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Abstract
Research in sustainable macroalgae aquaculture has been gaining hype (e.g. Seafarm) to
provide advancements in new significant sources of food, feed, materials and bio-energy.
Despite the fact that in Asia the offshore production of macroalgae is established for
many decades, in Europe is still in its infancy. The issue on where to find suitable
cultivation areas without conflicting with current uses to respect the environment and
the socio-economic activities is a great challenge. This Master of Science thesis aimed to
find suitable offshore areas in order to facilitate implementations of macroalgae
cultivations in the Swedish West Coast. Thirteen criteria in environmental, economic and
social sustainability aspects were identified and employed (e.g. Depth, Distance to Ports,
and Natural and Preserved areas (NPAs)), and the tools Geographic Information Systems
(GIS) and Multi-criteria Analysis (MCA) were used in the form of GIS-MCDA, an integrated
method available in Idrisi. To aggregate the criteria, Boolean and Weighted Linear
Combination (WLC) techniques were applied. The results showed that Boolean areas
cover 537 km2 (6,98% of the study area). The best suitable areas, possessing the
maximum suitability index 10, that resulted from two WLC models comprise 5 km2
(0,07% of the study area) and 26 km2 (0,34% of the study area) including and excluding
the criterion NPAs as constraint, respectively. The results further indicated that GISMCDA models excelled in providing an overview for effective spatial decision-making.
Both techniques play a role in suitability analysis and complement each other in finding
an optimal site which could be carefully selected out of the identified areas. It is
recommended that areas with a suitability index 10 be chosen inside Boolean suitable
areas. Moreover, this study could act as a driving force to build a resilient planning
framework that would boost sustainable placement and development of offshore
macroalgae cultivations.
Key words: macroalgae, GIS, MCA, GIS-MCDA, Boolean, WLC, sustainability, suitability.
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Glossary

ArcGIS

ArcGIS is a software program, to create, display and analyse
geospatial data, developed by Environmental Systems Research
Institute (ESRI) of Redlands. It is also used for mapping, data editing
and compilation, data management, visualization, and geoprocessing.

Chlorophyll-a

Chlorophyll-a (CHL-a) is a plant pigment that exists in all marine
phytoplankton. Sea surface CHL-a concentrations provide a valuable
proxy indicator of the quantity of nutrients in phytoplankton in the
marine environment. This because the nutrient-to-CHL-a ratios are
predictable in phytoplankton. Increased concentrations of CHL-a are
seen as areas with marine productivity hotspots. Thus, CHL-a
parameter serves to monitor water quality (YSI, n.d.).

Constraint

Constraint is criteria that constrain, prevent or impede an activity or
development to happen or proceed in a particular geographic region.
For mariculture activities, constraints may be environmental (e.g
polluted water), physical (e.g. barriers), political (e.g conflict of
usage), legislative (e.g. protected areas) or economical (e.g. costs of
maintenance)

Factor

Factor is criteria that define some degree of suitability for all
geographic regions. Individual factor scores may either enhance or
detract the general suitability of an alternative.

Fuzzy

The factors are transformed in continuous factors by applying a fuzzy
set. The fuzzy module in Idrisi makes the standardization of factors so
the results represent fuzzy memberships in the decision set. External
information is aggregated in this, resulting in fuzzy (logic) maps.

Geodatabase

A collection of geographic datasets for use by GIS software. Types of
datasets are feature or vector classes, attribute tables, raster
datasets, among others.

Geographic
Information
Systems (GIS)

A computer system for managing spatial data such as capturing,
storing, checking, integrating, manipulating, analyzing and displaying
all types of spatial and geographical data. GIS can be represented as
layers.

Idrisi

Idrisi is an integrated geographic information system (GIS) and
remote sensing software developed by Clark Labs at Clark University
for the analysis and display of digital geospatial information. It is used
ix

for monitoring and modelling the earth system for sustainable
development. Today the name of the software is TerrSet.
Layer

A map, main output of GIS. Each layer holds data about a particular
feature.

Marine
aquaculture

Also known as mariculture. It is the cultivation, management and
harvesting of marine organisms in their natural habitat or in specially
constructed rearing units, e.g. ponds, cages, pens, enclosures or
tanks.

Metadata

Metadata is information that describes the content, quality,
condition, origin, and other characteristics of data or other pieces of
information. Metadata for spatial data may include how, when and
where and by whom the data was collected.

Raster

A type of GIS in which spatial data are defined and represented by a
uniform grid cells (pixels). Each cell is associated with value or class.

Remote
Sensing

The gathering and analysis of data from the study area or organism
that is physically removed from the sensing equipment, e.g. subwater surface detection instruments, aircraft or satellite.

Resolution

The area of the ground surface corresponding to a pixel in a given
image such as a satellite image.

Scale

The ratio between a distance or area on a map and the corresponding
distance or area on the ground.
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1. Introduction
Macroalgae, also known as seaweeds, are the basis of wealth in our oceans and comprise
a great potential to a very valuable industry around the world. Offshore macroalgae
farming circumvents several disadvantages related to land-based biomass production. It
does not compete with arable land for agriculture and forestry, and it does not need
fertilizers, irrigation, and any input of light or heat to grow (Seafarm, n.d.). Also,
macroalgae has an ecological role in counteracting eutrophication and capturing carbon
while growing very fast (Seafarm, 2014).
Asia is the continent that most produce macroalgae with 96% of the world production
(FAO, 2014); the production, consumption and industry cultures have been established
there for several decades (Seafarm, n.d.). However, it has been gaining momentum in
Europe. Several studies have already been carried out on sustainable macroalgae farming
and others are ongoing (Peteiro et al., 2016). The large uncertainty and the lack of
knowledge about being environmentally, economically and socially sustainable are the
main barriers for its expansion in Europe.
Seafarm is a research project ongoing since 2013 that primarily aims to develop a
sustainable closed loop system by growing and using macroalgae for many different
applications (bio-energy, food, animal feed, materials, biochemicals and fertilizers) with
zero waste. The ultimate purpose is to contribute towards a bio-based society in Sweden
(Seafarm, 2014). This multidisciplinary collaborative project includes five focus areas (FA)
that are conducted by five Swedish major universities: KTH Royal Institute of Technology
(FA4 and FA5), Chalmers University of Technology (FA2 and FA3), University of
Gothenburg (FA1), Linnaeus University (FA4) and Lund University (FA5). The figure 1
illustrates the holistic closing loop system of Seafarm towards a bio-based society.
The focus area 1 (FA1) manages all the processes involved in the cultivation and
harvesting of macroalgae in the Swedish West Coast; FA2 is based on investigating
storage and preservation methods; FA3 focus on the all possible biotechnological
processes to extract all the values of macroalgae; FA4 attempts to optimize a method to
efficiently produce biogas from macroalgal biomass waste; and FA5 assesses the
project´s sustainability and checks the feasibility of all the above interconnected
production chain paying attention on environmental, economic and social aspects (see
Figure 1) (Seafarm, 2014; Thomas, 2013).
The Swedish West Coast “is Sweden’s gateway to the ocean. Today, the islands between
Koster and Varberg are a paradise for everyone who yearns for the open horizon”
(Hammarström, 2007). There are optimal conditions for growing macroalgae on the
West Coast. The large number of islands provides sheltered areas, optimal water
salinities and water temperatures as well as sufficient sunlight (Seafarm, 2014).
However, where exactly can macroalgae be cultivated at a large scale in the coming
years? It has been a challenge to find precise answers to this question.
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Figure 1 - Holistic closing loop system of Seafarm. Source: (Gröndahl, n.d.).
One of the main prerequisites to enhance the development of macroalgae industry in
Sweden is to identify suitable and sustainable offshore macroalgae farming areas
(Seafarm, 2014). In this context, this study intends to paint the big picture of a site
suitability assessment; more specifically it aims to look for places to cultivate macroalgae
in marine offshore areas along part of the West Coast of Sweden.

1.1 Aims and objectives
This thesis aims to identify offshore suitable areas for macroalgae aquaculture by
conducting a geographic information system (GIS) based multi-criteria decision analysis
(MCDA). The outcomes of the thesis aim to provide a valuable decision-making tool for
Seafarm and involved stakeholders which will ultimately contribute for a sustainable
implementation of a S. latissima activity on the West Coast of Sweden.
The objectives of the thesis to achieve the aims are:
- To examine the main environmental and socio-economic requirements and criteria for
macroalgae aquaculture;
- To identify GIS layers along with the identified criteria focusing on sustainability aspects
and then identify factor and constraint layers;
- To adapt the layers to the study area, prepare and rationally set parameters in order to
conduct the GIS-MCDA, one Boolean and two non-Boolean (WLC) models;
- To identify the best areas for potential offshore macroalgae cultivation and
complement with a comprehensive analysis of the outcomes of the MCAs.
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1.2 Theoretical Background
1.2.1 Macroalgae
Algae are the basis of wealth in our oceans. The world of algae is very vast, but still a
great deal is left to discover to fully understand their values (Seafarm, 2014). They are
the main producers of (the world’s atmospheric) oxygen and are essential to the food
chains of all aquatic ecosystems (Pereira, 2015). With more than 8 000 species of algae
known, they belong to an immense and diverse group of aquatic photosynthetic
organisms that are widely distributed in marine systems (EL, 2003). There are a huge
variety of algae with respect to size, morphology, life cycle, pigments and metabolism.
They range from microscopic level or planktonic single-celled (microalgae) species, that
live in suspension in water, to multicellular macroscopic or benthic (macroalgae) species,
that live wildly attached to substrate (e.g. seabed such as rocks or reefs) (Pereira, 2015).
Macroalgae interact with their physico-chemical environment as well as with other
marine organisms. Their main abiotic (environmental) factors are temperature, salinity,
light, water motion, and nutrient availability; while the biotic factors represent biological
interactions between bacteria, fungi and animals. The very
complex and varying combination as well as the interaction of all
these factors affect individual patterns of growth (Hurd et al.,
2014).
Macroalgae are conventionally referred to as “seaweeds”, term
that includes marine red, green and brown algae (Hurd et al.,
2014). Kelp is another common name but only for a group of long
brown algae, especially for Laminaria spp or Saccharina latissima
(scientific name) (MMO, 2013). They grow in temperate reefs in
extensive underwater forests (Graham et al., 2007 cited in Hurd
et al., 2014) which serve as habitat for great amount and
Figure 2 - Saccharina
specific species of fauna (Bekkby & Moy, 2011). Kelps thrive
latissima specimen.
in both temperate and polar regions (Hurd et al., 2014), from
Greenland to Portugal including North and Baltic seas in relatively cold water. The
species is generally found near to the shore up to a depth of 30 meters and in sheltered
conditions. It is characterised by its leaf that has a frilly undulating margin (Pereira, 2015)
(see Figure 2).
Kelps have an important role to play not only ecologically but also economically around
the world. There are a variety of applications of kelp. They are used as human food, feed
for aquaculture and animal husbandry, fertilizers, bioenergy, and water nutrient removal
(Submariner, 2012; Pereira, 2015; Peteiro et al., 2016). Kelps are also a very valuable
source of alginate and mannitol that are very important to some industries (textile, food,
paper, cosmetic and pharmaceutical industries) around the world (Pereira, 2015).
Saccharina contains extraordinarily concentrations of iodine so that it is frequently
consumed in China to prevent goitre (Tseng, 1987, cited in Hurd et al., 2014).
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1.2.2 Picturing Offshore Aquaculture
World population has reached records and will keep increasing (FAO, 2013). Until 2050,
with the population expecting to reach the 9 billion, it is required to produce more 70%
of the global agricultural production to feed the world (FAO, 2009). Aquaculture is a
highly desirable and growing activity to maintaining the supply of food sources (FAO,
2013). Offshore aquaculture, also known as marine aquaculture or mariculture, is part of
an ecologically strategy to compete with the intensive and environmental intrusive
economic power of animal and crop agriculture as well as with the increasing need for
arable land to farm (FAO, 2013).
The Asian continent is leader in global offshore aquaculture production (FAO, 2014). As
for fish aquaculture, between 1995 and 2012 Asia has been keeping constant production
levels of 88% of global needs; while Europe decreased in fish aquaculture from 12 to 4%
between 1990 and 2012 (FAO, 2014). In 2004, covering all aquaculture products, Asia
met 97% of world demands, and the production was dominated by seaweeds with 46%
(FAO, 2006, cited in Kapetsky and Aguilar-Manjarrez, 2007).
World production of farmed seaweeds more than tripled from 1995 to 2013 to the order
of 26.1 million tons (FAO, 2014). During this time Indonesia incredibly expanded its
production from 1,5 to 27,4% of shares in world total. China has been leading with 54%
and the Philippines are in third with 7,4%. The Rest of the world take only 3,0% in 2012
decreasing from 10,9% in 1995, but keeping equivalent production quantities (FAO,
2014). In Europe, seaweeds, specifically kelp species, are mainly wildly harvested for
industries; the total harvested annually is 226 500 tons; from these, only 0,1% is
cultivated (Skjermo et al., 2014).
In the past Commercial kelp Saccharina (Kombu in Japanese dishes) was collected wildly
in eastern Asia; nowadays, the almost total amount is cultivated by mariculture (Hurd et
al., 2014). The history of kelp cultivation dates back to 1950s in China and Japan. During
the last decade Sacharinna japonica, also known as Japanese kelp, the most common and
the most global produced nowadays, played a role to feed a rapid market demand (Hurd,
et al., 2014). China is by far the main producer of this species worldwide with 98% (4,6
million tons). In Canada, Japanese kelp is produced in an IMTA and in a small scale farm.
Chile contributes to raise great amounts and different varieties of brown macroalgae.
Recently, South Korea also started cultivating (Hurd et al., 2014).
These natural resources are limited. The amounts of kelps have been depleting not only
from human harvesting but also due to climate change (Bekkby and Moy, 2011 cited in
Peteiro et al., 2016). In Skagerrak there are records (Moy and Christie (in press), n.d cited
in Bekkby and Moy (2011)) and estimations – more than 50% - of S. latissima forests
disappearance with no reasonable explanation, though sea temperature and nutrient
and particle levels may have been the principal reasons (Bekkby & Moy, 2011). It is also
believed that human activities may be the cause of unnaturally large sea urchin
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populations, which are overfeeding on kelp forests causing them to disappear (Nichols et
al., 2015; O'Sullivan, 2013).
Wild kelp harvesting cannot meet the growing current and future demands. In addition,
more exploitation of seas would reduce exploitation of land resources, such as intensive
crops and animal agriculture. Offshore aquaculture of kelp in Europe is gaining
momentum and initiatives in the area have been increasing (Peteiro et al., 2016).

