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Abstract 

The EU Water Framework Directive obliges its Member States to reach good ecological and 

chemical status of all inland water bodies within a timeframe of fifteen years. According to 

the decision 125/2007 of the EEA Joint Committee, also Iceland is required to achieve such 

goals by the year 2022. Due to reduced governmental budget, the implementation process 

within Iceland stagnated and just recently started again. Nutrient excess and the potential 

risk of eutrophication, primarily caused by anthropogenic activities, is one major threat for 

Icelandic marine and freshwater bodies.  

This thesis aimed to observe whether the nutrient absorption potential of macroalgae could 

be applied as a supportive measure to improve marine water quality and, thus, to achieve the 

requirement under the Water Framework Directive. First, specific challenges regarding the 

national implementation of the Directive were explored. The second part of the study 

involved the installation and observation of a local and small-scale trial farm with different 

native algae within the inner fjord of Ísafjörður, Iceland. Contrary to expectations, algal 

biomass could not be reached which was potentially caused by the fluctuation of several 

physical parameters and threat due to grazers and epiphytic biofouling. The construction 

could not withstand the local weather conditions during winter. The results of a preliminary 

analysis based on peer-reviewed data show that the brown algae species Laminaria digitata 

might be most suited to absorb the majority of nutrients. Macroalgae farming might not 

replace proper sewage treatment systems at the study site due to the overload of nutrients, 

but could be applied as additive measure for improving the water quality. Future research 

should focus on the application of different cultivation methods and designs as well as cost-

benefit-analyses.  
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1   Introduction 

1.1 Nutrient excess and remediation measures 

Globally, emissions in the oceans are primarily caused by land-based activities (Li et al., 

2016) and have far-reaching effects such as enormous danger and disturbance of whole 

marine ecosystems as well as human health problems. One of the hazards is the excess of 

nutrients in the water which can lead to eutrophication. As nitrogen and phosphorus, both 

key nutrients, control aquatic plant growth, the abundance of these elements in the water 

bodies can lead to an unbalanced proportion within the food chain due to raising primary 

production without a corresponding increase in consumption (Boeykens et al., 2017). This 

can cause harmful algal blooms and potential degradation in the aquatic environment which 

ultimately lead to hypoxia at the bottom (Boeykens et al., 2017). Excess nutrients in the 

water mainly result from anthropogenic sources, such as waste water, artificial fertiliser for 

agriculture and sewage through increasing livestock and aquaculture (Ministry of the 

Environment Iceland et al., 2004). Further inputs result from airborne sources through 

shipping, road transportation and energy production and induce for example 30% of total 

nitrogen input only within the Baltic Sea (HELCOM, 2018).  

Within Iceland, many communities traditionally do not have proper sewage treatment 

systems to clean municipal waste water before it reaches the water body. While appropriate 

sanitation systems are established around the capital area, other parts of the country 

concerning 1/3 of the population are not in possession of appropriate sanitation or sewage 

systems (Ólafsson, 2012; see Fig. 1.1). In this areas, nutrient excess may occur which leads 

to eutrophication and damages the surrounding aquatic environment. 
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The most effective method to avoid nutrient excess in the water might be to prevent its access 

before reaching the water (Marinho-Soriano et al., 2009), for example by applying 

denitrification technology or by minimizing such inputs (e.g. in the agriculture sector). Once 

nutrients reach the water body, biological alternatives could help to decrease their content in 

the water and to mitigate negative impacts by using living organisms which naturally occur 

in the environment (Phillips, 2019). This process, known as “bioremediation”, has been 

reached through cultivated systems, a sustainable technology which integrates macroalgae 

aquaculture (Chopin et al., 2001). Several studies show that macroalgae are successful in 

extracting nitrogen and phosphorus from water bodies which leads to increasing biomass of 

the cultivation and large absorption rates of nutrients improving the water quality (Shpigel 

& Neori, 2007). The environmental aspect of this kind of aquaculture is not the only 

advantage, but also its economic benefits. The demand on sustainable and local products 

increases continuously, creating whole new business opportunities in this sector. Algae have 

a variety of possibilities in this regard, are already in use for alternative biofuels, chemical 

Figure 1.1: Wastewater treatment methods in different regions within Iceland, based on agglomerations 

that generate >500 p.e. (source: Environment Agency of Iceland, 2013).  
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compounds in the food industry, human consumption and cosmetic products (Flavin et al., 

2013).  

1.2 Legal aspects 

Several policies focus on the protection of water bodies, implying guidelines, obligations 

and management plans to reach and maintain a good status of the water quality. The adoption 

of the “Directive 2000/60/EC of the European Parliament and of the Council establishing a 

framework for the Community action in the field of water policy”, in short “Water 

Framework Directive” (WFD), can be seen as a major milestone in this regard. By managing 

all water bodies within Europe through the implementation of national River Basin Districts, 

regulations concerning their status are no longer under national or political force 

(Schernewski et al., 2015). In general, the Directive’s purpose is to establish a framework 

which protects inland surface waters, transitional waters, coastal waters and groundwater 

within Europe. Primary obligation of all contracting parties is to implement a River Basin 

Management Plan for the respective district which specifies measurements to protect water 

bodies, prevent their deterioration and reduce pollution. The objectives of the WFD need to 

be achieved by the year 2015, with the possibility of extension until 2027.  

As contracting party of the European Economic Area (EEA) Agreement (EEA Agreement 

1993) and through the (Decision of the EEA Joint Committee No 125/2007), Iceland is 

required to adopt the WFD into national law. Insofar, the time limit started from the date the 

decision entered into force, thus from September 29, 2007. Consequently, Iceland needs to 

implement effective measurements to achieve and maintain good water quality and protect 

its water bodies from pollution and any deterioration by the year 2022, and with approved 

extension by the year 2034 the latest.  

1.3 The purpose of this study 

The main purpose of this study was to observe the potential mitigation of nutrient excess 

through algal cultivation in order to achieve “good status” of concerned water bodies as 

required under the WFD. The implementation of a macroalgae farm within Iceland would 

be an innovative project to investigate the environmental potential but also economic 
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benefits of algae. For the present case study, focus was on Ísafjörður, the capital town of the 

Westfjords of Iceland (GPS: N66° 4' 29.962" W23° 7' 31.437") due to expected significant 

eutrophication problems. In this regard, the study site serves as an example but might be 

comparable with other communities within the Westfjords and Iceland with similar concerns 

and conditions. The town has around 2,600 inhabitants, and is popular for its unique 

environment and fishing history (Visit Westfjords, n.d.). Unfortunately, the marine 

ecosystem within the fjord (Icelandic: Pollurinn) is exposed to several hazards related to 

coastal water quality. The input of (mostly domestic) sewage, and the absence of proper 

sewage treatment systems cause not only nutrient excess in the water bodies which surround 

the town. Additionally, the expansion of fish aquaculture in the region is expected to 

increase, constantly leading to even more nutrient input.  

