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Abstract: With the growing demand for aquatic products, aquaculture has become a prominent
means of meeting this demand. However, the selection of suitable sites for aquaculture remains a
key factor in the success of any aquaculture operation. While various methods exist for site selection,
geographic information system (GIS)-based multi-criteria evaluation (MCE) methods have emerged
as the most widely utilized approach to identifying potential aquaculture sites. Following the
guidelines of the preferred reporting items for systematic reviews and meta-analyses (PRISMA), this
paper presents a systematic review and meta-analysis of GIS-based MCE methods used in aquaculture
sites selection. The objective of this study is to offer a comprehensive overview of existing research
in this field and develop a general model for selecting sites for fish and shellfish aquaculture. The
main findings indicate a growing number of studies utilizing GIS-based MCE in aquaculture site
selection in recent years, with Asia being the leading continent in terms of publications in this
domain. Among the journals publishing in this field, the Aquaculture journal stands out as the top
publisher. Using consistent criteria across the reviewed studies, two models have been generated, each
consisting of four sub-models: water quality, soil quality, infrastructure, and socioeconomic factors;
and topography, environment, and physical parameters. These models can aid future researchers
and assist decision-makers in identifying optimal locations for aquaculture development.

Keywords: aquaculture; GIS-based MCE; PRISMA

1. Introduction

Aquatic foods consumption has experienced a significant increase since 1961, with
an average annual growth of 3.0% [1]. Thus, the consumption per capita has more than
doubled, rising from an average of 9.9 kg in 1960 to 20.5 kg in 2019 [1]. This surge can
be attributed essentially to human population growth and changes in dietary habits [2].
Aquaculture has emerged as an important source of animal protein and an essential com-
ponent of global food production, providing significant employment and income for many
communities worldwide [3]. According to the latest report of FAO on world fisheries and
aquaculture state [1], aquaculture production has consistently increased over time and
has reached a total production of 122.6 million tons valued at USD 281.5 billion, including
87.5 million tons of aquatic animals and 35.1 million tons of algae. A total of 68.1 million
tons of aquaculture products were produced in marine and coastal aquaculture, while
54.4 million tons were produced in inland waters. Global aquaculture production has expe-
rienced a continuous growth in 2020, with a noted dominance of the Asian continent as the
world'’s largest aquaculture producer, accounting for 91.6% of world’s total production [1].
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The continued growth of aquaculture production is essential in order to satisfy the
growing seafood demand while minimizing the environmental impacts of overfishing and
unsustainable practices.

However, selecting suitable sites for aquaculture operations is a complex task that
requires careful consideration of multiple factors, including water quality, environmental
conditions, and accessibility [4]. Various methods have been developed to aid in the
selection of suitable aquaculture sites, including empirical and model-based approaches [5]
and, more recently, geographic information system (GIS)-based multi-criteria evaluation
(MCE) methods [6-8].

Empirical approaches rely on field observations, water sampling, and environmental
data to evaluate the potential of a site for aquaculture production. Model-based approaches
use statistical and mathematical models to evaluate the suitability of potential sites. How-
ever, both of these approaches are often limited in their ability to consider multiple factors
and to assess the spatial variability of environmental conditions accurately. GIS-based
MCE methods have emerged as a promising tool for identifying and prioritizing potential
aquaculture sites [9]. The use of GIS-based MCE methods provides a comprehensive evalu-
ation of the site selection process; these methods use geospatial technologies to integrate
multiple datasets and criteria to generate a suitability map that highlights areas suitable for
aquaculture [7,10]. The chosen criteria may include water quality, bathymetry, distance to
ports, and infrastructure [7,11,12].

GIS-based MCE methods involve three main steps: (i) identification of criteria and
data collection; (ii) weighting and scoring of criteria; and (iii) spatial analysis and suitability
mapping. The identification of criteria and data collection involves the identification of
factors that impact aquaculture suitability and the collection of relevant data, including
environmental data, water quality data, economic and infrastructure data, etc. [10,11,13].
The process of weighting and scoring criteria entails assigning a weight to each criterion in
accordance with its relative significance, followed by scoring each criterion based on its
suitability [7,14]. Finally, spatial analysis and suitability mapping involve the integration of
weighted and scored criteria to generate a suitability map that highlights areas suitable for
aquaculture [7,15].