1.2.3 Elements for Cultivating Macroalgae
A macroalgae (kelp) cultivation process includes four steps. First, the collection of spores;
then seedling those onto strings where germination occurs; after, when still very tiny
plants, they are transferred to sea; and finally, the harvest phase that occurs normally
after at least six months (Biomara, 2011) but the timings differ between species and
location of the culture. Even though seeming technically demanding and quite expensive
it is possible to deal with a significant mass production (Buchholz et al., 2012). It is
necessary though to closely consider sustainability aspects (social, economic and
environmental aspects) when planning an offshore cultivation site (Radiarta et al., 2011;
Longdill et al., 2008).
The enormous utilization of marine areas with deficient proper mapping and managing
for public appraisal, may lead to stakeholder conflicts. A competitive group of uses
hosted by coastal waters are, e.g. commercial shipping lanes, restricted military (navy)
areas, wind farms, pipelines, recreational activities and nature reserves (Buchholz et al.,
2012).
Regulations and legislation from marine and coastal management are many times more
complex in marine systems, protecting recent uses and disregarding future and not
competing uses (Johansson, 1997). Permissions to cultivate macroalgae are also
frequently difficult to obtain due to a number of reasons (Meland & Rebours, 2012).
Though, water and land areas must be used in the most appropriate manner. Natural
resources Act state that, “in case of conflicting interest, priority shall be given, as far as
possible, to the activity which is most important from the public point of view and with a
long term perspective” (Johansson, 1997).
Negative environmental impacts on coastal ecosystems must be assessed and be taken
into consideration. For the case of macroalgae, a few negative environmental impacts
are known which have been recently studied (Submariner, 2012; Aldridge et al., 2012;
Rebours et al., 2014). On the other hand, it is known more positive impacts from farming
than negative (Submariner, 2012; Aldridge et al., 2012; Rebours et al., 2014). Both
positive and negative impacts need to be taken into account.
Additionally, when planning to place farming activities it is necessary to rely on
somewhat irregular environmental conditions. An assessment of environmental factors is
vital to figure out the viability of production. Each species requires slightly different
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conditions. Although many of them adapt easily to disturbances, they may not grow as
they normally do in ideal conditions; e.g. great quantity of a particular species in a
particular site would be a good indicator to measure site suitability for this given species
(Werner et al., 2004). The table 1 shows a compilation of obtained literature for
environmental requirements to cultivate macroalgae. The following paragraphs describe
the environmental factors necessary to take into account.
Some report that light is the most important factor to consider (MMO, 2013) because it
is crucial for photosynthesis, and for growth, as a result. Others have found that is
salinity the most important factor to influence aquatic life (Submariner, 2012). It is
plausible that the most important factor differs from place to place seen the differences
in water quality, turbidity and in type of climate.
Low surface sea temperatures (SSTs) are normally the most appreciated for macroalgae
unless there is chance of seawater turning into ice. High fluctuations of temperatures
should be avoided (MMO, 2013). An optimal temperature range is highly species
dependent (Werner et al., 2004).
Most of macroalgae species need high salinity levels of around 30 PSU. They tolerate,
however, slight fluctuations but it may be critical to have sites located in brackish waters
or estuaries with large amounts of fresh water inflow (Werner et al., 2004).
Water quality involves levels and type of nutrients as well as pollution like heavy metals
and oils (e.g. from vessels). A positive ecological aspect of macroalgae is that they are
capable of removing nutrients and pollution from water by absorption as they need them
to grow. Macronutrients nitrogen, as ammonium (NH4) and nitrate (NO3), and
phosphorus, as orthophosphate (PO4), are the most important for macroalgae’s life and
development. Micronutrients and vitamins are also important but they are seldom
limiting factors (Werner et al., 2004). It is crucial that the water contains good levels of
these nutrients for the macroalgae to thrive and low levels of pollution mainly heavy
metals, especially if it is produced for human consumption.
Physical environmental factors such as currents, wave action and tidal exposure must be
equally taken into account. Water motion is a determining factor for macroalgae
production as it affects all the factors mentioned above; e.g. for S. latissima the nutrient
uptake is boosted with increased water velocity at the macroalgal surface (Werner et al.,
2004), up to a optimal level. In general, some species like to inhabit exposed sites, but
others prefer good tidal but less exposure. For S. latissima more sheltered areas are
favourable (MMO, 2013) which reduce the risk of seaweeds to be torn out from their
foundation; but stagnation may provoke lower nutrient concentrations, higher
temperature oscillations and the presence of diseases or pests which may negatively
affect growth (Thomas, 2013). These factors also impact the engineering and design of
the farm installation such as the mooring system (MMO, 2013).

6

Table 1 - Optimal environmental parameters for macroalgae in general and for S. latissima and L. japonica species in particular.
(N.a. - Not available).
Species

Light

SST (oC)

Salinity (PSU)

Wave/Tidal
Exposure

Water quality
/nutrients

Depth (metres)

Source

S. latissima

High

10 - 15

Fully marine

Medium

N.a.

N.a.

(Werner et
al., 2004)

L. japonica

N.a.
(in southern
Hokkaido,
Japan)

10-30;
Slope < 10
degrees

(Radiarta et
al., 2011)

N.a.
(in East
Anglian
coast,
England)
Macroalgae
(general)
Species
dependent;
but can be
cultured in
most light
conditions

9 - 12

31 - 34

Medium

Suspended solids
(turbidity):
< 2 g/m3;
CHL-a levels:
1 g/m3 (low) to 3 g/m3
(very high)

4 - 16

N.a.
(in Atlantic
ocean)

Tidal velocity
(m/s):
0,25 - 1;
Wave heights:
1 – 4 metres

Nitrate:
> 20 mmol/m3

10 - 30

(Capuzzo et
al., 2014)

Survive
between
0 - 25

Species
dependent; but
can be cultured
in most salinities
concentrations

All types;
tolerance
dependent on
species

Low turbidity; Low/no
pollution if
macroalgae is
intended for human
consumption

generally
10 - 25

(MMO, 2013)
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Furthermore, the water depth on which the farm is set is crucial for planning. Placement
in shallow areas can impact negatively the benthic habitat because of the organic matter
released by seaweeds that easily reach the bottom; it may depend, however, on the size
of the farm and on the existing ecosystem itself. A minimum of 10 meters’ depth is seen
as reasonable to maintain to water flow and avoid risks of bleaching (MMO, 2013). On
the other hand, a very deep area would complicate maintenance, or inspections by
divers, thus a maximum depth of 20-25 metres is currently recommended (Werner,
2004). Nevertheless, in terms of sometimes low availability of good marine areas for
cultivation purposes, a maximum depth of 100 meters can be considered (Nylund, 2016);
a subsequent cost and benefit analysis should be carried out then. As like the physical
environmental factors, water depth is one of the factors that most affect the cost of the
installation. In the future, with advances in technology and with a more settled industry,
it is suspected that installation costs may be reduced; less dependence on divers will also
make the maintenance more mechanised (MMO, 2013), opening up the possibility for
farms placed in water depths higher than 100 meters.
In short, all the factors emphasised above are crucial for planning the development,
management and operation of an offshore farm. If placement decisions are based on
incorrect and insufficient information, they can generate cost delays, environmental
degradation, low efficient production, extra regulatory requirements and/or eventually
project failure (Kapetsky & Aguilar-Manjarrez, 2007).

1.2.4 Geographic Information Systems
A computer system for managing spatial data is defined as a geographic information
system (GIS) (Malczewski, 2010). The integration of the words “geographic”,
“information” and “system” makes the GIS computer tool very powerful for
understanding the world (Bonham-Carter, 1994). The GIS software is comprised of a set
of functional capabilities for input, retrieval, visualization, storage, manipulation,
combination, query, analysis, modelling and output of spatial data (or mapped data)
(Malczewski, 2010; Bonham-Carter, 1994). The integration of the all these offers a
meaningful analysis in order to simulate and predict natural or anthropogenic activities
(Demers, 2009; Bonham-Carter, 1994). By predicting, one explores the various
consequences of making a set of assumptions with the objective of analysing the
performance of a model (Bonham-Carter, 1994). As a result, GIS modelling is
undoubtedly useful to solve spatial decision problems (Malczewski, 2010). The ultimate
intention of GIS is to provide support for making decisions (Demers, 2009; Malczewski,
2010; Bonham-Carter, 1994).
GIS, remote sensing and mapping are today very important tools to assess site suitability
for aquaculture development and to organize a framework for management of marine
aquaculture (Kapetsky & Aguilar-Manjarrez, 2007). Coastal areas management and
fisheries are the main purpose of these tools. Remote sensing tools obtain most of the
GIS data for temperature, CHL-a concentration, current velocity, wave height, salinity,
and even water use. They are acquired via satellite, air, on ground or even via sea, and
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using undersea sensors. Mapping comprises the best way to visualize spatial patterns in
marine systems and to communicate with technical people and general public (Kapetsky
& Aguilar-Manjarrez, 2007).
GIS platforms receive, read, manipulate and analyse the spatial and attribute data
correspondent to the criteria in question (Kapetsky & Aguilar-Manjarrez, 2007). As a
result of these studies and analysis, output maps and reports will serve to facilitate
decision-making, e.g. in governmental agencies involved in issuing new aquaculture
permits (Nath et al., 2000).

1.2.5 Multi-Criteria Analysis
Making a decision is the process of identifying and choosing alternatives, based on
several different factors and taking into account the preferences and intentions of the
decision-makers, to meet the best solution possible (Eastman, 2001; Mateo, 2012).
Decision-making entails the assessment of a series of complex subjects, e.g. in
environmental management the socio-political factors must be in agreement with the
knowledge of ecosystems (CHAINET, 2002). The variety of defined criteria makes the
decision-making a difficult process, which may involve the consultation of diverse
stakeholders and experts in a determined area. In order to solve these types of problems
a Multi-Criteria Analysis (MCA) tool has been created. MCA aims to support a variety of
decision-makers in identifying the best solution by identifying trade-offs between several
criteria (CHAINET, 2002). This is carried out by a thorough analysis of the parts of the
decision problem and then integrating them in a rational way (Malczewski, 1999).
It is usually applied for public investment projects and for achieving agreements in the
policy making process (CHAINET, 2002). Environmental, social and economic aspects
when adapted to specific situations might be useful to be integrated in an MCA
(CHAINET, 2002). MCA is very adaptable and flexible tool and it has been applied in
diverse research, management and governmental fields (Tsoy, 2015).
A process to conduct an MCA is presented by Malczewski (1999) that involves six
components. The first is the definition of goals that the decision makers (e.g. group of
stakeholders or interested groups) are trying to attain. The second is the criteria
evaluation by collecting opinions of preferences, and order of importance, from the
decision-makers. Then, decision makers assess alternative courses of action taking as
base the set of evaluation criteria. Setting the decision alternatives is the fourth
component. The fifth is the involvement of uncontrollable variables, related to the
environment, or states of nature. The last component involves assessing the results or
consequences of each alternative (Malczewski, 1999).
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1.2.6 GIS and MCA Integration
Conventional MCA methods hardly consider geographical data. Including spatial data in
MCA strengthens spatial decision-making that involves proximity, adjacency and
contiguity (Malczewski & Rinner, 2015). GIS and MCA tools complement each other and
have been integrated to support decision-making on environmental monitoring and in
land and water suitability evaluation, involving scenarios that consider technological,
economic, ecological and social aspects (Estoque & Murayama, 2011; Malczewski, 2006).
These tools used in conjunction are referred as Geographic Information Systems based
Multi-criteria Decision Analysis (GIS-MCDA) (Malczewski, 2006).
Generally, GIS-MCDA is a very convenient tool to provide a structured and perceptible
analysis about complex spatial problems. It is able to deal with a big amounts of data and
it is useful for discussions seen the possibility of including different criteria (Klinkenberg,
2007). On the other hand, GIS-MCDA is far from a perfect analysis tool. Complex dynamic
problems have to be sometimes oversimplified which may lead to uncertainties; it is a
static tool, lacking a time dimension; and its subjectivity makes it somewhat controversial
(Klinkenberg, 2007).
The popularity of GIS-MCDA is quickly increasing. The publications on GIS-MCDA have
been increasing from only 26 in 1995 to more than 320 published papers up until 2004
(Malczewski, 2006). There is a plethora of different GIS-MCDA. The discrete multiattribute decision analysis (MADA) is the most popular decision rule among researchers
with ca 70% of the published papers on GIS-MCDA. The most popular combination within
MADA rule is the Boolean overlay and the weighted summation (non-Boolean), which are
usually used together.
The most common decision rule weighted summation, e.g. weighted liner combination
(WLC) and related methods like Boolean overlay, are seen as very convenient to
implement by using GIS software. They are simple to follow and easy to comprehend by
decision-makers (Malczewski, 2006). It is necessary, nevertheless, to develop a full
understanding of the assumptions that ground this approach and to achieve a high
knowledge level on the weighted summation model in order to assign weights to the
attribute maps and to know the procedures to derive the corresponding maps
(Malczewski, 2006; Eastman, 2001). Ignoring or being unaware of the assumptions can
conduct to incorrect applications and dubious results (Malczewski, 2006).
1.2.6.1 Latest Applications
GIS-MCDA is applied in wide application fields; from environmental and ecological issues,
transportation and urban planning, to waste management, water resources and
agriculture (Malczewski, 2006). The goals of using this tool are, i.a. to discover ways for
sustainable distribution and exploitation of scarce natural resources to predict
environmental impacts, to select suitable placement sites and to evaluate resources
allocation.
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There are a number of technique combinations that GIS-MCDA provides. More
concretely, Boolean overlay has been quite recently used together with techniques
closely associated – fuzzy logic, analytical hierarchy process (AHP) and WLC – on
suitability site assessment of varied activities, where boolean was used to constraint
unsuitable areas (e.g. Longdill et al., 2008; Machiwal & Singh, 2015; Al-Adamat et al.,
2010; and Eskandari et al., 2016). Riad et al. (2011), on the other hand, conducted the
two techniques separately, Boolean and WLC; without applying constraints they
considered eight environmental and socio-economic criteria, and provided a comparison
between outcomes by superimposing both maps. Moreover, Ghayoumian et al. (2007)
did not use constraints as well in their study, including four environmental factors and
applying both Boolean and fuzzy logic with a product operator. Additionally, Boolean
technique alone was found appropriate as main method by Jahangiri et al. (2016) in the
study on finding sites for solar-wind power station.
In relation to aquaculture domain, Nath et al. (2000) provides a review of studies as well
as insights on how to conduct a GIS assessment. Some examples of papers that have
been done focusing on aquaculture areas selection are: Longdill et al. (2008), Silva et al.
(2011) Arnold et al. (2000), Pérez et al. (2005), and Radiarta et al. (2008).
To the author knowledge, the application of the combination of both techniques on
macroalgae cultivation siting studies is inexistent. Indeed only a few papers have centred
the research on this subject (Radiarta et al., 2011; Capuzzo et al., 2014; and Sousa et al.,
2012), but all of them differ in several points (e.g. macroalgae species, type and number
of criteria, study area, and applied method and its sensitivity analysis). Radiarta et al.
(2011) used environmental factors (SST, turbidity, bathymetry and slope), weighted them
according to AHP of Saaty (1977), based on literature reviews and experts’ consultations,
and finally applied a WLC procedure; a sensitivity analysis was conducted to verify the
importance of each parameter within the model for a L. japonica placement. Much more
factors were used in Sousa et al. (2012) focusing on physical (depth, winds, currents and
waves) and socio-economic aspects (distances to market, districts, estuary, road, main
city, urban areas, natural beds and seaward) to identify sites for G. birdiae cultivation.
In studies of these characteristics, that can involve many variables and parameters, one
usually finds important points (e.g. criteria) that may be missing but are not included for
many reasons (e.g. no data is available yet, or it is just not the focus of the study). All the
cited papers refer GIS-MCDA as effective instrument for identifying macroalgae
cultivation areas in offshore regions.
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1.3 Geographical Boundaries
The study area is located on the West Coast of Sweden: from the Norwegian border to
Gothenburg, covering approximately 150 kilometres in a straight line (see Figure 3). It
comprises eleven communes namely, from north to south, Strömstad, Tanum, Sotenäs,
Lysekil, Uddevala, Orust, Tjörn, Stenungsund, Kungälv, Öckerö and Gothenburg, located
in Sweden’s most populated county, Västra Götaland. The Swedish exclusive economic
zone and territorial seas between the coordinates East 209215,17 – 319242,83 and North
6392731,48 – 6558492,49, making up a total offshore (sea) area of approximately 7702
km2, limit the extent of the study area.