The basic assumption of this thesis was that the implementation of a macroalgae farm within 

Ísafjörður could help to mitigate nutrient excess and reach better water quality to improve 

and strengthen the marine ecosystem. While the required marine space for macroalgae 

farming in highly populated communities might not be sufficient to fully reach good water 

status, its application still could support the obligations of the WFD by implementing a cost-

competitive additive to sewage treatment systems. In addition, potential human issues caused 

by excess nutrients, such as limitation in local fish species due to nutrient-related decrease 

of submerged aquatic vegetation and sunlight (U.S. Fish & Wildlife Service, 2011), could 

be reduced or even eliminated. Besides the advantage for the environment, the concerned 

community and potential future investors could benefit from the cultivation with the 

development of innovative product ideas on the base of harvested algae (Bord lascaigh 

Mhara [BIM], 2011a). 

To support this hypothesis, the study consists of two sections: the analysis of the legal 

framework and obligations under the WFD, and the actual implementation of a macroalgae 

farm within Ísafjörður as a proof of concept experiment.  

In Chapter Two, focus is on the legal obligations under the WFD emphasizing interpretation 

and analysis of main objectives, principles and exemptions, and answers the following 

research question: 
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a) Which particular objectives and requirements of the Water Framework Directive 

need to be focused on through the Icelandic national implementation and application 

process? 

The second section of this study (Chapters 3 & 4) consists of the implementation of a 

macroalgae farm within Ísafjörður, including challenges and future recommendations, by 

focusing on the following two research questions: 

b) Can the implementation of a macroalgae farm in communities with lacking sewage 

treatment systems meet the requirements of the Water Framework Directive by 

reaching bioremediation? 

c) What algae species is particularly suited for reaching bioremediation in the 

Westfjords of Iceland?  
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2 The EU Water Framework Directive 

2.1 General objectives and requirements 

The WFD aims the protection of all waters, namely surface, ground and coastal waters within 

Europe. As laid down in the Preamble and further articles, it requires the Member States to 

achieve “good status” for all water bodies by December 2015, to set a management plan 

based on river basins or catchments, and to strengthen sustainable water use through long-

term protection of water resources. Further important purposes of the Directive are the 

progressive reduction of discharges, emissions, hazardous substances and any pollution of 

water, including to prevent its deterioration, as well as to mitigate the effects of floods and 

droughts. The involvement of the public in decision-making processes regarding all kind of 

water issues also needs to be ensured.  

The Directive has set a timetable to achieve such objectives which includes several steps to 

be implemented by the contracting States. At first stage, river basin districts and their 

competent authorities need to be identified nationally (Article 3, 24), followed by their 

characterisation regarding pressure, impacts and economics (Article 5 and 6, Annex II and 

III). Afterwards, classification systems of the ecological status and monitoring processes 

need to be set (Article 2 (22), Annex V, Article 8). A measurement programme must be 

established to realise the environmental objectives of the Directive in a cost-effective way 

(Article 11, Annex III). The next steps include the implementation of such programme and 

necessary water prices policies (Article 4, 9 and 11), as well as the first publication of a River 

Basin Management Plan (RBMP) (Article 13 and 4.3).  

Finally, the states shall achieve the environmental objectives of the WFD by 2015 

(Article 4). As some countries might not reach those steps in time due to technical feasibility, 

natural conditions or necessary investments, the WFD offers two further cycles of each six 

years for planning and implementing missing measures (Article 4 (4)). Thus, the goals set 

by the WFD need to be implemented by 2027 the latest.  

Reporting of the RBMP and regular reporting and updating of the water status is required 

under Article 13 and 15 WFD. The results are published by the established Water 
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Information System for Europe (WISE) (European Communities, 2009). The Directive 

further requires in Article 14 that Member States shall promote direct involvement of all 

interesting parties during the implementation process and ensure that the public will be 

informed and consulted.  

2.2 Economic elements 

The integration of economic elements and analysis are crucial part for effective decisions as 

they provide valuable information in decision-making processes (European Commission, 

2003). Depending on the national economy, each government has to find the most cost-

effective and most beneficial measures to achieve the Directive’s goals in an economic 

feasible and beneficial way. The WFD requires the application of economic principles to 

ensure that its environmental objectives can be achieved. As significant water management 

measures may have enormous impacts for stakeholders and the public, economic analyses 

are important to address potential economic impacts of measures, to assess cost-effective 

ways ensuring that limited financial resources are optimally used, and to evaluate regions 

where less strict environmental measures are necessary to stay in sustainable balance with 

economic and social aspects (European Commission, 2003). In doing so, the Directive is the 

first EU environmental policy explicitly integrating economic tools and instruments 

(European Commission, 2003). The Directive includes provisions which aim for the use of 

economic instruments as part of the measure programme (e.g. Article 4, Annex VI). Article 5 

requires an economic analysis of the water use as part of the RBMP, and the designation of 

protection areas for economically significant aquatic species is mentioned in Article 6. Not 

least, Article 16 involves cost-effective combination of measures in controlling the reduction 

of priority substances. Figure 2.1 shows how economic elements are linked to the successful 

implementation of the Directive’s environmental objectives. 
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To encourage an effective implementation of the Directive’s economic elements, and 

supports with non-legally binding guidance, regular meetings and workshops, the working 

group WATECO (WATer and ECOnomics), consisting of economics, stakeholders and 

technical experts, was created (European Commission, 2003). The WATECO group has 

developed a “three-steps” approach to support the implementation of the RBMP (European 

Commission, 2003). These steps set a framework of the diverse functions of economic 

analysis required by the WFD and further include key actions and options which shall be 

conducting the analysis. Figure 2.2 presents a summary of this approach with its respective 

steps and contents.  

Figure 2.1: Economic link to environmental objectives of the WFD (source: European Commission, 2003). 



 

 

10 

 

 

F
ig

u
re

 2
.2

: 
T

h
re

e-
st

ep
s 

a
p

p
ro

a
ch

 b
y 

th
e 

W
A

T
E

C
O

 g
ro

u
p

 t
o

 i
m

p
le

m
en

t 
ec

o
n

o
m

ic
 e

le
m

en
ts

 o
f 

W
F

D
 (

so
u

rc
e:

 E
u

ro
p

ea
n

 C
o

m
m

is
si

o
n

, 
2

0
0

3
).