The primary objective of this paper is to conduct a systematic review and meta-analysis
of GIS-based MCE methods utilized in aquaculture site selection. The review covers the
period from 2000 to 2022. In Addition, the paper aims to provide a generic model for
aquaculture site selection based on the criteria identified in the reviewed papers.

2. Data Source and Methods

The present systematic review has been carried out in accordance with the preferred
reporting items for systematic reviews and meta-analyses (PRISMA) guidelines [16].

The PRISMA method consists of a 27-item checklist that covers the essential compo-
nents of a systematic review and meta-analysis, including the identification and selection
of relevant studies, screening, eligibility assessment, data extraction, quality assessment,
and synthesis of the studies included in the review. The checklist also includes a four-phase
flow diagram that outlines the study selection process and helps to provide transparency
and accountability.

Although the PRISMA method was developed specifically for use in the healthcare
field, it has been widely adapted and used in many other fields such as social sciences,
environmental sciences, and engineering to ensure that systematic reviews and meta-
analyses in these fields are conducted and reported using a rigorous and transparent
methodology. Figure 1 outlines the four-phases (i.e., identification, screening, eligibility,
inclusion) followed in this paper.
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Figure 1. Flowchart of the literature search process according to PRISMA (preferred reporting items
for systematic reviews and meta-analyses) guidelines.

2.1. Resources

To conduct this systematic review, two primary databases were utilized—Scopus and
Web of Science (WoS)—which are two of the most widely used databases in systematic
reviews. Scopus provides access to over 79 million records, including articles, conference
proceedings, book chapters, and patents from more than 5000 publishers worldwide. It
covers medical, technical, scientific, and social science literature, and its coverage extends
back to 1823. On the other hand, WoS provides access to over 155 million records from over
34,000 journals worldwide, and it covers about 250 subject areas.

2.2. Systematic Searching Approach

The searching strategy adopted in this paper consisted of four steps, namely, identifi-
cation, screening, eligibility, and inclusion. The electronic literature search for this review
was undertaken in February 2023.

2.2.1. Identification

In the initial stage, records were determined by identifying keywords related to aquacul-
ture, site selection, and geographic information system. A combination of keywords, with the
aid of Boolean operators, has been created to identify articles to be included (Table 1).
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Table 1. The search string employed in the selection process from Scopus and WoS databases.

Database Keywords
Scopus TITLE-ABS-KEY ((“aquaculture” OR “fish farming”) AND “site
P selection” AND (“GIS” OR “geographic information system”))
Web of Science TS = (“aquaculture” OR “fish farming”) AND “site selection

AND (“GIS” OR “geographic information system”)

Various criteria for inclusion and exclusion were determined in the identification phase
from databases. The processes utilized criteria that included the publication year, document
type, publication stage, source type, and language used (Table 2). First, with respect to
the timeline, a period of 22 years from 2000 to 2022 has been selected, which is deemed
sufficient for analyzing the development of studies using GIS-MCE-based methods for the
selection of aquaculture potential sites. Only journal articles written in the English language
at the final stage of publication have been included in this systematic review. The selection
of articles in English was primarily favored as it facilitated the authors” comprehension
of the article’s contents, while book chapters, conference papers, and review articles were
excluded from the selection criteria. As a result, 75 records were identified from Scopus
database and 104 records from Web of Science, while 61 records have been excluded as they
were duplicated in the two databases.

Table 2. Inclusion and exclusion criteria.

Criteria Inclusion Exclusion
Publication year Between 2000 and 2022 Earlier than 2000, later than 2022
Document type Article Book chapter, Review, Conference paper
Source type Journal Book, Conference Proceeding, Trade Journal, Book Series
Publication stage Final publication stage Articles in press
Language English Other languages

2.2.2. Screening

After the identification of recorders and the exclusion of duplicated ones, a total of
118 records were selected for screening. This phase consisted of the selection of studies
relevant to the review’s aim by reading the title and abstract of each paper. This analysis
has led to the exclusion of 43 records from the 118. These studies have been identified by
the authors as not relevant to the study or as being out of the context.