Skagerrak

Figure 3 - Location of the study area on the West Coast of Sweden, including sea and
commune names.
The West Coast has a rich history of shipping, fishing and quarrying. But as like all
Swedish coastal zones, today the West Coast is primarily an area for recreation and
tourism. Most of the time, the rocky arid landscapes with their densely crowded wooden
houses stand empty until summer. Herring offal, which came from the former huge
fishing industry, is not the harbour main polluter anymore; instead the main polluters are
the agricultural run-off, untreated sewage, and the emissions from motorized boats,
refineries and paper mills. In Lysekil, Sweden’s second largest harbour, at least 5 boats a
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day of up to 500 000 tons are received (Hammarström, 2007). The refineries in
Brofjorden and Gothenburg have a great impact on the both land and sea areas, handling
80% of the Sweden’s refinery capacity (Preem, 2016).
The seas of the West Coast of Sweden (figure 3) comprise areas with favourable
conditions for seaweed cultivation because of the appropriate high levels of salinity, sea
water temperatures, nutrients and light availability. The Skagerrak and the Kattegat have
characteristics that are different from any other coastal Swedish marine environment.
The limiting factors of salinity and temperature of these waters are unique in Sweden
and provide very good conditions to not only for seaweeds alone but also for intrinsic
ecosystems to thrive. The next paragraphs justify what was mentioned in this paragraph.
The surface water salinity ranges from 25 PSU in the northern Kattegat nearby
Gothenburg’s commune to 30 PSU in the northern Skagerrak (Submariner, 2012) and
around the Norwegian border. In contrast to the brackish Baltic Sea bathing the East
Coast, with lowest salinities around 3 PSU (Submariner, 2012), the present location has
the highest salinity levels of Swedish waters, that are close to the general open ocean
salinity concentrations ranging from 32 to 37 PSU (NASA-d, n.d.). An indicator of the
importance of salinity for the aquatic life in the Baltic sea is the number of larger plant
and animal species, which drops from about 1500 species in the Skagerrak to about 70
species in the south of Gotland in the Baltic Sea (SwAM, 2015).
Sea surface temperatures (SSTs) differ by season, by geographic location and from year
to year. Northern waters normally display lower SSTs than southern waters. During the
summer in the Skagerrak and the Kattegat the average SST is around 20oC while in the
winter is approximately 2oC (SwAM, 2015). There are chances of SST to reach below
freezing temperatures in some zones, and having ice coverage for less than 20 days per
year (SwAM, 2015).
In Swedish waters, the tide is a factor almost neglected given that the tide in the Kattegat
is 5 cm in normal conditions (Submariner, 2012). However, the systematic and
permanent surface water current systems in the study area contribute for transportation
of oxygen, nutrients, plankton and small larvae that are important for the ecosystems
(SwAM, 2015).
Eutrophication is a great concern that threatens the marine environment all over the
Swedish waters. Caused by anthropogenic factors, the excess of nutrients in the
Skagerrak and the Kattegat is seen as a problematic factor (SwAM, 2015). However, since
it is known that the existence of algae reduces, by absorption, the level of nutrients in
the water, a certain excess of nutrients is seen as beneficial for seaweed cultivation and
for eutrophication mitigation.
Macroalgae are ubiquitously found on the seabeds along the Swedish coast and play a
major role to the local biodiversity. In the Skagerrak and the Kattegat approximately 350
species of seaweed exist, the majority of these seaweeds being rare (SwAM, 2015). They
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serve as habitat for marine animals and the different water conditions along the coast
provide with many different sorts of species.
The suitability analysis is performed in the marine (blue) study area. The term offshore is
used when referring to all the zones in the study area that includes all the zones as
defined by FAO (2013) for coastal, off the coast and offshore mariculture.
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2. Materials and Methods
In the following sections, the study process is depicted, all the used materials are
illustrated, the selected layers (criteria), factors and constraints are identified, the
Boolean and WLC methods are introduced, all the assumptions are defined, and all the
made decisions are described.

2.1 Software
In order to carry out the assessment, GIS software is continuously utilized during all the
stages of the thesis. The operated computer programs were ArcGIS 10.3 and Idrisi Andes.

2.2 Study Procedure
The procedure of the study has been adapted by taking close consideration to the “Steps
in a GIS” study formulated by Grünfeld (2015), the “phases in a GIS project” introduced
by Nath et al. (2000) and the process to conduct a MCA in the section 1.2.5.
Firstly the aim was set as well as several objectives; the latter was broken down in a
sequence of operations as illustrated in Figure 4. The total amount of data was
introduced to the study as it was gradually acquired. This process meant that the results
were constantly upgraded in a continuous iterative and improvement process. The
acquisition was based on environmental and socio-economic aspects (sustainability
aspects) as described in the section 2.3 in a careful data appraisal (see Figure 5). The
acquired criteria are: Chlorophyll-a concentration (CHL-a), Oil discharges, Risk of Oils
spillage, Water Depth, Territorial seas, Exclusive Economic Zone (EEZ), Shipping lanes,
Shipping Traffic, Shore Protection, Fishing Areas, Fishing Ports, Marinas, Military Areas
and NPAs (henceforth referred as NPAs).
The data assessment is an important phase for the next steps. It involved the adaptation,
and preparation of layers, e.g. using GIS tools in Idrisi and ArcGIS, to allow a successful
analysis of data. Plenty of time has been devoted to becoming familiar with the data
using both ArcGIS and Idrisi and the metadata was thoroughly assessed (see section 2.3
and Appendix V for more information). In addition, a learning procedure to get
acquainted to the software and its necessary tools to perform all the GIS assessment was
followed, using software manuals and tutorials (e.g. Eastman, 2001 and 2006).
In the data analysis part, Idrisi was used to undertake two different GIS-MCDA models. In
the Boolean overlay all criteria was “transformed” in Boolean layers and were overlaid to
result in the Boolean suitability map. For the WLC model, all criteria were defined as
either factors or constraints, and it was necessary to define layer parameters including a
layer standardization process (fuzzy logic modelling tool), in order to derive two different
Suitability Maps (A and B); hence the WLC model was run two times differing in the
definitions of parameters. More details can be found ahead in the sections 2.4 and 2.5.
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To identify suitable places for macroalgae offshore aquaculture
on the Swedish west coast.

Aim

Identification of
Criteria

Sustainability Aspects

based on

considering

Minor
influential
factors

Data Aquisition
Socio-Economic
- Exclusive Economic Zone
- Territorial Seas
- Shipping Lanes
- Shipping Traffic
- Shore Protection
- Natural and Preserved Areas
- Fishing Areas
- Fishing Ports
- Marinas
- Military Areas

Environmental
- CHL-a
- Depth
- Oil Discharges
- Risk of Oil Spills

- Availability,
Importance
and Quality of
Data
- Time Frame

Data Assessment and
Preparation
Using

ArcGIS and Idrisi
Transfer to

Idrisi
(data analysis)

Data Analysis
Criteria Map
Layers
(Non-Boolean)

Factor
Layers
Environme
ntal
Factors

Constraint
Layers

SocioEconomic
Factors

SocioEconomic
Constraints

Standardization – Fuzzy
Logic

WLC

Suitability Map A
Suitability Map B

Criteria Map
Layers
(Boolean)
Boolean
Layers
Boolean
Overlay
Boolean Suitability
Map

Legend:
WLC – Weighted Linear Combination

Figure 4 - Sequence of operations.
Modified from: Gbanie et al. (2013) and Nath et al. (2000).
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2.3 Data Selection
2.3.1 Geodatabase collection
A GIS study must contain GIS data sets or layers, vital to conduct the study. The term
“layers” correspond to the called “criteria” in the MCA. Some criteria, however, contain
more than one layer. These data sets are essentially maps of the sea.
The search of data sets was focused on information about environmental aspects, such
as water depth or polluted areas, and socio-economic aspects, such as human activities
happening in the sea. The intention was that the layers could cover all the sustainability
aspects of environmental, social and economic sustainability. For that, minor issues
influenced the choice of layers like data availability, importance and quality of data by
comparing with similar and different data sets, and the time available.

Figure 5 - Criteria in the three spheres
of sustainability.
Each chosen layer was included somewhere in the three “sustainability spheres”, as seen
in Figure 5, where they are seemingly better imbedded. All the criteria, regardless of
where they are anchored, i.e more social, environmental or economic, are linked to the
suitability map located where the three sustainability spheres overlap, that is where the
suitability maps (results of the study) aims to be in. This means that all criteria
aggregated together, in the GIS-MCDA, aim to favour and act for sustainable
development. A discussion of this theory is available in the Appendix I.
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In a geographic point of view, the integration of all of the aforementioned criteria can be
encompassed in three classes of information that support the decision and planning for
development and management for aquaculture, as introduced by Kapetsky and AguilarManjarrez (2007): “(1) suitability of the environment for the plants and animals to be
cultured; (2) suitability of the environment for the culture structure; and (3) access”; the
latter encompasses both administrative jurisdictions and the competing uses of water.
Table 2 - Criteria and contribution to the study.
Criteria
Study Purpose
Exclusive and
To delimit the study to only inside Swedish territorial
Economic Zone
seas and Exclusive Economic Zone.
To constrain cultivation in shipping lanes; and indication
of shipping lanes to cultivate close to lanes, facilitating
Shipping Lanes
the transport.
Shore Protection
To constrain cultivation close to shore.
Fishing Areas
To limit the placement of cultivation inside fishing areas.
To serve the cultivation site as near loading and
Fishing Ports
unloading stations; to constrain cultivation in very close
proximities.
Military Areas
To constrain cultivation inside military restricted areas.
Natural and
To constrain and limit cultivation inside natural reserves.
Preserved Areas
To serve the cultivation site that can be used as near
Marinas
monitoring stations; to constrain cultivation in very close
proximities.
Shipping Traffic
To restrain cultivation from high traffic areas.
Chlorophyll-a
To indicate levels of marine productivity.
To indicate better, worse and optimal depths for
Depth
anchorage of the cultivation structure.
To restrain cultivation of macroalgae in these zones and
Oil Discharges
avoid these potential polluted areas.
To restrain cultivation of macroalgae in these zones and
Risk of Oil Spills
avoid taking risks of potential polluted areas.
Hence, not only all the layers acquired to carry out the study fit in the sustainability
spheres but also they cover the three broad classes of information in the previous
paragraph, that is: (1) – CHL-a, Oil discharges and Risk of Oils spillage; (2) – Water Depth;
and (3) – Territorial seas and EEZ, Shipping lanes, Shore Protection, Fishing Areas, Fishing
Ports, Military Areas, Natural Preserved Areas, Marinas and Shipping Traffic.
In table 2 all the chosen criteria are listed and their purpose of being included in the
study is described. Note that the layers Territorial Seas and EEZ were made into one
layer, hereafter referred as EEZ.
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2.3.2 Information on Layers
The quality of the original data sets are of high importance as it influences directly the
quality of the study outcomes. Table 3 lists the final acquired layers, their type and scale
or resolution (for raster data sets) as well as where they were obtained from.
Table 3 - Name of the criteria (layers), type and scale or resolution and source of
acquisition.
Layers
Type and Scale/Resolution
Source
Territorial seas

Polygon, 1:250 000

SMHI, 2013

Exclusive Economic
Zone

Polygon, unknown

Helcom, 2007

Shipping Lanes

Polygon, 1: 10 000

Trafikverket, 2015

Shore Protection

Polygon, 1:10 000

Länsstyrelserna,
2014

Fishing Areas

Polygon, unknown

SMHI, 2006

Fishing Ports

Point, unknown

SMHI, 2006

Military Areas

Polygon, 1:250 000

Lantmäteriet - A,
2013

Natural and
Preserved Areas

Polygon, 1:250 000

Lantmäteriet - A,
2014; Helcom,2011

Polygon, 1:5000

NaturvårdsverketA, 2010

Raster, 2,2 km

Helcom, 2013

Raster, 9 km

SEDAC, 2009

Raster, 100 m (EEZ) and 500
m (territorial waters)

BSBD, 2013

Point, unknown

Helcom, 2015

Polygon, unknown

Helcom, 2013

Marinas
Shipping Traffic
Chlorophyll-a
Depth
Oil Discharges
Risk of Oil Spills

More detailed information on the layers and on what was done to tackle drawbacks and
minimize certain uncertainties can be found in Appendix IV.