 



 

 

11 

 

2.3 Implementation into national law: Challenges and 

recommendations 

The WFD is widely accepted to be a high substantial and ambitious legislation regarding 

environmental protection (Voulvoulis et al., 2017). The main goals of the Directive, namely 

the non-deterioration of water status and the achievement of good status for all water bodies 

within Europe, are, however, still not delivered. Delays in its implementation and many 

problems in applying the objectives and principles have occurred since the Directive’s 

adoption (Voulvoulis et al., 2017). This does not only relate to technically feasible and 

organizational challenges (Voulvoulis et al., 2017). In its latest waters assessment report, the 

European Environment Agency reported that while the majority of EU groundwater bodies 

so far reached good chemical status (74%) and good quantitative status (89%), surface 

waters status is still a concern with only 38% of good chemical status and 40% of good 

ecological status/potential (European Environment Agency, 2018). Overall, only limited 

improvement of water bodies could be achieved, compared to the last reporting cycle 

(2009-2015) (European Environment Agency, 2018) which might be caused by late pressure 

identification, improved monitoring and reporting methods or due to longer required 

adoption of the measures (European Commission, 2019).   

The following section deals with problems and approaches of the interpretation and analysis 

of main objectives, principles and exemptions of the WFD, which should be acknowledged 

in the implementation and application process, and might support to better achieve the 

objectives.  

2.3.1 The non-deterioration principle 

An overview of the principle and its exemptions 

One important key provision of the WFD is the non-deterioration principle. The Directive 

aims among others the prevention of any (further) deterioration of the water status at 

European Community level (Article 1 (a), preamble (25) and (31)). Article 4 targets the 

environmental objectives to be included in the programmes of measures which also includes 

“to prevent deterioration of the status of all bodies of surface water” (Article 4 (1)(a)(i)) and 

groundwater (Article 4 (1)(b)(i)). Introduced with this regulation, Annex V of the Directive 
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establishes status classifications (high, good, moderate, poor and bad) which are applicable 

to all types of water bodies, quality elements (measured on their biological, hydro 

morphological and physiochemical quality) and the ecological status of the water body in 

general (or ecological potential for artificial or heavily modified water bodies). In this regard, 

the “one out - all out” rule determines that the ecological status of the water body has to be 

based on its poorest quality element.  

Exemptions to these provisions are defined under Article 4, mentioning certain conditions 

under which good status of the water bodies may be phased or not achieved, or under which 

a deviation of the non-deterioration principle may be allowed. These exemptions are 

summed up as the following: 

Article 4 (4) allows an extension of the deadline of achieving the Directive’s requirements 

by the year 2015 “for the purposes of phased achievement of the objectives for bodies of 

water, provided that no further deterioration occurs in the status of the affected body of 

water” if specified conditions are met.  

Under Article 4 (5), the achievement of less stringent environmental objectives than required 

may be allowed if those would be such affected by human activity or if their natural 

conditions would cause infeasible or disproportionately expensive achievements. Specified 

conditions still need to be met.  

Article 4 (6) excludes a breach of the Directive’s objectives for the occurrence of temporary 

deterioration caused by natural circumstances “or force majeure which are exceptional or 

could not reasonably have been foreseen”, providing that certain conditions and measures 

are met.  

Under Article 4 (7), the non-achievement of good water status or deterioration is further 

allowed under certain conditions if it results from either new modification to the physical 

characteristics of the surface water or alterations of groundwater levels, or from failed 

prevention of high status to good status deterioration of surface waters by new sustainable 

human development activities.  
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The prevention of deterioration of drinking water is governed separately. Article 7 (3) of the 

Directive provides that Member States shall ensure to protect the quality of drinking water 

sources by reducing the level of purification treatment in the production cycle and 

establishing necessary safeguard zones. Exemptions as ruled in Article 4 are not applicable 

to this provision.  

Different approaches of the “deterioration” definition 

The meaning of “deterioration” and its provisions in the context of the WFD is not explicitly 

defined in the Directive. Hence, for a long time its application scope was interpreted on 

different ways from the Member States. The most common reasoning for existing 

deterioration of water bodies was the reduction of the overall ecological status, known as the 

“status class theory” (CMS, 2015; Dallhammer, 2013). By applying this definition, the 

principle of non-deterioration under the WFD was maintained as long as the status class of 

the respective water body have not changed (e.g. from good to moderate) (CMS, 2015; 

Dallhammer, 2013). In other words, an individual deterioration within the water body class 

itself did not reason a breach of the principle. Conversely to this interpretation, the stricter 

“status quo theory” was followed by NGO’s and some national jurisdiction constituting a 

deterioration with any detrimental change to a water body, even without changing the overall 

status class (CMS, 2015; Dallhammer, 2013).  

What brought light into the darkness of these different interpretation approaches was the 

lawsuit of the German environmental NGO “BUND” against a project of deepening a 

navigational river (Ausbau der Bundeswasserstraße Weser, 2016), and the consequently 

asked preliminary ruling of the European Court of Justice (ECJ). On 1 July 2015, the ECJ 

stipulated in a broader sense the “status quo theory” for the application of the non-

deterioration principle (Bund für Umwelt und Naturschutz Deutschland eV v 

Bundesrepublik Deutschland, 2015). In its ruling, the Court stated that Member States need 

to deny any project authorisation which may cause deterioration of the water body status or 

where “good surface water status” or “good ecological potential” and “good surface water 

chemical status” would be jeopardised. In regard to the interpretation of the non-

deterioration principle the Court declared that deterioration is established as soon as the 

status of one quality element mentioned in Annex V of the Directive loses in classification, 

even if this change does not cause a fall of classification of a water body as a whole. Still, 
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the deterioration of a quality element which is already in the lowest classification will cause 

a deterioration of the status of a surface water body. Thus, the Court’s decision created a 

modified “status quo theory”, ruling the possibility of deterioration by each quality element 

but at the same time requires the decrease of a whole classification status, not only an 

(insignificant) impairment which was preliminary stated by the Advocate General Jääskinin 

in the connected Federal Administrative Court’s case (CMS, 2015).   

As preliminary rulings of the ECJ have the aim to ensure the interpretation of European 

Union treaties (Art. 267, Treaty on the Functioning of the European Union (TFEU), 1957), 

the decision is not only binding for the national court or tribunal of the concerned case, but 

also for other national courts or tribunals of Member States with similar cases. However, 

even after the ECJ decision might have clarified the interpretation and application scope of 

the non-deterioration principle, some aspects still meet with criticism.  