2.2.3. Eligibility

The next phase of systematic review process followed in this paper was the assessment
for eligibility. The full text of the remaining articles has been analyzed and checked for
suitability. The main objective of this phase is to make sure that all selected articles meet
the standards identified by the authors.

A total of 75 full texts have been assessed for eligibility; the assessment has conducted
to the exclusion of 5 records for which the full text could not be retrieved from the database,
while 39 records have been identified by the authors as irrelevant to the study aim.

As a result, only 31 papers were included in the qualitative synthesis and meta-analysis.

3. Results and Discussion
3.1. Bibliometric Analysis

Bibliometric analysis is a powerful tool for tracking trends in research output over time,
providing valuable information on the number of publications, top publishing journals, and
most cited articles, etc. This section presents a bibliometric analysis of the 31 selected papers.
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3.1.1. Publication Year

This axis tracks the number of publications per year that have used GIS-based-MCE
methods to identify suitable sites for aquaculture (Figure 2). It is observed that the number
of published papers is not stable and fluctuates over the selected time period (from 2000
to 2022). Furthermore, there were no articles published before 2005 meeting the criteria
defined by authors previously. However, three articles were published in 2005, which may
indicate renewed interest in the use of GIS-MCE methods in the aquaculture field.

mmmm Number of papers Cumule

6
3 4
=1 1 1 2 2 2 2 4 1II1
- m = = B m mnm - 0 . -

2005 2007 2008 2009 2010 2011 2014 2015 2016 2017 2018 2019 2020 2021 2022

Years

Figure 2. Annual publication rates of reviewed articles.

After 2005, there were only sporadic publications until 2011, when the number of
publications began to increase again. The years 2014, 2015, and 2016 saw a similar number
of publications to 2011, suggesting that interest in the topic remained steady.

The number of published papers applying GIS-MCE methods increased in 2018 to
reach three published papers, including studies interested in the selection of potential
aquaculture sites in different ecosystems such as lakes [17] and lagoons [12]. This trend
continued in 2020, with four articles published, and a maximum of six articles published in
2021. Throughout this year, all published articles focused on fish aquaculture, whether in
in the form of land-based aquaculture [7,18] or mariculture [6,19]. Overall, the bibliometric
analysis reveals a fluctuation in research output over time, with several years seeing no
publications and others experiencing a surge in interest. The increase in publications in
recent years could indicate a growing interest in using GIS-based MCE methods in the
selection of aquaculture sites.

3.1.2. Journals Published and Citations

The present paper reviews a total of 31 papers that investigate the application of GIS-
based MCE method for selecting aquaculture sites. The analyzed papers were published
in 19 different journals (as presented in Table 3). Out of these, 14 journals have published
only a single paper using this method. Only journals that have published two or more
peer-reviewed papers on the use of GIS techniques for identifying suitable aquaculture
areas are represented in Figure 3.



ISPRS Int. ]. Geo-Inf. 2023, 12, 439 6 of 16

Table 3. Number of published papers per journal.

Source Title Number of Published Papers

(o)}

Aquaculture
Aquaculture Research
Agquaculture International
Agquacultural Engineering
Sustainability
Ocean and Coastal Management
Coastal Management
Agriculture and Food Security
Computers and Electronics in Agriculture
Egyptian Journal of Aquatic Biology and Fisheries
Environmental earth sciences
Environmental Management
ICES Journal of marine science
Indian Journal of Fisheries
Journal of Cleaner Production
Journal of Environmental Management
Land
Landscape and Urban Planning
Science of the Total Environment

i e e e )° B S BN CS I N

® Aquaculture

® Aquaculture Research
Aquaculture International
Aquacultural Engineering

Sustainability

Figure 3. Top five productive journals ranked by number of contributions.

Moreover, the top three journals for publishing peer-reviewed papers on aquaculture
site selection using this methodology were found to be Aquaculture, with a count of six
papers. Following behind, four were published in Aquaculture Research, and three in
Aquaculture International. The frequency of publications in these journals indicates the
growing interest and importance of this approach in aquaculture site selection.