2.4 Identification of Factors and Constrains
In order to proceed to the modelling phase itself (in the section 2.5) it is necessary to
define modelling parameters. For both Boolean and Fuzzy functions, each criterion is
treated differently regarding the type of data sets and the considerations the user wants
to give (Eastman, 2001; Eastman, 2006). Therefore, the results depend on the choices of
the project planner, which in turn depends on what facts he or she obtained to reason
the choices.
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These facts can be called as results from an investigation that, consequently, ground an
approach of a methodology to create new results. In table 4 the reasons behind the
decision of defining criteria as factors or constraints is described as well as the factors’
level of importance and assumptions.
In Appendix VII several remarks on how all parameters and assumptions were achieved,
and the contributions to undertake the models are highlighted.
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Table 4 - Reasoning on the decisions for defining layers as constrains or factors as well as for fuzzy parameters and weights.
(Modified from: Roesijadi et al., 2011)

Criteria

Decision

Exclusive
Economic
Zone

Constraint

Shipping
Lanes

Shipping lanes would have priority over the development of areas for offshore aquaculture. Shipping lanes serve a great amount of
Constraint commercial and recreational ships that are an important socio-economic criterion, and then it is a constraint area for commercial
aquaculture facilities.

Shore
Protection

Constraint Being a national interest area, and covering an area very close to the shore, it is likely to be a barrier to set activities.

Fishing
Areas

Fishing
Ports

Low
importance
factor

Medium
Importance
factor

Military
Areas

Constraint

Natural
and
Preserved
Areas

Constraint
(Model A)
and
Medium
Importance
factor
(Model B)

Marinas

Medium
Importance

Reasons
Exclusive economic zones and territorial seas limit the study area. Because of all the other criteria comprise data outside the scope of
study, this criteria constrains areas outside the study area.

No studies suggest that seaweed cultivation have any negative impact on fish communities, to the author’s knowledge. On the contrary
it is believed that it increases biodiversity and may attract fish (Submariner, 2012). However, the area where the seaweed farm may be
located in fishing areas, if those fishing areas were considered, cannot be apparently used for commercial fishing. However this
immense area, which is a national interest area, may not be totally reserved for the activity of fishing, not making it impossible to
cultivate inside it an only 10 hectares seaweed farm which may even be beneficial for fish. A 200 meters buffer was added to decrease
suitability in areas nearer than 200 meters from the fishing areas. It is then defined as low importance factor.
A port is indispensable where marine aquaculture is on-going to serve the cultivation site for loading and unloading. All transportation
is made by boat, which starts and ends in ports, harbours, marinas or docks. The shorter the distance from the farm to the port, the
less time is spent, the less fuel is consumed, so the less maintenance of boats is required and less money is needed for fuel and
maintenance. A distance of 25 kilometres is suggested as an ideal maximum distance from ports, which represents a travel time of,
approximately, 35 minutes at sea. Areas beyond 25 kilometres from ports are defined to be no suitable. Also, a buffer zone of 1
kilometre from the ports was included as a constraint, to avoid overcrowding of sea space near them. It is an important factor.
These areas are prioritized to the Ministry of Defence so that there are many potential conflicts between commercial activities and
military firing range and training areas.
These areas are very valued on the West Coast. The study area comprises almost 1471 km2 of NPAs. Normally these areas intend to
limit human activities that may conflict with the objective of protecting species and natural habitats; they are areas of particular
concern and there might be specific and clear regulations to hinder commercial activities. A 10 hectares’ scale macroalgae production
may alter community compositions and specific species. High opposition for the development of aquaculture activities is therefore
highly likely. But for research reasons the Seafarm cultivation is situated in a Natural and Preserved area; it is known though that this is
a special permission. Even though if it were proven that seaweed cultivation benefits biodiversity, supposedly, a site of 10 hectares for
commercial purposes in a natural reserve would still be difficult, or impossible, to get permission. Thus it is assumed to be a constraint
for one WLC model A and a medium importance factor for the WLC model B. Also, since this criterion comprises a rather large area it is
interesting for a planner to verify the differences of the two outcomes.
Marinas are assumed to be as important as ports. Marinas can be useful as a starting and ending points to e.g farm monitoring or
collecting samples. If the marina is better situated than a port, this is with easier accesses and easier to dock monitoring boats, it is
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factor

Shipping
Traffic

High
importance
factor

CHL-a

Low
importance
factor

Depth

High
importance
factor

Low
Oil
importance
Discharges
factor

Risk of Oil
Spillages

Low
importance
factor

preferable to choose a marina for these purposes. A distance of 25 kilometres is suggested as an ideal maximum distance and a buffer
zone of 1 kilometre was also included with the same reason as Fishing Ports factor. It is an important factor.
This criterion includes commercial and recreational density traffic. The importance of shipping to the economy and consequently to the
people that depends on to live is quite big on the West Coast. The boat recreation and tourism are also very much appreciated. It is
likely that these areas would be barriers to aquaculture developments in areas with potential for recreation, even though these
developments do not seem legally restricted along these areas. Quiet zones with fewer boats, less traffic density, are assumed to be
more appreciated to place a seaweed farm, where less public concerns and social impacts may arise.
Therefore, the highest suitability is present in areas near to 0, and the lowest to areas nearer to 60. Above 60 these areas are
unsuitable. It is assumed as very important factor.
CHL-a concentration indicates higher marine photosynthetic productivity within the study area. There is macroalgae everywhere in
Baltic sea, including problems with eutrophication. Chlorophyll-a concentrations range from ca 3 mg/m3 (furthest from the coast) to
ca 11,5 mg/m3 (maximum concentration which is close to the coast). The average concentration close to the coast (up to 5 km) is about
8 mg/m3. Optimum zones are set from 6 to 9 mg/m3. Taking the premise that all the area evidences good marine productivity, this layer
has the lowest impact on the outcomes of the study. So it is a low importance factor.
The suitability depends on financial factors, which is highly depth dependent. The deeper the area, the more costly is the operation of
installing and monitoring the infrastructure. Therefore, this layer is of high importance. Below 100 meters’ depth would almost be
impossible, and economically unfeasible, to set and monitor, the anchors, chains and ropes; although it is not a constraint it is
unsuitable. Areas from 30 to 10 meters are assumed to be optimal depths; and below 10 meters it is unsuitable again. Note that in the
Boolean technique, the depths from 10 to 100 meters are equally suitable.
Oil negatively impacts the growth of macroalgae (Hurd et al., 2014); it will reduce the light penetration into the water column that in
turn reduces the photosynthesis and consequently, the productivity (Rasmusson, 2016). Besides oil components may damage the algae
and disrupt some functions like respiration and reproduction (Rasmusson, 2016). But oil contains many substances that biodegrade and
evaporate over time (Hurd et al., 2014) and that depends on the type of oil which is not clear in metadata. The data set includes point
data with discharges from 1998 until 2015, and all the points are considered here as equally important. Therefore, there is low
certainty about the impacts of this criterion on the study. It is important to consider it; however, the importance for this study is low.
Nevertheless, a buffer from each discharge point of 1 km was added.
Prediction of oil spills locations certainly affect the choice of aquaculture sitting given the reasons stated in the row above. This layer
was built based on the Shipping Traffic layer, which is an important layer. But this is a modelled layer with already a degree of
uncertainty, so the real impacts on cultivation itself are not exactly known. It is important to consider this criterion; however, the
importance for this study is low. Nevertheless, a buffer from each risk of oil spillage polygon of 1 km was added.

Note: Low importance layers (fishing areas, risk oil spills and oil discharges) have been compensated with additional added “constraints”, the distance
buffers.
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2.5 Running the Models
Two types of decision rules, or GIC-MCDA techniques, are conducted, the Boolean and
the Non-Boolean (WLC). Firstly all the parameters to conduct a Boolean model are
assigned; and then all the necessary parameters (fuzzy and weights) are defined to
perform the non-Boolean (WLC) models A and B. Note that all the models are run with all
layers in raster format by using Idrisi.

2.5.1 Boolean
Boolean (i.e. logical true/false) maps can be differentiated as factors or constraints but,
in fact, they are all referred as constraints because they are binary maps such like all the
constraints are. In other words, pixels in a suitable area are assigned a value of 1, while
pixels located in areas considered unsuitable are assigned a value of 0. The Boolean
parameters to perform the Booleanization are illustrated in Table 5. The Boolean layers
that resulted from the Booleanization are shown in Appendix II.
Table 5 - Booleanization of all the criteria.
Assigned value
Criteria
1
0
EEZ
Within
Beyond
Shipping Lanes
Beyond
Within
Shore Protection
Beyond
Within
Fishing Areas
Beyond
Within
Distance to Fishing Ports
0 – 1000;
1000 – 25000
(meters)
25000 – EEZ limit
Military Areas
Beyond
Within
Natural Preserved areas
Beyond
Within
Distance to Marinas
0 – 1000;
1000 – 25000
(meters)
25000 – EEZ limit
Shipping Traffic density
1 – 60
60 – Maximum
CHL-a
1 – 12,5
12,5 – Maximum
{concentration (mg/m3)}
-10 – 0;
Depth (meters)
-100 – -10
Max depth – -100
Distance to Oil discharges
1000 – EEZ limit
0 – 1000
(meters)
Risk of Oil spills
Beyond
Within
The Boolean suitability map (see Figure 6 in section 3.1) was produced by Boolean
intersection (multiplication) using a set of overlay operations between all the Boolean
criteria. This method provides no trade-off and no risk, so that only the areas where all
the criteria intersect will be considered suitable (Eastman, 2001; Eastman, 2006).
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2.5.2 Non-Boolean
Since standardized continuous factor maps must be input in the WLC module (see
equation 1 below) to yield a suitability map, the factors must pass through a set of fuzzy
membership functions. Depending on the parameters introduced, the factors were then
standardized in a common suitability scale (0-255), by using the fuzzy tool. All the
parameters set for each of the nine factors are illustrated in Table 6.
Table 6 - Fuzzy configuration and parameters for each factor layer.
Factors (to
Membership
Membership
Control Points (factors’
standardize)
function shape
function type
units)
Monotonically
Fishing Areas (meters)
J-Shapped
a=0; b=200
increasing
Distance to Fishing
Monotonically
Linear
c=1000; d=25000
Ports (meters)
decreasing
Monotonically
NPAs (meters)
J-Shapped
a=0; b=500
increasing
Distance to Marinas
Monotonically
Linear
c=1000; d=25000
(meters)
decreasing
Shipping Traffic
Monotonically
Linear
c=0; d=60
(density)
decreasing
a=2500; b=6000;
CHL-a (ug/m3)
Symmetric
Sigmoidal
c=9000; d=13500
a=-100; b=-30; c=-10;
Depth (meters)
Symmetric
Sigmoidal
d=-9.9
Monotonically
Oil Discharges (meters)
J-Shapped
a=0; b=1000
increasing
Risk of Oil Spills
Monotonically
J-Shapped
a=50; b=1000
(meters)
increasing
In contrast to the Boolean model, for the fuzzy model it was possible to define the
degree of suitability if closer to or further from a given object. For six factors the criteria
was standardized into distance. In table 6 it was considered that the degree of suitability
for the distances to fishing ports and to marinas decrease linearly is maximum (255) with
a distance of 1000 meters to a minimum suitability (0) with a 25000 meters distance.
Shipping Traffic density factor follows the same membership pattern as the latter.
Concerning the Fishing areas, Natural areas, Oil Discharges and Risk of Oil spills the
pattern defined is that the degree of suitability is 0 (zero) before and in the distance
control point “a” and 255 in and further the point “b”; in here buffers were added to
decrease suitability not only in their geographical locations but in their surroundings. As
for the CHL-a and Depth, suitability 255 were defined between the points “b” and “c”
(optimal zones) which decreases up to suitability 0 in and further the points “a” and “d”
following a symmetric and sigmoidal function shape and type, respectively.
After running the fuzzy tool, fuzzy maps were obtained (see fuzzy maps in Appendix III)
which are the inputs to the next step that is the WLC itself. WLC technique involves the
normalisation of a set of weights to each factor that must sum up to 1. Table 7 and Table

24

8 illustrate the factors and respective weights of each model A and B, respectively.
Weights-A (Table 7) do not include NPAs as factor (it is a constraint), originating the
suitability map A (Figure 7); while weights-B (Table 8) include NPAs as factor, originating
the suitability map B (Figure 9).
Table 7 - Given weights to each factor layer, Natural Areas is a constraint.
Factors (Standardized)
Weights - A
Depth
0.32
Shiping Traffic
0.20
Distance to Fishing Ports
0.15
Distance to Marinas
0.15
Fishing Areas
0.07
Risk of Oil Spills
0.05
Oil Discharges
0.04
CHL-a
0.03
Sum:
1
Title of the resulting map: Suitability Map A
A weight of 0,15 was given to the Natural Areas factor (see Table 8), that resulted from
the subtraction of 15% by all single weights-A.
Table 8 - Given weights to each factor layer, Natural Areas is a factor.
Factors (Standardized)
Weights – B
Depth
0.27
Shiping Traffic
0.17
Natural Preserved Areas
0.15
Distance to Fishing Ports
0.13
Distance to Marinas
0.13
Fishing Areas
0.06
Risk of Oil Spills
0.04
Oil Discharges
0.03
CHL-a
0.02
Sum:
1
Title of the resulting map: Suitability Map B
A module correspondent to the MCA (WLC) was then used based on the aggregation
technique that results in suitability indices (S) map, as illustrated in the following
equation:
(1)
A weight to each factor (wi) is applied and each weight is multiplied by the standardized
criterion score (each raster cell or pixel within each map) of each factor (x i) (fuzzy logic
suitability scale). All these results are the weighted factors and are followed by their sum
(∑) – this will yield suitability scores (S) that are translated into one suitability map; if
there are constraint areas, the product (∏) of those constraints (cj) is multiplied by the
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latter (Eastman, 2001; Klinkenberg, 2007). This method provides a full trade-off and an
average risk (Eastman, 2001; Eastman, 2006).
The constraints layers are the remainder criteria that are defined as Boolean maps (see
Appendix IV) which are applied to mask out unsuitable areas. The common constraints
included in the model A and model B, to produce the Suitability Map A and Suitability
Map B, respectively are: EEZ, Shipping Lanes, Shore Protection, Military Areas, and the 1
km buffer from Marinas and Ports. The model A includes one more constraint, the NPAs.
Since the outcomes of the MCA module are range maps with ranges of suitability from 0
to 255, for a better visualization, the ranges are reclassified into suitability indices from 0
to 10, where 0 is the lowest suitability and 10 the highest suitability index as evidenced in
Figures 7 and 9 in the results section (see also Appendix VI).