With regard to projects which include water bodies already classified with the poorest status, 

problems will occur as deterioration is required even if a project impairs this water 

marginally (CMS, 2015). Further problems could occur regarding the application scope of 

the modified theory. The Court’s interpretation refers to the ecological status of water, 

however, its application to a good chemical status is not mentioned (CMS, 2015). Unlike 

ecological status, the classification of a chemical status is only divided into two states, 

“good” and “failing to achieve good” (Annex V 1.4.3.). By applying the ruled theory, any 

impairment in poor chemical status would establish a deterioration of the concerned water 

body. This could especially lead to problems when it comes to impairment of water bodies 

caused by wastewater discharge (CMS, 2015). Under Article 4 (7) WFD, derogation of the 

non-deterioration principle is only given for “modifications to the physical characteristics of 

a surface water body”, meaning that this exemption is not applicable for wastewater 

discharge or other chemical impairments.  

Thus, the overall analysis of the interpretation and application of the non-deterioration 

principle and its exemptions is required at several levels. As the WFD is based on European 

Union law and obliges all Member States, its objectives and requirements need to be in 

accordance with the fundamental rights of this governance (Dworak et al., 2016). The 

compliance of the principle of proportionality is among others required when it comes to 

interpretation and actions of the Union (Article 5 (4), Treaty on European Union (TEU), 
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1992); Article 52 (1), Charter of Fundamental Rights of the European Union, 2009). With 

regard to the strict deterioration interpretation of the ECJ on one side and the absence of 

appropriate derogation on the other side, it might be questionable if the proportionality 

principle is preserved (Bundesverband der Deutschen Industrie e.V., 2017).  

At the same time, the further required fulfilment of the fundamental right on environmental 

protection obliges to “a high level of environmental protection and the improvement of the 

quality” by following the principle of sustainability (Article 37, Charter of Fundamental 

Rights of the European Union). The principle of sustainability itself requires that, while 

meeting present generation needs, the ability of future generation needs should not be 

compromised (UN World Commission on Environment and Development, 1987). Insofar, 

the objectives of the WFD need to be interpreted in accordance with both fundamental rights, 

meaning to find a balance between proportionality, environmental protection and 

sustainability without violate one or the other.  

Challenges with regard to the exemptions under Article 4 (7) WFD 

The derogation under Article 4 (7) WFD allows most room for interpretation and application. 

In applicable cases, deterioration is permitted where the realisation of a project is technically 

not feasible in another way, where the aims of the project otherwise cannot be reached, and 

where the public interest on the project’s realisation predominates the public interest on the 

preservation of the water body status and the nature. First assessments in 2012 demonstrated 

that projects applying the exemptions under Article 4 (7) are mainly those regarding flood 

protection, navigation, port development and hydropower (European Commission, 2012c).  

Since the ECJ’s decision came into force, the demand on the application of derogations 

regarding the non-deterioration principle should have been raised. Especially in regard to 

reach and/or maintain economic development, the application of derogations might become 

a major problem in the future. Studies performed by Austrian environmental NGO’s two 

years after the ECJ’s judgment have shown that less than 30 % of the approved water power 

plant projects have considered the ruling (WWF Österreich, 2018). A further study in this 

connection shows that the majority of future planned water power plant projects within 

Austria will cause deterioration as ruled under the Court’s decision (WWF Österreich, 2018, 

p.12-14, 45 f.).  
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Voices within the economic sector urge to open the application of exemptions under Article 

4 (7) for all kind of industrial activities of water use (Bundesverband der Deutschen Industrie 

e.V., 2017). In detail, the claim includes the integration of chemical, physio-chemical and 

biological changes of the ecological status, changes to characteristics of chemical status, and 

material changes to bodies of surface water into the scope of article 4 (7). In addition, the 

sector requires the possibility of deterioration reasoned by economic interest and not only 

based on public interest (Bundesverband der Deutschen Industrie e.V., 2017).  

Environmental NGO’s, in contrast, require a strict interpretation and application of the 

exemptions under Article 4 (7), the punishment of violations against the non-deterioration 

principle and that public interest stays as the ultima ratio reason for derogation (Bund für 

Natur und Umweltschutz Deutschland e.V. [BUND] et al., 2018).   

Recommendations for clarification of the scope 

Since the adoption of the WFD, several working groups and joint activities were undertaken 

to provide a competent but also harmonious implementation of the Directive (Dworak et al., 

2016). In the frame of the Common Implementation Strategy (CIS), the European 

Commission also established different guidance reports and workshops relevant for Article 

4 (7), e.g. “Guidance No 20 on exemptions to the environmental objectives” (European 

Commission, 2009) which discusses basic concepts under Article 4 (7), or the 2nd workshop 

on Water Management, WFD & Hydropower (Kampa et al., 2011) with practice 

recommendations when applying Article 4 (7).  

Practice over the last time could gain experience of Member States which have applied 

Article 4 (7). Based on these practical examples and collected concrete issues, the established 

Ad-hoc Task Group implemented an updated guidance which includes applicability 

assessments and “Article 4(7) Tests” to maintain the application process (European 

Commission, 2017). Although the recommendations included in the guidance and 

workshops are not legally binding for the Member States, methods and approaches which 

are in accordance with the requirements of the WFD have to be used (European Commission, 

2017). Additionally, the guidelines are based on case studies and application experience, 

thus, they reflect the current legal interpretation status of the objectives and exemptions. 

Therefore, its usage ensures to act within the legal scope. Nevertheless, for the long term, 

strict ruling by the ECJ is necessary to avoid further interpretation and application problems. 
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Only by doing so, the achievement of the Directive’s objectives will be ensured in 

accordance with the fundamental rights of the European Union, and do not leave legal gaps 

and uncertainty.  

2.3.2 Requirements on “good ecological status” of water bodies 

“Good status” as defined under the WFD 

Further uncertainty exists in regard to the interpretation of the required “good status” of 

water bodies under the WFD. Besides the prevention of further deterioration, the Directive’s 

aim is to enhance the aquatic environment with the ultimate goal to achieve “concentrations 

in the marine environment near background values for naturally occurring substances and 

close to zero for man-made synthetic substances” (Article 1). It has to be pointed out that 

the Directive divides “good status“ of bodies between surface water, groundwater and 

heavily modified or artificial water. In so far, the Directive defines “good status“ of surface 

water bodies as to be met when both their ecological status and chemical status are at least 

“good“ (Article 2 (18)). In regard to groundwater bodies “good status“ is achieved when 

their quantitative status (meaning the degree of direct and indirect affecting abstractions) and 

chemical status are at least “good“ (Article 1 (20), (26)).  