Table 4 presents the top 10 most cited research papers that have implemented the
GIS-based MCE approach for selecting suitable aquaculture sites. According to Scopus
and WoS databases, the study conducted by Radiarta et al. [11] in 2008 and published
in the Aquaculture journal is the most cited article among the included papers, having
been cited 122 times. This study utilized GIS-based MCE to identify appropriate sites
for the aquaculture of Japanese scallop in Funka Bay. The second paper, published by
Silva et al. [20] in the Aquaculture journal in 2011, employed GIS-based methods to select
sites for Pacific oyster farming in the Valdivia Estuary, located in south-central Chile. The
third study listed in Table 4 was published in the Landscape and Urban Planning journal in
2009 by Hossain et al. [21] This study utilized GIS-based MCE to identify potential sites for
carp aquaculture in urban water bodies of Chittagong, Bangladesh.
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Table 4. Most cited articles among the included papers.

Title

Authors

Year

Source Title

Cited by

GIS-based multi-criteria evaluation
models for identifying suitable sites
for Japanese scallop (Mizuhopecten
yessoensis) aquaculture in Funka Bay,
southwestern Hokkaido, Japan

Radiarta et al. [11]

2008

Aquaculture

122

Site selection for shellfish
aquaculture by means of GIS and
farm-scale models, with an emphasis
on data-poor environments

Silva et al. [20]

2011

Aquaculture

110

Integration of GIS and multicriteria
decision analysis for urban
aquaculture development
in Bangladesh

Hossain et al. [21]

2009

Landscape and Urban Planning

89

GIS-based multi-criteria evaluation
to land suitability modelling for
giant prawn (Macrobrachium
rosenbergii) farming in Companigonj
Upazila of Noakhali, Bangladesh

Hossain and Das [10]

2010

Computers and Electronics
in Agriculture

86

Geographical information
systems-based models for offshore
floating marine fish cage aquaculture
site selection in Tenerife,
Canary Islands

Pérez et al. [22]

2005

Aquaculture Research

83

Multi-criteria evaluation approach to
GIS-based land-suitability
classification for tilapia farming
in Bangladesh

Hossain et al. [23]

2007

Aquaculture International

66

A spatial multi-criteria evaluation for
site selection of offshore marine fish
farm in the Ligurian Sea, Italy

Dapueto et al. [13]

2015

Ocean and Coastal Management

59

A single-use site selection technique,
using GIS, for aquaculture planning:
Choosing locations for mangrove
oyster raft culture in Margarita
Island, Venezuela

Buitrago et al. [24]

2005

Environmental Management

50

Brackish water aquaculture site
selection in Palghar Taluk, Thane
district of Maharashtra, India, using
the techniques of remote sensing and
geographical information system

Karthik et al. [25]

2005

Aquacultural Engineering

48

Land suitability evaluation for
brackish water aquaculture
development in coastal area of
Hormozgan, Iran

Hadipour et al. [26]

2014

Aquaculture International

42

3.1.3. Geographic Distribution: By Continent and by Country

The geographic distribution of the included papers by country and by continent are

shown in Figures 4 and 5, respectively. Research on the selection of aquaculture sites using
GIS-based MCE was carried out in 20 different countries around the world, and in different
ecosystems. As illustrated in Figure 4, most studies were conducted in India and Iran, with
five published papers for each; followed by Bangladesh, with three articles, representing a
notable number of studies; then Italy, with two records. The remaining countries have only
published one article.
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Figure 4. Number of publications per country. A list of contributing countries and contributed
number of records.
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Figure 5. Worldwide distribution of reviewed studies.

At a continental scale, the Asian continent accounts for the maximum number of stud-
ies, representing 55% of the research papers included in this review (Figure 5). Africa and
Europe both represent 16% of published papers, while only four studies were conducted in
south America (13%). It is worth noting that no study included in the present review was
conducted in North America or Australia.

3.1.4. Keyword Analysis

Using VOSviewer (version 1.6.18, Centre for Science and Technology Studies, Leiden
University, The Netherlands), 385 author keywords were found from the 31 articles included
in this study. A Minimum number of occurrences equal to three has been defined by the
authors; however, only 39 keywords have met this threshold (Table 5). For each of the
39 keywords, the total strength of co-occurrence links with other keywords is calculated, and
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keywords with the highest total link strength are selected. Selected keywords were grouped
into three clusters or groups based on their similarity, as is presented in Figures 6 and 7.

Table 5. Occurrence of author keywords.