2.6 Study Limitations
There are a plethora of variables that might provide errors and uncertainties to the study
that result in risk when a site is actually to be chosen. A controllable variable is the
resolution of intermediary and final maps (250 meters). The reduction of the resolution
though implies longer time to be spent in modelling. Uncontrollable variables are the
resolution and scale of original data sets and their inherent errors, e.g. age of data sets
and temporal variability (see section 2.2.3 and Appendix V for more information about
the layers).
Due to time restrictions criteria have been left out, e.g. water nutrients (nitrogen and
phosphorous), water currents, meteorology patterns information, storms frequency and
wave height. However, it is assumed, based on literature as aforementioned in section
1.3, that the criteria SST and salinity concentrations are very appropriate to cultivate
macroalgae in all study area. Furthermore, these criteria that could have been introduced
in the study would modify the outcomes because of their spatial information, as well as
modify the degree of importance among layers which would alter all the GIS-MCDA
outcomes.
However, considering the same assumptions on the degree of importance of each layer a
test pair wise comparison, or AHP, was performed for the factors of model A using Idrisi
software. The outcome of the AHP is weights for each criteria and a consistency ratio.
Surprisingly, the weights obtained are very approximate to the ones given (see tables 7
to see the weights given), with an average difference between all the weights given and
the weights obtained from the pairwise comparison of 0,0065; this difference is thought
to be negligible. The consistency ratio of 0,05 from the test also supported to maintain
the given weights. Therefore, the decision on weighting the criteria is considered to be
consistent. It is unknown, however, the significance of this test to verify the weighting
robustness. Hence, to undertake sensitivity analysis would be necessary to support the
robustness of the decision on the given weights.
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3. Results
In this section the results of the GIS-MCDA modelling are illustrated. The spatial
distributions of the three suitability maps are separated in different sections dependent
on the decision rule applied. In the section 3.1, the Boolean Suitability Map is shown and
described; in the section 3.2 the Suitability Map A and the Suitability Map B are
illustrated. The classifications of surface areas and percentages of total area for each
suitability map are compared and summarized in the section 3.3.

3.1 Boolean Suitability Map
The Boolean suitability map is the result of multiple overlay technique of all the criteria.
The inputs of the Boolean overlay model which are the Boolean layers are illustrated in
the Appendix II. The resulted suitable Boolean areas that are bigger than 10 hectares are
illustrated in Figure 6.
These obtained Boolean areas comprise a total area of 537 km2, almost 7% of the study
area. The spatial distributions of areas are fairly distributed all over the communes in the
study area. They are mainly large areas and a few small isolated areas. These large areas
seem to be the most exposed, not sheltered, while the smaller are apparently in more
sheltered areas in closer proximity to islands and nearer the shore.
The farthest suitable areas are bordering with the shipping lanes, and with the higher
and unsuitable shipping traffic regions. To the west of the shipping lanes there is not
Boolean suitable areas.
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Figure 6 - Boolean Suitability Map, representing the Boolean areas with 10 hectares and
larger.
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3.2 Non-Boolean Suitability Maps
In the following sections the Suitability map A and the Suitability map B that, resulted by
applying the WLC, are illustrated.

3.2.1 Suitability Map A
The final outcome of the non-Boolean GIS-MCDA model using weights-A (see Table 7),
with NPAs as constraint, is the final Suitability map A, presented in Figure 7.
Figure 7 explicitly shows the suitability indices in varied colours, the EEZ border and the
shore line. The constraints Shipping Lanes and NPAs are clearly visible with index 0. The
Shipping Traffic pixels’ values are quite evident mainly in areas to the west of shipping
lanes that longitudinally cross the study area; and in areas furthest west near the EEZ line
where the suitability indices change according to, principally, the shipping traffic density.
It is easy observe a general pattern: areas nearer the shore present a higher suitability
than the most distant ones. The suitability indices from 8 to 10, the ones worth
observing, are located much nearer the shore than the lower indices. However, in some
regions indices 7, 8 and 9 are rather closer to the shore than the index 10; indices 2 and 3
are also, in some regions, located nearer the shore than a higher index. Considering a low
suitability group, e.g. from 1 to 7, generally these are farther the coast than the higher
ones. Of course that both the amount of variables and all the assumptions
aforementioned in the section 2 are the reason for the observed pattern in Figure 7.
The best suitability index 10 represents 6 km2 of area in total, as seen in Figure 11. There
are, though, approximately 5 km2 with at least 10 hectares available. In Figure 8 the
spatial distribution of these areas are depicted, that correspond to 0,07% of the total
study area (see also Figure 12). These best suitable areas are included in the sea area of
the communes of Strömstad, Tanum, Sotenäs, Lysekil, and Tjörn. The largest areas lie
inside the communes of Sotenäs and Tjörn.
The suitability indices 9 and 8 cover 179 km2 and 281 km2, respectively while the index 3
is the most represented with 1635 km2 (see also Figure 11).
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Figure 7 - Suitability Map A, representing the WLC outcome using the weights-A from
Table 7.
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Figure 8 - Suitability index 10 sites resulting from Suitability Map A, representing the
areas with 10 hectares and larger.
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3.2.2 Suitability Map B
The final outcome of the non-Boolean GIS-MCDA model using weights-B (see Table 8),
including NPAs as factor, is the final Suitability map A, presented in Figure 9.
Figure 9 is quite similar to Figure 7, showing the coloured suitability indices, the EEZ
border and the shore line. The same pattern as Figure 7 is illustrated. The constraint
Shipping Lanes is clear with index 0. The Shipping Traffic pixels’ are quite evident mainly
in areas to the west of shipping lanes that longitudinally cross the study area; and in
areas furthest west near the EEZ line where the suitability indices change according to,
principally, the shipping traffic density.
It is easily seen a general pattern where areas nearer the coast present a higher
suitability than the most distant ones. Indices 3 to 10 are represented within the 25
kilometres from the coast. The Suitability indices from 8 to 10, the ones more important
to take into account, are generally located much nearer the shore than the lower indices
ones. However, in some regions this pattern does not verify as like for Figure 7, due to
common reasons.
The best suitability index 10 represents 27 km2 of area in total, as verified in Figure 11.
There are, however, approximately 26 km2 with at least 10 hectares available. In Figure
10 the spatial distribution of these areas are depicted, that correspond to 0,34% of the
total study area (see also Figure 12). These areas are spread all over the centre south and
north of the study area, represented in all communes except in the communes of
Kungälv, Öckerö and Gothenburg. They are located preferably very near the shore within
a distance of approximately 5 kilometres suchlike for Figure 7.
Note that out of the best areas, indices of 9 and 10 are not presented inside NPAs;
though a small amount of index 8 is represented inside these areas but the majority are
lower indices.
The suitability indices 9 and 8 encompass 268 km2 and 397 km2, respectively while the
index 4 is the most represented mainly in the western part of the study area with 1857
km2 (see also Figure 11).
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Figure 9 - Suitability Map B, representing the WLC outcome using the weights-B from
Table 8.
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Figure 10 - Suitability index 10 sites resulting from Suitability map B, representing the
areas with 10 hectares and larger.
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3.3 Suitability Maps Comparison
As observed in sections 3.1 and 3.2, the suitability maps resulted in different surface areas
for Boolean areas and for every suitability indices. Figure 11 and Figure 12 illustrate these
surface areas occupied by each suitability map, and for indices 10 excluding scattered
areas smaller than 10 hectares. In Suitability Map A (Figure 7), all the suitable areas, the
sum of indices from 1 to 10, cover an area of 4565 km2 (59,3% of the total study area), the
remainder 40,7% is constrained. The bulk part of it is covered by both suitability indices 3
and 4 together with about 58% out of suitable areas, which cover around 34% of the total
study area.
As for Suitability Map B (Figure 9) there is an identical graphical arrangement as seen in
Figure 11 and in Figure 12. The total suitable area is 5143 km2 that corresponds to 66,8%
of the total study area, while the remainder is constrained. In this case the indices 4 and 5
(summed) represent the majority of suitable area with 59% and around 39% of the study
area. Thus, there is more suitable areas in Figure 9 than in Figure 7. This is mainly due to
the inclusion of NPAs criterion as a factor.

Areas of Suitability Indices
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Figure 11 - Areas (km2) of each suitability index for Suitability Maps A and B from 1 to 10,
and of index 10 and Boolean areas above ten hectares.

It is clearly observed in Figure 11 that Suitability Map B displays more highly suitable areas
(from indices 4 to 10), while Suitability Map A displays more low suitable areas (from
indices 1 to 3). Considering only the highest suitability index (10) above ten hectares the
Suitability Map A comprises 0,07% of the total study area while the Suitability Map B cover
almost five times a larger area than Map A with 0,34% (see Figure 12).

35
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Figure 12 - Percentages (%) of each area (km2) corresponding to each suitability index for
Suitability Maps A and B, and of index 10 and Boolean areas above ten hectares
Note: Percentages are related to the total study area.
The Boolean Suitability map covers 6,98% of the area (see Figure 12) corresponding to
537 km2 (see Figure 11). This area is much inferior to the aforementioned total suitable
areas of Suitability Maps A and B.
However, in a planner perspective not all the regarded suitable areas of both Maps A and
B are considered as highly suitable; of course the suitability indices play their role to
define a certain degree. If a planner considers the indices 8, 9 and 10 as equally highly
suitable areas and therefore the most appropriate to cultivate macroalgae, by summing
these indices the total highly suitable area is 466 km2 (6,05%) and 692 km2 (8,99%) for
Suitability Maps A and B, respectively.
Moreover, attempting to visualize better areas, near shore as well as sheltered regions
seem simple to identify; the latter are in fact important because favour the macroalgae
growth as these areas may promote frillier margins and wider leafs (Buck & Buchholz,
2005).
In addition, from an effort to find matching patterns between Boolean areas and NonBoolean areas a visual evaluation was made. As a result, the Boolean areas overlay with
almost all the suitability index 10 areas of both Non-Boolean maps. Also, the Boolean
areas cover the major parts of indices 9 and 8, some areas with 7 and 6, and a minor
portion is comprised of indices 5 and 4.
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4. Discussion
The present section provides a discussion on different phases of the thesis. Firstly, the
results themselves are discussed, in terms of used methods and the outcomes they
offered as well as important points regarding a comparative analysis of the suitability
maps. Then, study uncertainties are pointed out. Finally, identified challenges during the
course of the thesis concerned with offshore macroalgae cultivation are afterwards
described as well as recommendations and future perspectives in line with the
challenges. This section is closed by emphasising contributions of the study.

4.1 Suitability Maps
4.1.1 Boolean approach
In the Boolean intersection a simple multiplication of all the images is performed using
the risk-averse operator, so there is no trade-off. Therefore, only the areas that are
common among all the Boolean maps (shown in Appendix II) are visualized in Figure 6.
With this model all the criteria have equal importance, that is, there is not a degree of
suitability, so that all the Boolean areas (Figure 6) are equally suitable. This method
shows that it is assured the possibility of setting a farm in those locations since there are
neither socio-economic nor environmental conflicts. The Boolean technique also clearly
delineates areas not appropriate for the purpose.
Using this method alone might cause extra problems when a site is actually to be chosen.
This is because, in fact, not all the Boolean areas are equally appropriate and there are
specific areas where extra cautions must be taken into account. Taking the criterion
Depth as example, as aforementioned, deeper areas need a stronger cultivation structure
so that it is more costly to choose a site in depths close to 100 meters; so it might be
better to consider shallower regions. It is believed thus that it is risky if a site is chosen by
only looking at the Boolean overlay approach and not considering additional parameters.

4.1.2 WLC approach
In many projects, several criteria are dealt differently by setting different parameters and
levels of importance. In this study is thought to be important to consider WLC in order to
overcome the mentioned limitations of Boolean overlay. In WLC an average level of risk
is existent. Weights are assigned to factors to manage the degree of compensation
among them (the called “trade-off”), by following the rule presented in the equation 1 of
the MCA module in Idrisi (see section 2.5.2).
It is because of these decision rules’ calculations, which depends on the user to set
parameters, that e.g. near shore areas present higher suitability than distant ones.
Therefore, the subjective rational applied to originate parameters for fuzzy logic and
weighting to run the model is crucial to the outcomes.
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Giving some examples, the definition of degrees of importance for the criteria distance to
ports and marinas, which sum cover 30% of the weights, is vital to the results. Also, the
most important criterion Depth has a role to play so has the Shipping Traffic; the latter
has the highest suitability ranges in areas very near the shore (see Figure 27). By
visualizing the fuzzy maps (see Appendix III) respective to the criteria just mentioned and
comparing them with both Figures 7 and 9, it is perceived that almost 100% of the
indices 9 and 10 are located in very high suitable areas (around 255) in the four fuzzy
maps of these criteria.
The patterns of spatial distribution of the suitability indices for both Figures 7 and 9 are
obviously alike since the first three layers aforementioned, in the last paragraph, present
zero suitability after a distance of 25 kilometres. This is clearly visible in Figures 7 and 9,
but it is compensated with an increase of suitability in the Shipping Traffic criterion.