Annex V of the Directive classifies the standards for “good ecological status/potential“, 

“good groundwater chemical status“ (Annex V, Table 2.3.2) and “good quantitative status“ 

(Annex V, Table 2.1.2). With respect to “good surface water chemical status“, the Directive 

differs and requires that “concentrations of pollutants do not exceed the environmental 

quality standards established in Annex IX and under Article 16(7), and under other relevant 

Community legislation setting environmental quality standards at Community level” 

(Article 2 (24)).  

Regarding the ecological status of water bodies, the WFD divides their classification into 

“high”, “good”, “moderate”, “poor” and “bad” status. This is not only applicable to water 

bodies in general, but also to certain quality elements which are specifically defined in 

relation to every water body type and relevant physical parameter (e.g. Annex V, Table 1.2.4. 

for coastal waters). While the chemical status of surface water bodies is again divided into 

high, good, moderate, poor and bad status (see Annex IX), the Directive just defines “good 

status“ in regard to the chemical status as well as the quantitative status of groundwaters 
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(Annex V, Table 2.1.2 and 2.3.2). The classification of ecological potential of heavily 

modified or artificial water bodies includes maximum, good and moderate status for the 

water body itself and its respective quality elements (see Annex V, Table 1.2.5.). 

In general, changes on the ecological status of water bodies are measured by their alterations 

over time. Looking at the definitions of ecological status classifications for rivers, lakes, 

transitional and coastal waters, Table 1.2 of Annex V classifies water bodies with “high 

status“ when no or only minor anthropogenic alterations exist compared to values normally 

occurring under undisturbed conditions. Water bodies will be classified with “poor status“ 

when values caused by major alterations substantially differ from normally occurring values 

within the surface water body type under undisturbed conditions.  

Where water bodies may not achieve “good ecological status“, Article 4 (3) WFD permits 

under certain conditions to identify and classify these bodies as “heavily modified water 

bodies“ (HMWB) or “artificial water bodies“ (AWB). In doing so, the water bodies have to 

meet “good ecological potential“ instead (Art. 4 (1)(a)(iii) WFD). The classification as 

HMWB requires that the respective water body cannot achieve “good ecological status“ due 

to its physical alterations by human activities which substantially changed its character over 

a long-term period (European Communities, 2003a). Classification as AWB requires that no 

water body has existed before at the respective location, and was not created by an existing 

water body which changed, moved or realigned over time (European Communities, 2003a).  

Changes on the ecological potential and chemical and quantitative status are defined more 

detailed and refer to specific legislation, established assessment tools and/or physical 

parameters.   

Applicable to all previously mentioned classification are the possibility of extending the 

deadline under certain conditions (Article 4 (4)), and to set less stringent objectives under 

certain circumstances (Article 4(5)).  

Practical application approaches for “good ecological status“ 

Member States apply different approaches to identify whether the respective water body 

reaches good ecological status, thus, if an alteration of the water body in general or of one 
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quality element can be measured. This requires a series of data collected from the past for 

analysis and comparison with current measurements.  

The Baltic Sea region as one of four European marine regions is regulated under the regional 

existing Helsinki Convention (Helsinki Convention 1974), and coastal waters became part 

of this convention in 1992. Established by its governance commission, the HELCOM Baltic 

Sea Action Plan (BSAP) (HELCOM Extraordinary Ministerial Meeting, 2007) set a 

comprehensive programme with the aim to reach good ecological status within the Baltic 

Sea by 2021 for contracting parties who are also EU Member States. Thus, the programme 

can be seen as a regional contribution to the goal of the 2008/56/EC Marine Strategy 

Framework Directive (MSFD) on achieving good ecological status (Schernewski et al., 

2015). The BSAP set  a maximum of allowable nutrient inputs in order to reach good 

ecological status as well as national nutrient reduction requirements (HELCOM 

Extraordinary Ministerial Meeting, 2007). First references and measurements of certain 

biological parameters were conducted by several independent researchers and consultants 

which used different methodologies and thus caused differences and inconsistency of 

nutrients concentrations in coastal waters (Schernewski et al., 2015). A full re-calculation of 

all references was conducted by Schernewski et al. (2015), based on the time period around 

1880 as representing period before the industry and agriculture sector raised. 

The same time frame was used in Danish and Swedish studies in order to define an early 

“preindustrial“ state (Aarup, 2002; Henriksen, 2009; Savchuk et al., 2008). Other studies use 

reference conditions based on data from the 1950’s and 1960’s and refer to the minor 

changes that occur between 1880 and this period (Carstensen & Henriksen, 2009; Schories 

et al., 2009). Borja, Dauer & Grémare (2012) reviewed available approaches in setting 

reference conditions and targets in order to evaluate best methods for the classification of 

good ecological status.  

Guidelines established under the framework of the CIS provide with further explanations in 

regard to the range of possible reference conditions to evaluate good ecological status. 

According to the CIS guidance No 10 (European Communities, 2003c), for example, 

“reference conditions do not equate necessarily to totally undisturbed, pristine conditions”. 

The CIS guidance No 5 mentions that it would be “unrealistic  to  base  reference  conditions  

upon  historic  landscapes  that  no  longer exist in modern Europe” (European Communities, 
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2003b). However, it suggests a hierarchical approach to define reference conditions: sites 

with no or only very limited disturbance, or historical data and information, or applied 

models (European Communities, 2003b).  

2.3.3 The “one out – all out“ principle 

The classification of the ecological status, ecological potential and, by analogy, of the 

chemical status of water bodies depends on the status of their worst quality component and 

is declared as the “one out - all out“ principle under 1.4.2 (i) of Annex V of the WFD 

(Bundesverband der Deutschen Industrie e.V., 2017). Thus, the improvement of certain 

quality element does not contribute to the improvement of the water body as a whole if just 

one other related element (still) shows worse quality (European Communities, 2005). An 

overall assessment therefore does not reflect the real progress made in water quality 

improvement (Bundesverband der Deutschen Industrie e.V., 2017). The exceeding of a 

single heavy metal in regard to water discharge leads to a violation of the improvement aim, 

even if at the same time all other parameters show a significant decrease (Bundesverband 

der Deutschen Industrie e.V., 2017). 

The main objective of the WFD to prevent further deterioration of water bodies and enhance 

the water quality in the future may fail to be achieved in practice due to its dependence to 

the deterioration of one quality element (Voulvoulis et al., 2017). A revised or reviewed 

process is needed to determine on how improvements of single quality elements can be still 

in accordance with the aim of the WFD and do not lead to its violation (Bundesverband der 

Deutschen Industrie e.V., 2017).   