Keyword Occurrence Total Link Strength Keyword Occurrence Total Link Strength

Site selection 25 162 Animals 3 25
GIS 24 149 Aquaculture production 3 15
Aquaculture 17 100 Aquaculture site selection 3 10
Multi-criteria evaluation 9 68 Bivalvia 3 22
Analytical hierarchy process 7 45 Carrying capacity 3 15
Geographic information systems 7 58 Coastal zone 3 12
Decision making 6 46 Culture 3 16
Bangladesh 5 40 Growth rate 3 21
Eurasia 5 44 Iran 3 15
Remote sensing 5 33 Land suitability 3 25
Sustainability 5 43 Models 3 16
Asia 4 38 South Asia 3 32
Cage culture 4 30 Spatial analysis 3 23
Fish culture 4 35 Stakeholder 3 25
Geographic information system 4 35 Strategic approach 3 24
Multicriteria analysis 4 28 Sustainable development 3 25
Ostreidae 4 25 Tenerife 3 15
Resource development 4 33 Tilapia 3 28
Water quality 4 34 World 3 24

AHP 3 18

coastal zone
aquacultur@production
growth rate stakefolder
carryingicapacity
strategig@pproach
decisiofymaking.
irgn

bivalvia

mogels

culture

@Q VOSviewer

cage Gfture

ostr@idae -~ 8208raphic infafimation, systgm
fish agilture

mu|ti-crite‘evaluation.

animals

remotesensin;
S % analytical higgagehy process

tilapia

aqu@gture & Y
land suitability

bangladesh

warld

tengrife

euli@sia south asia

sustaigability
wateriguali SuStainabladevelopment aquaculturessite selection

Figure 6. Co-occurrence of author keywords network map.

Table 5 highlight the co-occurrence of the 39 selected author keywords and their
respective total link strength (TLS). Through VOSviewer analysis, it was found that the
most significant clusters are represented by the colors green, red, and blue, as illustrated
in Figure 6. Notably, the green cluster consists of papers that emphasize the importance
of site selection in decision-making and planning. The two most frequently used author
keywords in this cluster are “Site selection” which appears 25 times, with a TLS of 162, and
“decision making”, which has occurred 6 times with a TLS of 46. These papers are grouped
together to demonstrate how the process of selecting a suitable site is a crucial factor in
making informed decisions and formulating effective plans.
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Figure 7. Chronological Co-occurrence of author keywords network map.

In the red cluster, the keyword with the highest occurrence is “GIS”, appearing 24 times
(149 TLS), followed by “multi-criteria evaluation”, which has occurred 9 times (68 TLS),
while “Analytical hierarchy process” is the third most commonly used keyword in this
cluster, occurring 7 times (45 TLS). This cluster focuses on the application of GIS methods in
the selection of aquaculture sites, which are usually combined with multi-criteria evaluation.
The articles in this cluster primarily used the analytical hierarchy process to weigh the
criteria used. Finally, the blue cluster primarily consists of papers related to the use of
remote sensing and GIS methods in the field of aquaculture. The most prominent term
in this cluster is “aquaculture”, which appears 17 times and has a TLS of 100. The next
most frequently occurring term is “Geographic information systems”, which appears seven
times and has a TLS of 58. Lastly, “remote sensing” has an occurrence of five and a TLS
equal to 33.

Concerning the link strength (LS) between keywords from different clusters, the
highest link strength, which is equal to 19, is observed between the keywords “site selection”
and “GIS”. Following this, there is a link strength of 15 between “aquaculture” and “GIS”,
a link strength of 14 between “aquaculture” and “site selection”, and a link strength of 9
between “site selection” and “multi-criteria evaluation” keywords.

Furthermore, VOSviewer can display the most recent research trends in chronological
order. Figure 7 illustrates that the correlation between site selection and GIS has been a
prominent topic in aquaculture research in recent years, indicating the potential for using
GIS techniques in this field.

3.2. Research Evaluation/Models and Criteria Used in the Selection

The subsequent sections outline the main criteria utilized by each study to identify
appropriate sites either for fish or shellfish aquaculture. In addition, it introduces a model
that can be adopted by researchers to identify potential aquaculture sites based on the
commonly used criteria in the studies reviewed in this paper.