4.1.3 Comparing the Suitability Maps
Although all models provide different results because of the differences assumed for
each one they are comparable. The Suitability Map B (Figure 9) includes one more factor
than Suitability Map A (Figure 7). All the common factors had 15% subtraction in their
weights as illustrated in Table 8, to be added to the factor NPAs. As a consequence, the
Suitability Map B appears to be originated from a more liberal approach given the bigger
suitable areas available above index 4 (see Figure 11). This is not only due to the inclusion
of the criterion NPAs itself as a factor, which provides more area suitable in the outcome,
but also to the weights-B that are less discrepant than weights-A. It is important to note
that the surface areas occupied by this factor (1471 km2) do not correspond to the
difference between the total suitable surface areas of Suitability Map B and A, as some
NPAs are placed onshore and others are superimposed in other constraint layers (for a
better visualization see the figure 18).
Nevertheless, it is known that the inclusion of a larger number of criteria in a GIS-MCDA
may reduce the influence of an individual criterion (Klinkenberg, 2007). It was verified
that the differences in the input parameters to the both models changed the outcomes
substantially.
Regarding the highest suitability index (10) above ten hectares (see Figures 8 and 10), it is
possible to apply a new selection approach to select better areas among these. Some are
nearer the shore, others nearer to the ports, and others seem to be sheltered and
protected by islands. In some places there is only 200 meters’ distance to shore and little
islands and around 1 kilometre distance to mainland. Sotenäs and Tjörn seem to be
communes where it might be easier to get a cultivation licence seen they comprise the
largest suitable areas of around 3 km2 in Figure 8 and around 16 km2 in Figure 10.
There is a clear great difference of total suitable areas in the study area between the
Boolean map (6,98%) and both Suitability Maps A (59,3%) and B (66,8%). Nevertheless,
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as mentioned in the section 3.3, this difference reduces a great deal if the group of
indices 8, 9 and 10 were considered as the most appropriate areas; which, in fact, are
seen as the most convenient areas. By summing the areas of these indices, the Boolean
map area coverage (537 km2) is then surpassed by the Suitability Map B, covering 692
km2 (8,99% of study area); whereas the Suitability Map A covers 466 km2 (6,05% of the
study area).

4.2 Uncertainties
Several uncertainties and errors might occur in any stage of the study, principally when
one works with a big amount of data. The data were simplified to facilitate many
processes during the model. The modelling itself and all the used tools contain
uncertainties.
“The suitability map that results from weighted linear combination is a clear expression
of uncertainty about the suitability of any particular piece of land for the objective under
consideration” (Eastman, 1999).
Uncertainties lie on the assumptions of not only in rationalizing all the chosen criteria but
also in setting all the parameters to conduct the GIS-MCDA models. These uncertainties
imply “some risks that the decision made will be wrong” (Eastman, 1999).
To give an example, the criterion Marinas which may evoke uncertainties in its
consideration and its importance in a near future has caused impact on the study. In the
future monitoring may be conducted by aerial or underwater drones, which may be
capable of supervising the cultivation sites and collecting samples; its inclusion,
therefore, can be questioned as well as the given weights. Hence, The GIS-MCDA is an
absolutely subjective tool; all the decisions made throughout the study are discussable
and alterable purely by applying different reasoning and different assumptions.
Uncertainties and disadvantages innate to GIS-MCDA could also have been tackled, in
some extent, with sensitivity analyses for both WLC models A and B; however it was not
achievable due to time constraints. Furthermore, all the GIS transformations and
conversions conduct to slightly errors and uncertainties.
Data limitations, lack of data availability, and free data availability, in a certain extent,
limit the accuracy of the results; though the accuracy could not also be verified. Indeed
there is not a complete assurance of the veracity of the obtained data (e.g. confidential
areas might exist). To contact directly the producers of the datasets on the accuracy of
those, and conduct field tests would be an idea to improve confidence in the acquired
data.
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4.3 Challenges, Recommendations and Future Perspectives
This section will be focused on discussing current challenges and providing possible
suggestions to resolve encountered problems, and from these, introducing general
future perspectives.

4.3.1 Choosing a Real Site
The choice of a suitable site of 10 hectares taking into account only the Boolean
approach would be quite risky despite the inexistent trade-off, which means no risk,
between layers. This is because some Boolean areas are located in low suitability zones
as verified above. Therefore, Boolean overlay alone does not seem to be appropriate to a
study of this calibre because decision-makers would want to measure criteria, e.g.
different costs, economic impacts, and environmental aspects. It is very important to
know though, the Boolean suitable and not suitable areas and compare them with the
suitability indices from WLC.
Having a degree of suitability inside the Boolean areas map would provide a meaningful
assessment for choosing a site, which can be done by simply overlaying Boolean with
WLC outcomes. However, it would be possible to evaluate and add a degree of suitability
for the Boolean regions by conducting, e.g. a remotely regional comparison or even a
subsequent MCA.
Hence, including two GIS-MCDA approaches together in this study strengthened the
overall analysis and consequently the decision-making. A suitability index 10 (from
Suitability map A or B) area inside Boolean suitable areas is what should be looked at in
order to find a real site; with their superimposition it is assured and safe that there is not
any competing uses and also that the socio-economic and environmental factors are
entirely compliant.
4.3.1.1 Tackling Excluded Criteria
The exclusion of other criteria in the study to choose a site might not so problematic
because this issue can be tackled not only with careful planning but also with the design
of the culture system. Engineers are able to design properly a structure to endure storms
(Buchholz et al., 2012). To withstand currents in the order of 2 m/s and waves of 6
metres a ring system has been created (Buck & Buchholz, 2004). In addition, the
dependence on the surface nutrient concentrations to promote macroalgae growth is
high; therefore, nutrient upwelling pipes can tackle this issue promoting an optimal level
of surface nutrient concentration (Buck & Buchholz, 2005).
Moreover, it is recommended that a thorough field verification of the sites be conducted.
This following study would aim to quality control certain data such as analysing the areas
on environmental and socio-economic factors; e.g. monitoring local shipping density,
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analysing water, confirm water depth and tides, acquire historic of storms and winds
speeds, and other external relevant local data about the site.
As a result, not only the data input into this study would be verified but also the excluded
criteria would be considered, and they would be analysed in a more specific extent.

4.3.2 Promising Developments
4.3.2.1 Possible Improvements
Every study has room for improvement. Due to time restrictions the present study could
not be improved in different ways. First, if a better raster resolution had been applied to
all the layers the uncertainties and errors would have been reduced significantly; the
errors that come from vector to raster conversions and vice versa would have been
reduced. Second, a sensitivity analysis, as mentioned in the section 2.6, would provide a
higher value to the study. Besides, a statistical analysis would be useful for an even more
supported selection among alternatives. Moreover, several different approaches of GISMCDA can be applied to improve the results. A multi-objective land allocation (MOLA)
approach would avoid difficulties and uncertainties derived from WLC and Boolean
overlay (Malczewski, 2006). Consequently, these possible changes would strengthen the
study notably.
4.3.2.2 From Spatial Analyses to Licensing
To what extent spatial analyses ease the process of getting permits to start an offshore
cultivation? It is believed that supports the decision of passing laws and permissions.
However, areas located e.g inside natural areas might complicate the decisions. On one
hand, macroalgae cultivation provides excellent services to the ecosystems such as
provisioning, regulating, supporting and cultural services (MEA, 2005). On the other
hand, it is difficult to account the services in figures (Henrikssom & Egeskog 2015)
because many variables are in play. An idea is to undertake research studies on
macroalgae cultivation in well known areas, e.g. NPAs, so that quantifications of the
ecosystem services, possible to quantify on site, can thoroughly be carried out, by
evaluations before and after the cultivation. An ultimate goal would be to facilitate a high
likely impediment of placing a seaweed farm in NPAs and, surely, in other places.
Only a few legislations have been published regarding macroalgae cultivation. There is a
simplistic regulation that focus on organic fish and seaweeds aquaculture; the latter are
permitted to be cultivated only for animal feeding (EC, 2009 ). Seaweeds cultivation in
Norway is gaining force and regulations of seaweed aquaculture are under development
by The Ministry of Fisheries and Coastal Affairs, FKD (Meland & Rebours, 2012); it is
possible to apply for a license but the process seems lacking comprehensibleness and
comprises several complications (Meland & Rebours, 2012).
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In fact, aquaculture industry is the most active industry that more and better space
claims. Nevertheless, as it was already learned, the planning for finding suitable areas,
and for resource and ecosystem management are highly ambitious and involve problems
regarding conflicting uses, to coordinate the interests of different stakeholders (Hersoug,
2013). Regulations for harvest seem more developed, not only in Norway but also in
Portugal and Canada, with high restrictions on species, low volume and season (Rebours
et al., 2014). However, in Portugal there is recent developments on aquaculture which
might be translated in new doors to be opened for both seaweed cultivation and
integrated multi-trophic aquaculture (IMTA) (Abreu et al., 2011). But the macroalgae
aquaculture industry still calls for management and technology improvement as well as
the environmental, political and social frameworks (Rebours et al., 2014). A fair
integrated planning and managing framework is absolutely necessary in the coastal
zones, and specifically in the nursling seaweed aquaculture in Europe; in contrast,
cultivation techniques in Asia are standardized and economically sustainable (Rebours et
al., 2014; Prates, 2007; Johnsen et al., 2014).
In a more local perception, in Sweden, the Environmental Code and the Planning and
Building Act from 1999 that also incorporates the Natural Resources is the primary legal
framework which consider not only marine but also terrestrial areas; it aims “to promote
sustainable development that ensures a healthy environmental impact on both the
current and future generations” (Barneveld et al., 2002). Sweden has implemented,
nonetheless, the European Union (EU) frameworks for Water 2000/60/EC and for the
Marine Strategy 2008/56/EC, both overlapping in coastal zones and with a focus on Baltic
and North Seas (SwAM, 2014). For the Kattegat and Skagerrak marine areas the OSPAR
commission is in charge of protecting the marine environment (SwAM, 2013). More
recently, the directive 2014/89/EC has established a common framework for marine
spatial planning that must be incorporated in the Swedish legislation in 2016 (SwAM-A,
2015). However, by taking as base the latter directive, a national marine spatial plan in
line with an Integrated Coastal Zone Management (ICZM), together with bordering
countries is then to be developed with a common goal of supporting sustainable
development within maritime and coastal sectors and the ecosystems until the year of
2021 (EU, 2014).
Furthermore, Sweden is a member of Helcom, an organization that provides
recommendations to Sweden regarding the most types of sea pollution such as
discharges from land, ships, atmospheric deposition and dumping caused by exploitation
of the sea, especially in the Baltic Sea region (Barneveld et al., 2002), though, some data
reaches the Skagerrak and Kattegat seas.
The Swedish coastal municipalities produce comprehensive plans that are used as a
decision-making tool. Municipalities have rights on their coastal zones with regards to
housing, aquaculture, harbours, industry and environmental status (SwAM, 2015).
Conservation and cultural care are part of the national interests that compete with other
national interests for development of wind power, heavy industry and infrastructure.
Sea-wave power areas have already been proposed by communes of Sotenäs and
Kungalv whereas possible areas for offshore wind power have been proposed by Kungalv,
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Öckerö, Gothenburg and Falkenberg (100 km south of Gothenburg). In Bohuslan, next to
Tjörn to the east, the sea is quite important for the economy in terms of fishing, shipping
and refining industry. Coastal zones in the large commune of Gothenburg are also quite
tied to residential and recreational areas (SwAM, 2015).
Traditional industries linked to sea have been decreasing while tourism and recreation
have been increasing (SwAM, 2015). The latter are seen as a quite strong industry that
may easily “control” and better influence the uses of the sea. Therefore, construction of
boat berths are on the table to make residential coastal areas more attractive (SwAM,
2015). Also, it is clear that the Swedish West Coast is undergoing a high population
increasing due to development of new infrastructures and residential areas (EEA, 2013).
In their municipalities’ master plans, aquaculture is often addressed, however not
specifically stressed in the SwAM (2015) report.
Conflicts between urban development and offshore activities are clear. These offshore
activities like shipping and the fishing ports comprise national interests in respect of
urban development (SwAM, 2015). It is apparent that these current problems hinder the
development of “new” sea activities and may also exist in a larger European extent.
4.3.2.3 Managing the Sea
The sea is not sufficiently mapped and available to the public without restrictions. Data
sets about “uses of water” in the West Coast of Sweden are spread all over the web;
there is not one organization that focuses only on mapping the sea. An example of this
situation has been experienced exactly in this study as the thirteen criteria, which are
maps of the sea, were obtained from eight different organizations (see Table 3). It is
believed that a compilation of data sets centred in one online platform is needed. That
would facilitate the work on spatial marine planning and coastal zone management.
Moreover, mapping the sea is necessary for a better organization of sea usage to help
expand offshore aquaculture sustainable businesses.
A final suggestion for consideration is to conduct research using GIS as a coastal
management tool by integrating GIS with ICZM, which may be a starting point to foster
the focus on sustainable development of coastal zones. The existence of studies based on
this subject is quite limited; one example is a study conducted by Rodríguez et al. (2009)
aimed to predict the evolution and changes on coastal areas from human activity that
may cause harm to natural ecosystems (Rodríguez et al., 2009).