2.3.4 Methods for environmental liability 

The “polluter pays“ principle (PPP) is widely integrated in international and EU legislation 

(European Commission, 2012a), requiring the party responsible for environmental damages 

or negative impacts to bear for the restoration charges. Since its first integration, the 

dimension of this principle got broader and covers nowadays pollution prevention and 

control measures and liability (European Commission, 2012a). The principle was also multi-

integrated into the WFD (e.g. Preamble (38), Article 9).  



 

 

21 

 

At first glance, the PPP seems to be an effective tool to regulate responsibility and liability 

regarding environmental damages. However, major concern of the principle is the possibility 

that liable companies can pay a ransom to get free from further liability claims and, thus, 

levering out the PPP (as happened in the case of German nuclear utilities which bought out 

of nuclear waste liability (Wettengel, 2016)). Another main weakness of this principle is the 

lack of clear definitions, and so legal standards need to be implemented to clarify the 

responsibility areas and liability limits (European Commission, 2012a). In the last years, 

European case law has significantly contributed to the development of the PPP by ruling the 

following markers as identified by Lindhout & van den Broek  (2014): 

• Polluters can only be responsible to pollution and potential costs of elimination and 

prevention if they have contributed to the pollution.  

• When pollution originates from different sources, each responsible polluter can only 

be obliged to compensate in proportion to its own contribution.  

• The application of the PPP does not burden parties who have not polluted or 

contributed to pollution or its risk. 

• Presumptions are insofar allowed as they can determine the causation between 

activities and pollution/environmental damage. 

• Different contributions to cost recovery are allowed as long as the costs are not 

manifestly disproportionate in relation to the pollution.  

Although these markers might clarify the application scope of the PPP, in practice the 

principle might still not be able to hold the balance between power, the willingness and 

ability to pay and operational capacities (Fischhendler, n.d.). Thus, further principles 

regarding the compensation of environmental damages were integrated and frequently 

replaced the PPP. The “beneficiary-pays principle“, closely related to the “users-pay 

principle“ regulate that companies or users of products with a potential pollution risk pay 

indirectly for pollution control costs when they benefit or use the product (European 

Commission, 2012a). The application of these principles within the scope of the WFD seems 

to be not clearly identified. Under Article 9 of the WFD, contracting Parties shall take into 

account the principle of cost recovery of the costs of water services, particularly in 
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accordance with the PPP. The article further requires to ensure “that water-pricing policies 

provide adequate incentives for users to use water resources efficiently, and thereby 

contribute to the environmental objectives” and “an adequate contribution of the different 

water uses, disaggregated into at least industry, households and agriculture, to the recovery 

of the costs of water services”. While the wording of Article 9 may lead to the conclusion 

that costs of recovery should be shared between polluters and users of the water services, the 

ECJ clearly ruled that only polluters have to contribute to the pollution (Commune de 

Mesquer v Total France SA and Total International Ltd., 2008). Insofar, the accordance of 

cost recovery with the PPP was explicitly mentioned in Article 9, excluding pollution 

liability only due to water use. Thus, the application of the “beneficiary-pays principle“ or 

“users-pay principle“ within the scope of the WFD might only be allowed if such groups are 

also responsible for the pollution (Lindhout & van den Broek, 2014).  

National regulations about the liability of compensating water pollution and cost recovery 

should therefore recognize the previous markers ruled by the ECJ.  

2.3.5 The Directive’s timeframe 

The mismatch between legal expectations and ecological timeframes constitutes another 

criticized aspect under the WFD (Voulvoulis et al., 2017). Views within the literature see 

the aim of ecologically good status of all European water bodies by 2015 (Article 4) as a 

legal construction of a flawed understanding of ecological time (Josefsson, 2012) which 

might even not be achieved by the possible extension of this deadline (Hering et al., 2010; 

Jeppesen et al., 2005; Jones & Schmitz, 2009). The challenging timeframes and strict 

deadlines might lay down in the nature of the Directive (WWF & EEB, 2004). 

Liefferink et al. (2011) explain the Directive’s main goal as being a practical approach to get 

Member States implementing a common framework and set objectives which need to be 

reached through certain procedures, rather than putting focus on the outputs of the process.  

In fact, almost twenty years after the adoption, the majority of the Member States could not 

achieve “good ecological status” (Voulvoulis et al., 2017). As confirmed by the 2012 “fitness 

check” of EU freshwater policy, existing water policy might address the current challenges 

and pressures for European freshwater bodies (European Commission, 2012d). However, 

previous degradation and ineffective management in the last decades have caused that about 

half of EU surface waters could not reach “good ecological status” by 2015 (European 
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Commission, 2012b, European Commission, 2015). Just recently, the European 

Environment Agency reported that around 40% of EU surface waters are still not reaching 

“good ecological status/potential” (European Environment Agency, 2018). Although around 

20% of reported surface water bodies have improved since the first RBMP’s published in 

2009, overall good or better ecological status/potential of surface waters was slightly reduced 

(European Environment Agency, 2018; see Fig. 2.3). The interpretation of these results is 

unclear as many Member States do not report consistently (European Environment Agency, 

2018). Significant gaps in monitoring the chemical status of surface waters caused that in 

2012 such values were still unknown for more than 40% of EU water bodies, making the 

creation of baselines impossible (European Commission, 2012b). Obviously, none of the 

Member States might be able to fully reach “good ecological status” of all water bodies, 

neither by the extended deadline in 2021 nor by 2027 (BDEW Bundesverband der Energie- 

und Wasserwirtschaft e.V., 2017). The achievement of the objectives by the EEA States 

within the adjusted deadlines is still unknown.  

Figure 2.3: Ecological status/potential of all surface waters, rivers, lakes, transitional waters and coastal 

waters between the two RBMP’s circles (2009-2018) (known and unknown ecological status) (source: 

European Environment Agency, 2018). 

In the past, a series of claims from the European Commission have filed against Member 

States due to a violation of reaching the WFD’s objectives (BDEW Bundesverband der 

Energie- und Wasserwirtschaft e.V., 2017). To ensure a further increase of violations but 

also to prevent that conditions and deadlines might be removed at the end, the Directive 
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needs to be reviewed and maybe even revised soon in order to enable its successful national 

implementation in the near future.  

Regulated under Article 19 (2) WFD, the European Commission shall review the Directive 

at the latest 19 years after enforcement and propose necessary amendments. Such a review 

will take place in 2019 by the Commission (Council of the European Union, 2016). In this 

regard, the Council of the EU has called the Commission and Member States to develop 

measures “to enable continuous and ambitious national implementation by 2027 and beyond, 

taking into account the prevailing and new challenges to water management planning” 

(Council of the European Union, 2016).  