3.2.1. Classification According to Species Cultured

In aquaculture, many aquatic organisms can be farmed, such as fish, shellfish, and
seaweed. The criteria chosen for the selection of potential sites varies depending on the
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cultured spices. According to studies reviewed in this paper, it was found that 65% of
papers have focused on selecting potential sites for fish farming, indicating that it is the
most popular form of aquaculture. These studies have identified potential sites for a
variety fish species, including Sparus aurata [22,27,28], a warm-water fish native to the
Mediterranean Sea that is highly valued in the aquaculture industry due to its fast growth
rate, high market demand, and adaptability to different environments. Other fish species for
which potential farming sites have been identified include Rainbow trout (Oncorhynchus
mykiss) [19], pangasius [15], carp [21], sturgeon [29], seabass (Dicentrarchus labrax) [22,27]
and Tilapia, the latter of which has been the subject of three different studies [23,30,31].
Tilapia is a freshwater fish species that is widely farmed due to its fast growth rate and
high adaptability. However, 11 out 22 that focused on identifying potential sites for fish
aquaculture did not specify any fish species for cultivation in the identified sites.

On the other hand, 35% of the reviewed studies have identified suitable sites for
shellfish aquaculture. The studies have focused on different types of shellfish, including
the farming of Japanese scallop (Mizuhopecten yessoensis) [11] and giant prawn (Macro-
brachium rosenbergii) [10]. However most of the studies have identified suitable sites for
different types of oysters and mussels, such as C. rhizophorae oyster [24], Pacific oyster
(Crassostrea gigas) [20], green mussels [32], and zebra mussels [12].

It is important to note that oysters and mussels are highly valued commercial species.
They are widely consumed and have a high demand in many markets around the world. As
a result, there is a significant economic incentive for developing and improving oyster and
mussel aquaculture. In addition, oysters and mussels are relatively easy to culture and can
be grown in a variety of environments, such as intertidal zones, estuaries, and open water.
In contrast, only two of the reviewed articles have focused on identifying sites for shrimp
farming in brackish water [25,26]. However, shrimp aquaculture in brackish water has
been gaining popularity due to shrimp’s ability to tolerate a wide range of salinities. This
makes them a good candidate for aquaculture in areas where other forms of aquaculture
are not feasible.

3.2.2. Classification According to Aquaculture Ecosystems

A diverse range of aquatic ecosystems are available for the development of aquaculture
worldwide. Based on the reviewed papers in this study, mariculture is the most commonly
practiced type of aquaculture. A total of 11 out of 31 studies have selected suitable sites
for marine aquaculture using GIS-based MCE methods [6,22,33]. There are several reasons
for this, including the vast surface area covered by oceans, which provides a significant
amount of space for mariculture operations. Additionally, the ocean provides a stable and
nutrient-rich environment for many aquatic organisms, making it suitable for large-scale
production of seafood products.

Land-based aquaculture, which involves farming freshwater fish and other aquatic
organisms in ponds and tanks, is also one of the most commonly practiced types of
aquacultures. Of the reviewed studies, eight have identified potential sites for land-based
aquaculture [7,18,29,34]. The significance of this type of aquaculture lies in the fact that
it can be established in areas where marine ecosystems are not available, such as in arid
regions or areas far from the coast. This provides a significant advantage in terms of the
accessibility and flexibility for aquaculture operations.

Moreover, the selection of aquaculture sites in various other ecosystems has been
the subject of several reviewed papers. These include estuarine ecosystem aquaculture
(3 studies) [20,35,36], as well as aquaculture in lakes [17], brackish water [26], lagoons [12],
urban water bodies [21], and rivers [15].

3.3. Selection of Multi Criteria Used in Aquaculture Site Selection

The use of the GIS-based MCE method in aquaculture site selection enables decision-
makers to take into account different factors influencing this activity. This approach helps
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to ensure that aquaculture facilities are developed in a sustainable and responsible manner,
taking into account the needs of both the environment and local communities.

Selecting a suitable site for aquaculture involves evaluating several factors that de-
termine the most favorable location for the operation. These factors vary depending on
the species cultivated and the ecosystems, such as water quality, topography, access to
resources, infrastructure, etc.

