The Substratum and Shore Line Types in 

Constraint Analysis 

Oysters are cultured on the beds requiring a 

sediment sufficiently firm to prevent them from 

sinking and being smothered [31]. The substrate types 

of mud seafloor usually exist in areas where the water 

circulation is not good and unsuitable for oyster 

farming. These waters are assigned Csubstrate = 0. The 

bed rock, rocky cliffs in Central Vietnam usually are 

steep, prone to the impact of strong waves, and too 

narrow for farming, reducing their suitability for oyster 

farms. In the coastal waters that lie close to sandy 

eolian dunes, these areas are not sheltered well by 

wave impact (usually across sandy grounds), are 

covered by coarse sand material; while clean water 

and necessary food sources such as phytoplankton are 
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limited. These regions are almost always not suitable 

for oyster farming. These waters are assigned Csubstrate 

= 0. Outside of these waters, they are assigned by 

Csubstrate = 1. In the closed water bodies, there is 

insufficient water exchange between the sea and 

inside lagoons. These waters are usually fresh, with 

low salinity and low water exchange and are covered 

by muddy, silty materials. They generally are not 

suitable for oyster farming. These waters are assigned 

Csubstrate = 0. Outside these sites, they are assigned by 

Csubstrate = 1. Areas near the river mouths are also not 

suitable for oyster farming. They were considered also 

as constraint (score 0). These waters are also assigned 

CNearRiver = 0.  

3.3.3 Potential Regions Prone to Strong Impact of 

Natural Disasters and Environmental Risks 

Upwelling phenomena in summer in coastal water 

of Ninh Thuan-Binh Thuan created algae bloom as 

well as HAB (Harmful Algae Bloom) and resulted in 

the risks of the oxygen content depletion. The filter 

feeder products with HAB infection in internal organs 

of oyster will contain Paralytic shellfish poisoning 

(PSP), Neurotoxic Shellfish Poisoning (NSP), 

Amnesic shellfish poisoning (ASP), Diarrhetic 

Shellfish Poisoning (DSP) toxins and affect human 

health (if ingested). These water regions must be 

rejected as sites for aquaculture. They are assigned 

with CHAB = 0. The oyster cages in coastal waters 

where they are not sheltered well by strong wave 

(mainly NorthEast wind) impact are often easily 

damaged. They are assigned with CDisaster = 0.  

3.3.4 High Bio-Productivity Underwater Habitats 

and MPAs 

In coastal waters where coral reefs, seagrass beds 

and seaweed meadows exist…. these provide high 

bio-productivity and are abundant food of plankton. 

These regions are highly suitable for oyster farming. 

However, some of them are areas that need to be 

protected for conservation purpose as MPAs and need 

to be avoided for oyster farming. Core areas of MPA 

are assigned by CMPA = 0.  

3.3.5 Human Facilities in Constraint Analysis 

Based on analyzed results in previous sections, the 

phenomena of oxygen content depletion is one of the 

main reasons causing mass mortality or reducing the 

yield of mariculture products (including oyster 

farming). Phenomena such as “black water zones” in 

coastal water lie in close relationship to sewage, 

WWTPs (Water Waste Treatment Plans), fishery 

markets, harbors, industrial zones and black water 

channels where water runs directly to sea under 

influence of domestic, aquaculture, agriculture 

activities, and they are potential regions of oxygen 

content depletion. These constraint layers limit the site 

suitability for oyster culture. Fishery markets, harbors 

and areas near the township and industrial were 

considered with a constraint score of 0. The areas that 

lie out of distance of 2 km from pollution sources will 

be assigned by a score of 1. 

3.4 Suitable Sites for Oyster Farming in Coastal 

Regions in Central of Vietnam from MCE Analysis  

Based on the dataset of factor score Xi and 

weighting Wi, and factor constraint Cj, the monthly 

map set of suitable sites for oyster farming in Central 

Vietnam is obtained from MCE method. Detail results 

are shown in Fig. 5.  

From MCE technology (with constraint analysis) 

we are allowed to select some of the best sites for 

Pacific oyster farming where high suitability scores 

were obtained (Si from 7 to 8). Those are: South    

of Son Tra peninsula (Da Nang), In An Hoa 

embayment, Nui Thanh district (Quang Nam 

province), Sa Ky (Binh Son district) and Sa Huynh 

(Duc Pho district) Quang Ngai province, Mouth of  

Thi Nai lagoon and coastal water of Quy Nhon bay 

(Binh Dinh province), Mouth of Cu Mong lagoon and 

mouth of Xuan Dai bay (Phu Yen Province), The 

West of Ben Goi Bay (Van Ninh district), mouth of 

Nha Phu lagoon (Ninh Hoa district, Khanh Hoa 

province, North of Phan Rang bay (Ninh Thuan 

province) (Fig. 6). These areas were shown to have 
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the optimum condition for oyster culture in coastal 

waters of Central Vietnam. As expected, most of 

suitable sites which were found from MCE analysis, 

relatively coincide with existing farming areas of 

Pacific oyster (C. gigas) in this region. This is because 

most of the parameters (biophysical and 

social-infrastructural) in the study area are favorable 

for oyster culture development. Moreover, some new 

suitable sites for oyster culture in this region also were 

found.  

The most appropriate areas for Pacific oyster 

farming lie in orange/red patterns patches  
 

 
Fig. 5  Suitable/un-suitable areas for Pacific oyster farming in coastal waters of Vietnam from MCE analysis with 
constrains.  
Light yellow: least suitable, blue light: medium suitable; red: most suitable.  
The suitable level increases gradually from value of 1 (least suitable) to value of 8 (most suitable). 
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Fig. 6  Detail results of site selection Pacific oyster farming from MCE method. 
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4. Conclusion 

This study demonstrated the use of GIS based  

MCE model for suitable site selection for oyster 

culture in coastal waters in Central regions of Vietnam 

based on certain important criteria and showed 

acceptable results. From MCE methodology (with 

constraint analysis), authors are allowed to select 

some of the best sites for Pacific oyster farming where 

high suitability scores are obtained. As expected, most 

of the suitable sites which are found from MCE 

analysis, relatively coincide with existing farming 

areas of Pacific oyster (C. gigas) in this region. This is 

because, most of the parameters (biophysical and 

social-infrastructural) in the study area are favorable 

for oyster culture development. Moreover, some  

new suitable sites for oyster culture in this region also 

were found. The processed results also show that it 

works effectively to establish spatial models for 

identifying the most suitable areas for hanging culture 

of Pacific oyster development. This study also shows 

that with appropriate information (including OCx 

remote sensing data, Google Earth Engine, 

Reanalysis-Assimilation modeling in oceanic data, 

GIS based models…) will be powerful tools for site 

selection decision making. As more data become 

available either from satellite images or field 

measurements, the usefulness of this tool will increase 

and provide a range of functions embedded in various 

components that can be tailored for suitable site 

selection. 
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