4.4 Contributions of the Research
To the author knowledge no study on aquaculture site selection applying a GIS-MCDA has
been conducted using all these amount of criteria with the purpose of covering
sustainability aspects. Also, one model using Boolean overlay and two models using nonBoolean (WLC) have been conducted which no study has published before. It is also
believed that, with this study, advances have been done to establish and instigate
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sustainability indicators and sets of suitability for coastal and offshore aquaculture, which
had been lacking as pointed out by Frankic and Hershner (2003). Besides, after achieved
all the purposed aims, the thesis will evidently contribute for a future bio-based society.
In short the research developments of the thesis might render positive contributes for a
broad research community.
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5. Conclusions
The alarming growth of world population and the subsequent increase of food, feed and
energy production are great sustainability challenges. Decision-makers have an
important say regarding these challenges, to provide populations a just and sustainable
lifestyle. Macroalgae production provides wealth all over the globe and their sustainable
offshore production is believed to be a driving force to diminish the use of land and
masses of freshwater for husbandry, the use of invasive fertilizers, and to decrease the
production of polluting energy. Though, the increasing of macroalgae production must be
planned in a reasoned and most sustainable way possible by planners, developers,
engineers and high-level decision-makers. The present study identified, analysed and
discussed suitable areas to cultivate macroalgae. This master thesis was projected to
assist Seafarm and its stakeholders, to contribute for a sustainable implementation of
kelp farms on the West Coast of Sweden.
A Boolean overlay model and two models using WLC were the GIS-MCDA approaches
applied. In total, thirteen criteria were analysed in detail and included based on
sustainability aspects. Criteria lean to socio-economic sphere are EEZ, Shipping lanes,
Shore Protection, Fishing Areas, Fishing Ports, Military Areas, NPAs, Marinas and Shipping
Traffic. Criteria with clear tendency to environmental sustainability aspect are water
Depth, CHL-a concentration, Oil Discharges, Risk of Oils Spillages.
Potential areas for cultivating macroalgae out in the Skagerrak and part of the Kattegat
seas were successfully delineated. Boolean areas encompass 537 km2 (6,98% of the study
area) of suitable area. As for WLC approach, the areas that scored as the best with
suitability index 10 encompass 5 km2 (0,07% of the study area) and 26 km2 (0,34% of the
study area) excluding and including NPAs as factor, respectively. Additionally, it is
concluded that the group of suitability indices 8, 9 and 10 present the most appropriate
areas to consider choosing a real site. By summing the latter indices’ areas, they
comprise 466 km2 (6,05% of the study area) and 692 km2 (8,99% of study area) excluding
and including NPAs as factor, respectively. It is recommended, nevertheless, that the
selection of a site be done preferably considering the suitability index 10 areas, inside the
Boolean areas.
The results further indicated that GIS-MCDA models excelled in providing an overview for
effective spatial decision-making. The use of both methods strengthened the overall
assessment; it was proven the successful utilization of Boolean and WLC techniques in
identifying suitable areas, but in this case with a focus on offshore macroalgae
cultivation. Boolean approach proved to be a simpler and faster method to perform,
however it lacks the increased accuracy and flexibility of the WLC.
Macroalgae offshore aquaculture, being in its infancy in Europe and in the very
beginnings in Sweden, requires a resilient planning framework. This framework should be
well connected with the necessary but ongoing plan on ICZM.
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It was also generally shown that Swedish waters on the West Coast comprise very
favourable conditions to begin an offshore macroalgae cultivating system. It is believed
that the big picture was well painted. However, extra analysis is then required to give
continuation to the work, and also to actually select sites from the identified areas.
This study thus contributes for recent developments in the field to foster awareness and
promote improvements to the existing regulations in order to boost not only offshore
macroalgae cultivations but also related industries.
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Appendix I – Sustainability Approach for Site Selection
The theory presented in section 2.3.1 and in Figure 5 attempts to integrate the chosen
criteria within the sustainability domain. Needless to say, the affirmation of the present
identified areas to be sustainable areas and that provide sustainable business, may be a
topic of enduring discussion. However, sustainability aspects must be looked upon when
planning an offshore aquaculture. An analysis of the relation between each criterion with
sustainable development is, therefore, described in the following lines. Seok et al. (2012)
and CWanamaker (2016) have been closely regarded to support the analysis.
The EEZ criterion, as the name suggested, was included in the economic aspect because
it is where the planning is taking place. This zone involves a great deal of sea regulations
and jurisdictions which are mainly linked to the economy of the sea. Included both in
social and in economic aspects, the Shipping Lanes criterion allows for circulation of ships
while serving the society not only for transportation and recreation but also for
commerce and subsequent creation of jobs; in this extent it promotes quality of life and
development. The criteria Shipping Traffic, Fishing areas and Fishing Ports involve a
similar logic as the latter but with higher association of enterprises which lean them
more toward the economic part. Shore protection layer was included in both social and
environmental aspects because it is believed to encompass ethics, community
development and a sense of natural resources stewardship.
Furthermore, Military areas exist to serve the military to support and defend the interest
of the state and, in principle, all of its citizens (Wikipedia, 2016); therefore, a social and
economic approach is taking into account here, but with some uncertainty around the
inclusion in the sustainability spheres. As for Marinas, they seem to serve the standards
of social living and recreation, thus, they are only linked to the social component. NPAs
comprise environmental components of law, protection, management and preservation
which are considered a social interlink with community development and ethics; it is set,
thus, between social and environmental sustainability.
Regarding water Depth and CHL-a, they are interlinked between environmental and
economic aspects as they provide indications for economic (and business) growth taking
as base the environment; in addition, they give indications of environmental protection
and environmental management that also lead to an improved business management
seen the strong connection between environment and business (economic aspect) in an
offshore macroalgae cultivation. Finally, the criteria Oil Discharges and Risk of Oil
Spillages also impact the feasibility of a long term business because the productivity is
constantly in risk due to these pollution (environmental) factors; accordingly, they both
overlap to economic and environmental aspects.
Hence, it can be established that all criteria were important to be included in
identification of suitable areas for macroalgae cultivation. The description above extra
motivates the purpose of the inclusion of these criteria grounded in sustainability
aspects.
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At last, it is thought that the identified suitable areas could only be regarded as
sustainable cultivation areas if it is proven, in the future, long-term feasible and
successful businesses with zero social and environmental negative impacts taking place
inside the identified areas.
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Appendix II – Boolean maps
The Boolean maps that have resulted from the Booleanization of the criteria (see section
2.5.1) and that were input into the Boolean overlay are illustrated in the following
figures. The white outline corresponds to the study area: EEZ border, territorial seas and
the shore line.

Figure 13 - Boolean EEZ layer with exclusive economic zone and territorial seas that
delimit the study area; value 1 in pixels within the study area and value 0 beyond.
(Modified from: SMHI, 2013; and Helcom, 2007)
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Figure 14 - Boolean military areas layer; value 0 in pixels within the restrict area and
value 1 beyond.
(Modified from: Lantmäteriet - A, 2013)

Figure 15 - Boolean Shipping traffic density layer; value 1 in pixels within a density
between 0 and 60 and value 0 above a density 60 of ships per year.
Note: no data in the original layer resulted in value 1 in the Boolean.
(Modified from: Helcom, 2013)
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Figure 16 - Boolean shipping lanes layer; value 0 in pixels within the shipping lanes and
value 1 beyond.
(Modified from: Trafikverket, 2015)

Figure 17 - Boolean Shore Protection layer; value 0 in pixels within the protected area
and value 1 beyond.
(Modified from: Länsstyrelserna, 2014)
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Figure 18 - Boolean NPAs layer; value 0 in pixels within the reserved area and value 1
beyond.
(Modified from: Lantmäteriet - A, 2014; and Helcom, 2011)

Figure 19 - Boolean CHL-a concentration layer; value 1 in pixels between the
concentration 1 to 12,5 mg/m3 and value 0 in areas beyond these concentrations.
(Modified from: SEDAC, 2009)
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Figure 20 - Boolean Distance to Fishing Ports layer; value 0 in pixels within 1 kilometre
farther the ports and farther 25 kilometres from the ports; value 1 between a distance of
1 kilometre to 25 kilometres from the fishing ports.
(Modified from: SMHI, 2006)

Figure 21 - Boolean Distance to Marinas layer; value 0 in pixels within 1 kilometre farther
the marinas and farther 25 kilometres from the marinas; value 1 between a distance of 1
kilometre to 25 kilometres from the marinas.
(Modified from: Naturvårdsverket-A, 2010)
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Figure 22 - Boolean Fishing areas layer; value 0 in pixels within fishing areas and value 1
beyond the fishing areas.
(Modified from: SMHI, 2006)

Figure 23 - Boolean water Depth layer; value 0 in pixels with value above -10 metres and
below -100 metres; value 1 between -10 and -100 metres depth.
Note: it is visible the effects of interpolation near the shore; which have not affected
modelling.
(Modified from: BSBD, 2013)
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Figure 24 - Boolean Oil Discharges layer; value 0 in pixels in oil discharges areas up to 1
kilometre farther, and value 1 in all the areas beyond 1 kilometre from the oils
discharges.
(Modified from: Helcom, 2015)

Figure 25 - Boolean Risk of Oil Spillage layer; value 0 in pixels within risk of oil spillage and
and value 1 in all the areas beyond.
(Modified from: Helcom, 2013)
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Appendix III – Factor (fuzzy logic) maps
The following figures illustrate the fuzzy logic maps that have resulted from the fuzzy
module in Idrisi, and that were input as factors into both non-Boolean WLC models A and
B. Note that these are range maps that represent spatial suitability. The values of the
legend represent from the lowest suitability (value 0) to the highest suitability (value
255) areas. The white outline corresponds to the study area: EEZ border, territorial seas
and the shore line.

Figure 26 - Chl-a fuzzy logic layer.
(Modified from: SEDAC, 2009)
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Figure 27 - Shipping Traffic fuzzy logic layer.
(Modified from: Helcom, 2013)

Figure 28 - Water Depth fuzzy logic layer.
(Modified from: BSBD, 2013)
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Figure 29 – Distance to Fishing ports fuzzy logic layer.
(Modified from: SMHI, 2006)

Figure 30 – Distance to Marinas fuzzy logic layer.
(Modified from: Naturvårdsverket-A, 2010)
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Figure 31 - Fishing areas fuzzy logic layer.
(Modified from: SMHI, 2006)

Figure 32 - Oil Discharges fuzzy logic layer.
(Modified from: Helcom, 2015)
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Figure 33 - Risk of Oil Spillage fuzzy logic layer.
(Modified from: Helcom, 2013)

Figure 34 - NPAs fuzzy logic layer; input only in model B.
(Modified from: Lantmäteriet - A, 2014; and Helcom, 2011)
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Appendix IV – Constraint Maps
These figures illustrated in the following are Boolean maps that have resulted from the
Booleanization modelling of the criteria, and that were input as constraints into the both
non-Boolean WLC models A and B. The white outline corresponds to the study area: EEZ
border, territorial seas and the shore line.

Figure 35 - Constraint Boolean EEZ layer with exclusive economic zone and territorial seas
that delimit the study area.
Note: This figure is the same layer as figure 10.
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Figure 36 – Constraint Boolean Military areas layer.
Note: This figure is the same layer as figure 11.

Figure 37 - Constraint Boolean Shore Protection layer.
Note: This figure is the same as figure 14.
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Figure 38 - Constraint Boolean Shipping Lanes layer.
Note: This figure is the same as figure 13.

Figure 39 - Constraint Boolean NPAs layer; input only in model A.
Note: This figure is the same as figure 15.
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Figure 40 - Constraint Boolean Fishing Ports with 1 kilometre buffer around the ports.