Based on the 31 reviewed articles, the authors have extracted the criteria used by each
study for the selection of suitable aquaculture sites. The studies have been subdivided
into two categories: those that focus on fish aquaculture; and those that focus on shellfish
aquaculture. The most commonly used criteria, identified in more than three studies, have
been selected to create a general model that can be used by researchers in future studies.

The models created are divided into three levels:

o Top level: presenting the goal of the study, which is the selection of suitable site for
fish or shellfish aquaculture;

e Intermediate level: presenting the sub-models, which are divided into four main
sub-models, namely, water quality, soil quality, infrastructure, and socioeconomic
factors; and topography, environment, and physical parameters;

e  Bottom level: presenting the criteria adopted in each sub-model.

It is important to note that the proposed models do not provide the weighting of
selected criteria. The determination of these weights relies, in the first instance, on the
specific characteristics of the study areas and the spices being cultivated.

3.3.1. Model for Fish Aquaculture Site Selection

As previously mentioned, 20 out of the 31 reviewed papers have concentrated on
selecting potential sites for fish aquaculture. The criteria utilized in each study vary based
on the properties of the cultured species or the ecosystem in which the farms will be
established. For each sub-model, a distinct set of criteria has been chosen, and these criteria
were chosen based on their appearance in more than three studies (Figure 8).

Fish aquaculture site selection Top level: Goal

Water quality

— Temperature

— Salinity

— Nitrates

— Phosphate

— Chlorophyll-a concentration

— Transparency

— D. Oxygen

|
e Infrastructure / Topography /Environment / Intermediate level:
a Y Socioeconomic Physical parameters Submodels
— pH — Distance to road — Bathymetry
— O. matter — Distance to water body — currents
— Clay content — Distance to market — Waves Heights
Bottom level:
Criteria
L testiive | | Distance to fry source/ L wind speed
hatchery
— Distance to urban area — Slope
|
— Distance to ports — Land use type ‘
— D.F protected areas
| Distance to industrial areas/
Freezing industries

Figure 8. A general model for selecting a suitable site for fish aquaculture.
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For the water quality sub-model, temperature is the main parameter to be identified;
it has been utilized in 15 studies [13,19,31]. Temperature in suitable sites should be within
the range appropriate for fish species intended to be raised. pH and dissolved oxygen are
also among the principal parameters characterizing water quality [18]. pH level should be
between 6.5 and 9.0 for most fish species, and dissolved oxygen levels should be maintained
above 5 mg/L to ensure fish health.

However, some of the reviewed papers have integrated other water parameters for
the selection of an appropriate aquaculture site. These parameters were excluded from
our model as they have been identified as being used only by one or two authors. For
example, Pérez et al. [22], Ross et al. [30], and Haghshenas et al., 2021, [19] have integrated
suspended solids as a parameter for the selection of water quality, while Nayak et al.
have added hardness, CO,, and total alkalinity in their studies published in 2014 and
2018. Dapueto et al. [13] have considered many other criteria for water quality, such
macroalgae, angiosperms Posidonia, benthic macro invertebrates, and nutrients, while
selecting a suitable site for an offshore marine fish farm in the Ligurian Sea, Italy.

For soil quality, pH, organic matter, and texture are the most used criteria considered
in aquaculture site selection [7,18,29]. Soil with high clay content is ideal as it can retain
water for extended periods. Only Esmaeilpour-Poodeh et al. [29], in their study published
in 2019, have added sand percentage, fertility, and soil depth in their selection of a site for
sturgeon farming in the Caspian Sea southern coasts.

Regarding the infrastructure and socioeconomic parameters, distance to roads, mar-
kets, and urban areas are among the principal parameters taken into account while selecting
appropriate sites [18,36,37]. Proximity to markets minimizes transportation costs and re-
duces the time taken to transport the fish to market. The site should also be easily accessible
for the transportation of supplies, equipment, and fish. Adequate roads or other examples
of transportation infrastructure should be available to transport the necessary materials
and equipment to the site. However, many other parameters have been included in some
papers, such as fingerling spots, pelagic fisheries, and rocky platforms, considered by
Pérez et al. [22], or the consumption behavior and production experience, considered by
Assefa and Abebe [17] in their model for selecting an aquaculture site in the Lake Tana
basin, Northwest Ethiopia.