2.4 Further related legislation 

In connection with the WFD, the European Commission enacted the Environmental Quality 

Standards Directive 2008/105/EC (EQSD). The aim of this directive is to support the 

identification and concentration of certain polluting substances. The directive contains a 

dynamic watch list with a restricted number of substances (up to 10) which have a potential 

risk for or through the aquatic environment. These substances need to be identified and 

monitored by the contracting parties.  

Besides this, further directives and regulations need to be implemented to ensure a successful 

application of the WFD as they are crucial for the reduction and prevention of certain 

pollution sources (European Commission, 2015). The following list includes the main EU 

directives connected to the WFD, and their respective objectives:  

• Urban Waste Water Treatment Directive (91/271/EEC), for protecting the 

environment from negative effects caused by waste water discharge; 

• Nitrates Directive (91/676/EEC), for reducing water pollution caused or induced by 

nitrates from agricultural sources, and for preventing further such pollution; 
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• Directive on Sustainable Use of Pesticides (2009/128/EC)(*), for achieving a 

sustainable use of pesticides by reducing the risks and impacts of pesticide on human 

health and the environment and promoting the use of integrated pest management 

and of alternative approaches or techniques such as non-chemical alternatives to 

pesticides;  

• Industrial Emissions Directive (2010/75/EU)(*), laying down rules on integrated 

prevention and control of pollution arising from industrial activities, and rules 

designed to prevent or, where that is not practicable, to reduce emissions into air, 

water and land and to prevent the generation of waste, in order to achieve a high level 

of protection of the environment taken as a whole; 

• Floods Directive (2007/60/EC)(*), establishing a framework for the assessment and 

management of flood risks, aiming at the reduction of the adverse consequences for 

human health, the environment, cultural heritage and economic activity associated 

with floods in the Community; 

• Groundwater Directive (2006/118/EC)(*), laying down technical specifications for 

chemical analysis and monitoring of water status in accordance with Article 8(3) 

WFD, and establishing minimum performance criteria for monitoring and analysis 

methods and rules for demonstrating analytic results; 

• Directive 2009/90/EC, laying down, pursuant to the WFD, technical specifications 

for chemical analysis and monitoring of water status; 

• Priority Substances Directive (2013/39/EU)(*), amending  the WFD  and  the EQSD  

as  regards  priority  substances  in  the  field  of  water  policy; 

• European Commission Decision (EU) 2018/229, establishing, pursuant to the WFD, 

the values of the Member State monitoring system classifications as a result of the 

intercalibration exercise; 

• Drinking Water Directive (98/83/EC), for protecting human health from the adverse 

effects of any contamination of water intended for human consumption by ensuring  

that it is wholesome and clean; 
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• Bathing Water Directive (2006/7/EC), for preserving, protecting and improving the 

quality of the environment, and for protecting human health by complementing 

Directive 2000/60/EC; 

(*) Directives with EEA relevance. 

Similar purpose as the WFD is intended by the Marine Strategy Framework Directive 

(2008/56/EC) (MSFD) (*) which aims to achieve and maintain good environmental status in 

the marine environment by 2020 at the latest. As one major qualitative descriptor to 

determine “good environmental status”, the MSFD mentions minimized eutrophic threat 

made by human activities (Annex I (5)). The application scope of the MSFD spatially 

overlaps with the scope of the WFD within coastal waters (for “good ecological status” up 

to 1 nautical mile beyond the baseline, for “good chemical status” 12 nautical miles). Insofar, 

its application scope might not be effective for most aquaculture projects due to their 

nearshore location where the WFD is applicable.  

2.5 Implementation into Iceland’s national law 

2.5.1 Current legal status 

With the Decision of the EEA Joint Committee No 125/2007, seven years after its enactment, 

Iceland was required to implement the regulations set with the WFD and its respective 

amendments into national law, and to achieve its obligations by the year 2034 the latest. The 

national implementation, however, took four more years and a final warning by the EFTA 

Surveillance Authority in 2010 (EFTA Surveillance Authority, 2010) until the WFD and 

further directives, regulations and amendments concerning the WFD were enforced by an 

act passed on April 15, 2011 (Lög nr. 36/2011). As further regulated under this regulation, 

Iceland was classified in one single river basin district divided into four subdistricts 

(see Fig. 2.4), and the Environment Agency of Iceland (Umhverfisstofnun) was put in charge 

of implementing and coordinating all relevant measures to achieve the obligations of the 

WFD. The national regulation No (935/2011) introduced regulations concerning the national 

water management, roles of different institutes, stakeholders and NGO’s, and potential of 

contracts with different research institutes for the aim of classifying and characterizing water 
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bodies. The regulation No (535/2011) introduced specific classifications, characterisation, 

pressure analysis and monitoring of water bodies in accordance with the different types 

mentioned in Annex II of the WFD, which are based on non-biological factors. Typology 

factors were introduced for lakes and rivers (altitude, geology, size, depth, percentage of 

glaciers, lakes and wetlands in the catchment) (Veðurstofa Íslands & Veiðimálastofnun, 

2013) and for coastal waters (salinity, temperature, sheltered/access to open waters) 

(Hafrannsóknastofun, 2013).  

Figure 2.4: River Basin District of Iceland (marked with blue line), including four subdistricts (“Svæði”) 

(divided by red lines), as classified under Lög. nr. 36/2011. (source: Halleraker et al., 2013) 

Preliminary pressure and economic analyses were realized in 2011. Insofar, the economic 

analysis has identified that Iceland shall have the most available water resources in Europe 

per capita and that water use per capita is the most compared to any other nation (Halleraker 

et al., 2013). The underlying values are not mentioned, but statistics from 2011-2015 show 

an average in water use of 307.000 m³ in total (Statistics Iceland, n.d.). Globally, statistics 

show that at least most water use per capita cannot be confirmed for Iceland 

(535,7 m³/inhabitant/year in 2007) (ChartsBin statistics collector team, 2011). The 

preliminary pressure analysis indicated that sewage discharge, particularly impacting the 
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coastal waters, might cause major pressures to the water bodies, whereas pressures caused 

by chemical pollutants were not detected (Halleraker et al., 2013). Later statement regarding 

the protection of Iceland’s waters identified not only wastewater treatment, stressed by 

increasing tourism, aquaculture and – to some extent – hydropower, as a major concern 

(Agustsson, 2018). In addition, the increasing production of aquaculture plays a big role for 

the water bodies, but also micro plastics in drinking water, plastics in the oceans, food safety 

and the circular economy (Agustsson, 2018).  