Figure 41 - Constraint Boolean Marinas with 1 kilometre buffer around the marinas.
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Appendix V – Extra Information
Layers Metadata
Metadata about the original acquired layers as well as the principal steps to adapt the
layers to the study area are presented in this section. The extent of information relies on
the information provided by the producers of the original layers; therefore, some layers
can contain more information than others. This section is important as the quality of the
input data influences the quality of the final outcomes. The input data is difficult to
improve because they are usually huge data sets; however, it is possible to tackle some
drawbacks and to minimize certain errors or uncertainties. It is also described here what
was done to prepare and adapt the layers in the data assessment and preparation phase
(see section 2.3).
Exclusive Economic Zone
The exclusive economic zone (EEZ) criteria are comprised of two layers. The first layer,
produced by Sveriges meteorologiska och hydrologiska institut (SMHI) (2013), consists of
Swedish territorial seas defined as an area under the sovereignty of a Coastal State that
“extends, beyond its land territory and internal waters and, in the case of an archipelagic
State, its archipelagic waters, to an adjacent belt of sea” (UN, 1982), of up to 12 nautical
miles, approximately 22 kilometres, from the sea baseline, also referred as shore or
coast. Therefore, Coastal States are responsible for nature protection regulations and are
endorsed to grant permissions for installations such as constructions that rise above the
sea level and which are tied to the seabed (Submariner, 2012).
The second, obtained by Helcom (2007), consist of the exclusive economic zone itself
which is defined by UNCLOS (1982) as “an area beyond and adjacent to the territorial
sea, (…), under which the rights and jurisdiction of the coastal State and the rights and
freedoms of other States are governed by the relevant provisions of this Convention”
that shall not extend beyond 200 nautical miles, approximately 370 kilometers, from the
aforementioned sea baseline.
Both the layers have been cut to fit the study area and merged in one, by performing
detailed digitization of the second layer over the first. The digitization has been
conducted in a scale near to 1:1 where all the vertices and straight lines have been
thoroughly and perfectly drawn against the base layer.
Coastal States are thus restricted according to UNCLOS when it comes to freedom to pass
laws. However, the restricted rights provide to the state to have, e.g. jurisdiction
regarding to the establishment and use of artificial islands, installations and structures
(Submariner, 2012).
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Riksintresse Layers
The layers named as Shipping Lanes (translated from the Swedish term “Farled”), Shore
Protection (translated from the Swedish term “Strandskydd”), Fishing Areas (translated
from the Swedish term “Yrkesfiske-hav”) and Fishing Ports (translated from the Swedish
term “Yrkesfiske-hamnar”) are designated as being of national interest (translated from
the Swedish term “Riksintresse”). Such areas should have a long-term protection against
other businesses which may have negative impact on these areas (SMHI, 2006).
The Shipping Lanes layer shows both waterways and maritime traffic lanes without
distinction. The larger lanes that cross longitudinally the study area were analysed and
digitized according to ship movements and traffic separation zones, while the narrow
ones that connect the latter with the shore have a 200 meters buffer zone from centre of
the lane to each side. All the lanes have connections with the fishing ports. Some routes
cannot be published due to military or confidentiality reasons (Trafikverket, 2015).
The Shore Protection layer encompasses a buffer shoreline of up to 100 meters inward
and outward from the shore line that is in action since December 2014 within the Västra
Götaland’s county administrative board (Länsstyrelserna, 2014).
As for Fishing Areas layer, it consists of twelve areas, with a total area of 2279 km2, of
national interest for commercial fishing all over the seas put in action in 1986 and lastly
revised in 2006 when new national interests were distinguished under the Environmental
Code (SFS 1998: 808). The motives for these areas being considered of national interests
are the protection of reproduction and nursery as well as protection of fishing areas of
crucial importance for industry (Fiskeriverket, 2012). The data has been produced by
SMHI (2006).
Regarding the layer for Fishing Ports of national interest, the fishing ports are closely
related with the commercial fishing areas. That is, the fish caught in the commercial
fishing areas is handled in these 14 fishing ports as these ports are better prepared to
receive heavy ships and large amounts of fish than other ports (SMHI, 2006;
Havochvatten, 2006).
Limitations: Fishing areas and Fishing ports layers have been provided
without scale information. This fact can give uncertainty on exact locations of the
features that the layers illustrate. Existence of other ports like guest ports and nature
ports (as verified in Naturvårdsverket (2010)) are not included in the data set.
Military areas
The layer entitled Military Areas includes zones from polygon layers for military training
areas, military firing ranges, and military restricted areas (Lantmäteriet - A, 2013). These
areas are not discriminated in the layer and are referred as Military Areas. The layer is
originally a line layer that has been transformed into a polygon layer using ArcGIS tools.
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Natural and Preserved Areas
The next layer concerns the Natural and Preserved Areas (NPAs). It contains 2897
polygon features, with a total of 1471 km2 within the study area. This layer has been
compiled in a similar way to the Military Areas layer. NPAs layer includes nature and
culture conservation areas covering national parks; nature, culture and others reserves;
and animal (birds and seals) protection areas (Lantmäteriet - A, 2013). It was originally a
line layer but it was transformed into a polygon layer. In addition, a layer obtained from
Helcom (2013) for the BRISK project, showing Ramsar, UNESCO Biosphere Reserves and
Natura2000 protected areas was introduced into the Natural Areas layer.
Limitations: all the different types of natural areas (e.g. animal and cultural)
could be treated differently in the study, because i.a. each area may involve different
regulations. These areas were then assumed to be all identical and all referred as Natural
and Preserved Areas.
Marinas
A layer with polygon data of 461 Marinas along the study area was obtained from
Naturvårdsverket-A (2010). It represents docking areas and piers bigger than 0,25
hectares for recreational boats. It was produced by Metria AB with the aim of estimating
the relative distribution of human exploitation along the coast and more specifically the
exploitation along the beaches. The layer was created through aerial photos
interpretation, based on orthophoto mosaics from Lantmäteriet in 2009 fall, with a
resolution of 0,5 meters, and interpreted in a scale of 1:5000.
Limitations: It was noticed that in the Marinas layer that each marina have a
status that are: Old Overlooked (translated from the Swedish term “Gammal förbisedd”)
New (translated from the Swedish term “Ny”), Unchanged (translated from the Swedish
term “Oförändrad”), Extended (translated from the Swedish term “Utökad”), Reduced
(translated from the Swedish term “Minskad”) or Deleted misinterpreted (translated
from the Swedish term “Utgår feltolkad”). Therefore, this layer includes a number of
marinas that could be disregarded from the study and, because of time restrictions, they
were not.
Shipping Traffic
Other layer in focus was the Shipping Traffic that has been compiled by the Danish
Maritime Authority (DMA) and sent to Helcom (2013) where it has been last modified
(projected to ETRS89LAEA from WGS84). This layer is a raster data set with a spatial
resolution of ca 2,2 km. It is was built based on the average monthly density of all type of
ships on the Baltic Sea and on the Skagerrak and the Kattegat seas in 2011 that are
equipped with automatic identification system (AIS); so it represents the movement
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patterns of maritime traffic within the study area. Therefore, each pixel value is an
average monthly density (number) of ships during 2011 (Helcom, 2013).
The point, polygon and raster layers were exported from ArcGIS to Idrisi with the
respective vector and raster formats. The original layer was distorted in relation to the
others being impossible to accurately overlay them, there was mismatch between layers.
It was distorted for possessing different coordination system which could not be changed
because the GIS tools did not work properly for reasons unknown. As a result, a
resampling process was performed using Idrisi; the geographic coordinate system from
European Terrestrial Reference System 1989 Lambert Azimuthal Equal Area (ETRS 1989
LAEA), in use in ArcGIS, was transformed to the reference system Universal Transverse
Mercator coordinate system (UTM-32N); as output reference the ArcGIS EEZ layer was
used, which was introduced in Idrisi with the coordinate system UTM-32N, from the
SWEREFF99TM in ArcGIS). From there ten ground control points (GCPs) were taken.
These GCPs have been carefully chosen and the total root mean square (RMS) error was
17,2.
Limitations: It is implied that the layer includes all the types of ships in the
shipping traffic such as heavy, light or dangerous transportation, which might also
include recreation boats as long as they are equipped with AIS. This information is not
present in the metadata. However, additional data was found with information on
shipping traffic with more details (as verified in Naturvårdsverket (2010)). Though, it was
not possible to acquire these GIS layers.
CHL-a concentration
Regarding the Chlorophyll-a concentration (CHL-a) raster layer, the spatial data set is
from 2007 and has been produced by Goddard Space Flight Center (GSFC), and Center for
International Earth Science Network (CIESIN) – Columbia University and published by
Socioeconomic Data and Applications Center National Aeronautics and Space
Administration (NASA) (SEDAC, 2009). CHL-a are resultant from Sea-viewing Wide Fieldof-view Sensor (SeaWiFS) instrument, launched on the SeaStar satellite to collect data
from September 1997 until December 2010 (end of mission). Data obtained remotely, in
this case from raw radiance counts, are generated after calibrations, corrections and
algorithms’ applications (SEDAC, 2009; NASA-A, n.d.). The cell size is of approximately 9
km at the equator, or 0,083333 decimal degrees. After the data set has been obtained it
was exported within the study area, transformed in points and the coordinated system
was changed. Then, it was and interpolated through the tool kriging. The same
resampling process conducted for Shipping Traffic was also conducted for CHL-a. Though
due to constant and linear concentrations and, to some extent, favorable concentrations
of CHL-a along the study area the process was made with lower precision because of the
high difficulty to be precise when finding good points. A total of six GCP were chosen and
the total root mean square (RMS) error was 335,6. In spite of the high RMS, the result
has successfully distorted the image to match well within the study area and other layers.
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Limitations: The low precision in the resampling process can limit the
accuracy of the layer in specific zones; it is still very advantageous to include an overall
visualization of the CHL-a concentration ranges. Furthermore, the CHL-a values were
compared with another but much more recent satellite image to test (only by
visualization) if the data could be actual and updated. It was verified that the CHL-a
values were quite approximate to the most recent ones. These recent values belong to a
raw composite images obtained on NASA’s Ocean color web level 3 browser for 2015
(NASA-B, 2016), choosing Aqua Modis (Moderate Resolution Imaging Spectroradiometer)
CHL-a concentration, OCx Algorithm (NASA-C, n.d.). In fact, the utilized data set is
considered representative as, being from 2007, the concentrations are quite equivalent
to recent sources. Moreover, it was assumed that the units of the acquired layer are in
ug/m3 instead of ng/m3 as stated in the metadata, so the units match with the NASA’s
ocean color CHL-a images.
Depth
The Depth layer represents the water depth in the study area. This raster data set has
been acquired from Baltic Sea Bathymetry Database (BSBD) in Sjöfartsverket (2013). Each
pixel has a size of 100 m x 100 m for EEZ whereas for the territorial waters the size
increases to 500 m x 500 m because of legal restrictions (BSHC, 2013). The layer was
adapted to match with the study area and other layers, during the data assessment in
the study. Several GIS tools were used in the process, such as raster to vector conversion,
an interpolation tool and the coordination system was changed from GCS WGS 1984 to
SWEREF99 in ArcGiS. For some layers, as for the case of the Depth, more than one data
set has been found, requiring a comparative analysis to figure out the best layer to
choose. The assessment was performed by observations comparisons between each
layer and depth figures of a sea map obtained from Lantmäteriet-B (2010).
Limitations: when the producer was building the layer, for each populated
cell the average value was extracted. Also, depth figures derived from the Swedish
Maritime Administrations databases have been used to fulfill areas not covered by other
digital information. Note that the modelled bathymetric data is not the same as official
nautical paper charts and may not be used for navigation (BSHC, 2013). Given that these
background data sets are not freely available, however similar or higher density
bathymetry data can be purchased, the accuracy of the layer is questioned.
Oil Discharges
The Oil Discharges layer is a vector point layer with 32 locations of mineral oil discharges
inside the study area. Locations and the amounts of illegal oil discharge and spillage
among other harmful substances for the marine environment were observed and
documented in airborne surveillance by HELCOM Contracting Parties (the nine Baltic
countries and the European Commission) from 1998 to 2015 (Helcom, 2015). Discharges
come from ships but the major part come from unknown origins. Information on trends
and data collection procedures can be found in Helcom (2016).
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Limitations: The sizes of discharges are not taken into consideration, as well
as the dynamics of its propagation in water. This data set was collected and aggregated
during 17 years, so the oil discharged or spilled in the beginning of the survey, in 1998,
may have been already absorbed, diluted, and depurated by the environment; thus these
points may not be problematic regions to cultivate macroalgae and could be disregarded
for the study purposes.
Risk of Oil Spills
The polygon layer Risk of Oil Spills represents a model that forecast occurrence of
amounts of oil spillages locations until the year 2020. The complete data set consists of
three layers that differ from each other in the origin of the spills from groundings, illegal
spills, or from intersection collisions. The data set has been modelled by Albrecht Lentz,
COWI, for the BRISK project, taking as base predicted shipping traffic density and the
existing risk control measures (Helcom, 2013). Risk is denoted by the unit average tons
per year (Helcom, 2013). For the study purposes the three aforementioned layers were
merged in one to facilitate the assessment. During this process the coordination system
was changed from ETRS 1989 LAEA to SWEREF99 in ArcGIS.
Limitations: the three layers could be treated separately by giving different
weights for each one. Instead, the title of the layer is named as Risk of Oils Spills, and it
incorporates the three origins of spillage, considering that the risk is the same for every
location regardless the origins of the oil.

Used GIS tools
Experiments on running GIS tools were conducted. The tools used for the study in both
ArcGIS and Idrisi were: Raster to Point, Raster to Polygon, Feature to Polygon, Edit,
Covert Coordinate Notation, Project, Kriging, Reclass, Distance, Buffer, Overlay, Raster
Calculator, Interpolation, Resample, Fuzzy, Weight and MCE (Multi-Criteria Evaluation).
The tools were run at least two times with different tool characteristics in order to learn
and better decide which characteristics would better suit to the layer itself. In addition,
all the processes in Idrisi were executed in models.

Remarks
Some layers had to be adjusted to yield better results. To give an example, the usage of
Raster to Point tool followed by the tool kriging interpolation was used. Both the CHL-a
and Depth raster layers were successfully transformed in interpolated kriging layers.
However, the result of the kriging interpolation for the Shipping Traffic vector data set
transformed the scale, which could not be rescaled; it was decided then to keep the
original image to continue the study.
The interpolation process aimed to better translate the reality with the smooth range of
concentration surface instead of the raster pixilation with low resolution. Also it aimed to
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facilitate the next steps, to provide better analysis and, to some extent, reduce
uncertainty of the subsequent results.
In addition, all the layers must possess a common geographic coordination system. So
the original coordination system for some layers had to be changed to a common one.
Therefore, all the layers could match and overlay with each other within the study area in
order to be successfully analysed in the GIS-MCDA.
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Appendix VI – Additional Assumptions
Reclassification in Suitability Indices
Reclassification from original fuzzy set classification to suitability indices. The WLC results
are then comprised by suitability indices illustrated in Table 9 below.
Table 9 - Reclassification to display suitability index from 0 to 10.
Original Classification Suitability Index
(0-255)
(0-10)
0
0
0,01 – 25,6
1
25,6 – 51,2
2
51,2 – 76,8
3
76,8 – 102,4
4
102,4 – 128,0
5
128,0 – 153,6
6
153,6 – 179,2
7
179,2 – 204,8
8
204,8 – 230,4
9
230,4 – 255,0
10
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Appendix VII – Final Remarks
In order to understand which data are necessary to start a study of this dimension, one
must obtain information to identify the criteria that ground the research. Information
was obtained from several sources. Literature reviews were conducted, supervision from
the thesis supervisor was received, colleagues were consulted, advice from organizations
was sought and interviews with experienced professionals were attended.
Jean-Baptiste Thomas was very important in order to find valuable participations to the
study. Conversations with other members in the Seafarm’s FA5 team (Maurício Ribeiro,
Joseph Pechsiri and Linus Hasselström) were taken into account. In addition, Rasmusson
(2016) enlightened the ecological effects of CHL-a concentration and of oil in macroalgae
and subsequently eased the reasoning on setting parameters. Informal interviews with
Per Bergström, Göran Nylund, and later on with Carl Dahlberg, led by Jean-Baptiste
Thomas, were also conducted.
All the GIS data sets were acquired from free online sources. The first obtained data sets
established a landmark in the thesis’ process. Another landmark was the study visits to
Trelleborg and Tjärno. The annual Seafarm meeting took place in Trelleborg, where this
project was introduced to Seafarm’s members, collaborators and stakeholders. In Tjärno,
the purpose was mainly to visit and harvest macroalgae samples from the Seafarm’s
research cultivation site. Those visits further added value to a stronger methodology and
data analysis. Thus, all the developments to reaching the aim as well as to achieving the
objectives evolved through a dynamic and enthusiastic process.
The methodology is centred on the assumption of a future cultivation site with a
minimum of 10 hectares of size, equivalent to an annual harvest of 1 700 tons wet weight
(WW), or 260 tons dry weight (DW), of S. latissima, and to be implemented on the
Swedish West Coast in the next few years. This productivity is based on the assumption
that 1 hectare produces about 170 tons WW that is equivalent to 26 tons DW of the
same species (Skjermo et al., 2014). Therefore, figures 6, 8 and 10, in the results section,
do not show areas smaller than 10 hectares.
Furthermore, only the index 10 were considered to be represented alone not only
because they turned out to be best areas but also because one can better visualize where
exactly they are located (see Figures 8 and 10).
The coordinates and the surface area of the study area (7702 km2) were calculated using
Idrisi, from the EEZ Boolean layer (see Figure 13).
Note that all the values represented in the materials and methods as well as in the
results sections are rounded.
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