Several parameters have been included in the last sub-model (i.e., topography, envi-
ronment, and physical parameters), such land use type and slope [17,23]. The land use type
has an important impact on water quality as certain activities such as agriculture can induce
water pollution. In addition, other parameters that can impact water quality or fish growth
and survival; bathymetry, currents, and waves height have also been considered as essential
parameters in the selection of potential aquaculture sites [8,19,28]. Other parameters, such
as seabed composition, wave exposure [38], and tidal amplitude [6,27], which have been
used only by one or two authors, have been excluded from the proposed model.

3.3.2. Model for Shellfish Aquaculture Site Selection

Similar to the fish aquaculture model, four sub-models were identified for shellfish
aquaculture (Figure 9). In the water quality sub-model, water temperature has been
recognized as the most essential parameter for the selection of a suitable site; it has been
utilized in over 70% of reviewed studies [11,26,32,33]. Despite the importance of this parameter
in indicating water quality, it has not been taken into account by three studies [12,32,34].
Salinity, chlorophyll-a, and dissolved oxygen have also been identified as crucial parameters
that have been utilized in the majority of reviewed models. Karthik et al. [25] have included
alkalinity, ammonium, nitrites, nitrates, and phosphate as the main criteria for water quality
in their model for the selection of an aquaculture site in Brackish water.
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Shellfish aquaculture site selection Top level: Goal

Water quality

— Temperature

— Salinity

— Slope ——  Distance to electricity o— Bottom level:
Criteria

ol Infrastructure / Topography /Environment / Intermediate level:
Uy Socioeconomic Physical parameters Submodels
— pH — Distance to road/Accessibility Topography / slope / Elevation

—— Chlorophyll-a concentration

— Land use —— Distance to market/Town

— Bathymetry

— D. Oxygen

— Suspended sediment

L Texture/ Clay content —

Distance to fry source/
hatcheries

L—— Distance to ports/ airports

Figure 9. A general model for selecting suitable sites for shellfish aquaculture.

Regarding soil quality, pH, soil texture, land use, and slope are among the crucial criteria
employed to select s suitable site for aquaculture, as identified by several studies [10,26,34]. In
studies conducted by Karthik et al. [25] and Keshtkar et al. [34], criteria such as nitrogen,
phosphorus, soil elevation, and erosion were included.

In the infrastructure and socioeconomic sub-model, and similar to the fish aquaculture
model, distance to road, to electricity, and to the market remain the most important criteria
to take into account while selecting the appropriate locations for aquaculture [10,25,26,32],
while topography, bathymetry, and current speed were recognized as the most important
parameters in the last sub-model [20,32,33]. Some other parameters were excluded from
the proposed model as they were only used by one author (e.g., distance from water source,
tidal amplitude, and sewage pollution).

4. Conclusions

The selection of an appropriate site plays a pivotal role in every aquaculture operation.
This systematic review presents a comprehensive examination of studies that employed
geographic information system (GIS)-based multi-criteria evaluation (MCE) techniques for
the selection of suitable aquaculture sites.

The utilization of this method has witnessed a notable rise in research publications in
recent years. Each study incorporated distinct criteria in their site selection process, tailored
to the specific characteristics of the study area and the species targeted for cultivation.

Notably, the majority of the research included in this review originated from Asia
(approximately 55%), with a predominant focus on fish aquaculture (65% of the reviewed
papers), while shellfish aquaculture accounted for 35% of the reviewed papers. How-
ever, the potential for expanding this research to include other aquaculture species and
geographical regions remains an area for future exploration.

Based on the analysis of similar criteria used by these studies, two general models
were developed, one for fish aquaculture and another for shellfish aquaculture. Each model
comprised four sub-models encompassing water quality, soil quality, infrastructure, and
socioeconomic factors, as well as topography, environment, and physical parameters. These
sub-models incorporated commonly employed criteria documented in the literature. The
outcomes of this research contribute to existing knowledge in the aquaculture field and offer
practical tools with which to enhance the efficiency of site selection for aquaculture. This
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study aims principally to facilitate the future selection of potential aquaculture sites through
GIS methods. The models presented in this study have the potential for enhancement or
adaptation through incorporating additional criteria that researchers deem crucial based
on species-specific requirements and the unique characteristics of the study areas.
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