In 2014, the Environment Agency of Iceland had set an implementation timetable until 2018, 

including among others the first published RBMP by then (Jónsson et al., 2014). Due to a 

reduced budget in 2014, the work on the implementation was inactive and just recently 

started again (A.B. Guttormsdóttir, Environment Agency of Iceland, personal 

communication, July 4, 2018). According to the project manager for the implementation of 

the WFD at the Environment Agency of Iceland, Aðalbjörg Birna Guttormsdóttir, the RBMP 

is now planned to be ready in the year 2021-2022 (personal communication, July 4, 2018). 

So far, the Environment Agency arranged agreements with the Icelandic Met Office 

(Veðurstofa Íslands), the Marine and Water Research Institute (Hafró) and the Icelandic 

Institute of Natural History (NÍ) to work on the implementation of the WFD. Arranged work 

is already in progress, such as the identification of types, water bodies and quality elements 

and the implementation of a classification system (A.B. Guttormsdóttir, Environment 

Agency of Iceland, personal communication, July 4, 2018/February 15, 2019). Furthermore, 

certain measures will be taken out to fulfil requirements regarding the watch list as set in the 

EQSD (2008/105/EC). An entire monitoring plan is expected to be published in 2020, and 

so the programme of measures (A.B. Guttormsdóttir, Environment Agency of Iceland, 

personal communication, July 4, 2018). 

Ecological classification of the water bodies does not exist so far, but is in progress and will 

be based on the previous mentioned water typology on lakes, rivers and coastal waters 

(M. Jensdottir Fjeld, Environment Agency of Iceland, personal communication, March 4, 

2019). According to Veðurstofa Íslands (2014), the ecological status of the water body 

within the inner fjord of Ísafjörður (including Pollurinn) is classified as “uncertain (possible 

risk)“ and its evaluation cause as “uncertain risk due to lack of data“ (Fig. 2.5), while the 

outer water bodies are classified as “not under pressure” (Fig. 2.6) (Umhverfisstofnun, 



 

 

29 

 

2013). Furthermore, classifications on the ecological and chemical status are undefined, but 

the water bodies were classified as not being heavily modified (HMWB) (Veðurstofa 

Íslands, 2014). Involving the ongoing sewage discharge within Pollurinn, the 

characterisation of this water body might be substantially changed over a long-term period 

due to human activities. Thus, the categorization of Pollurinn as “heavily modified water 

body” would generally be in accordance with the requirements for such classification 

defined under Art. 2 (9), Art. 4 (3) WFD and guided by the CIS Guidance Document No.4 

(European Communities, 2003a). This would mean that not “good ecological status” but 

instead “good ecological potential” would be required for Pollurinn (Art. 4 (1)(a)(iii) WFD). 

However, the underlying data only demonstrate typology information about the water 

bodies, but no ecological classification since those data are yet not available (M. Jensdottir 

Fjeld, Environment Agency of Iceland, personal communication, March 4, 2019). Insofar, 

future analyses about potential changes in water body classifications need be awaited. 

 

Figure 2.5: Overview of water body status “Skutulsfjörður innri” (source: Veðurstofa Íslands, 2014). 
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Figure 2.6: Overview of water body status within the Westfjords, Iceland (green-white: not under risk, 

yellow-white: uncertain status) (source: Umhverfisstofnun, 2013). 

2.5.2 Perspectives and recommendations 

The goals set by the WFD need to be implemented by Iceland by the year 2022. Through the 

delayed and stagnated implementation process within Iceland, the country has actual less 

time to integrate all relevant measures compared to EU Member States. In fact, the directive 

recognizes a possible extension of the deadline until the year 2034 the latest, if this is 

justified. However, an extension should be avoided as pressures on the water bodies 

increases and are only beneficial overall for the country’s environment and connecting 

economy.  

The Environment Agency of Iceland already put forward some major measures the last 

years, and so far, works constantly on the fulfilment of the WFD obligations. Ecological 

classification of the water bodies and cooperation with several institutes are now in progress, 

the creation of a RBMP, monitoring plan and programme of measures are expected within 

the next two to three years. However, the required monitoring programmes and measures 

under the WFD also need a certain preparatory work over time to develop enough and 

effective governance (European Commission, 2019). Also, the required time for effective 
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response within the concerned ecosystems needs to be considered (European Commission, 

2019). As demonstrated under the latest EU water assessment, the majority of EU surface 

waters are still not reaching good status despite the earlier WFD implementation by EU 

Member States (European Environment Agency, 2018). Thus, the Icelandic government and 

responsible institutes should soon promote further programmes and measures to make it 

more likely to reach the requirements, especially to achieve good water status, within the 

next years.  

Regional collaboration should be intensified as similar conditions and measures might be 

applicable. One good example is the regularly held Nordic Water Framework Conference, a 

collaboration between Environment Agencies of Northern European countries, which 

focuses on the efficient implementation of the WFD under Nordic perspectives (Agustsson, 

2018). As many of the Nordic water bodies are of similar types and share similar issues, the 

collaboration stands as a forum for exchange of experience and good practice, harmonizing 

of further steps and helpful support toward the implementation process (Agustsson, 2018). 

To ensure economic efficiently management of the enormous water use and resources within 

Iceland, the Environment Agency should take the WATECO guidance into consideration 

and implement all necessary steps and measures in its final economic analysis. The 2003 

WATECO guidance (European Commission, 2003) has also listed contacts of the WATECO 

members and their authorities (Annex A2), which can be used for further consultation and 

cooperation. Database about costs and benefits regarding certain measures can be applied as 

well but are limited due to the diverse information given by countries (Mattheiß et al., 2012). 

Insofar, regional collaborations might be also useful information exchange possibilities.  
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3 Implementing macroalgae cultivations to 

counteract eutrophication 

The impact of anthropogenic activities to water bodies can cause significant threat for the 

marine ecosystem, such as through unfiltered waste water discharge and the potential 

nutrient excess involved (Ministry of the Environment Iceland et al., 2004). The absorption 

of nutrients by naturally occurring marine organisms helps mitigating nutrient excess and 

ultimately counteracts eutrophic problems within the concerned water bodies (Chopin et al., 

2001; Phillips, 2019). The implementation of extractive aquaculture, involving especially 

macroalgae, scallops and mussels, is already well-integrated as coastal management measure 

to improve the water quality (Lindahl et al., 2005; Stybel et al., 2009).  

In the present study, focus was laid down on macroalgae cultivation as extractive 

aquaculture. Unlike filter feeders which absorb nutrients indirectly through phytoplankton 

(Stybel et al., 2009), algae absorb nutrients directly through their cells (Shpigel & Neori, 

2007). Furthermore, cultivated macroalgae might reach an economically added value 

compared to cultivated filter feeders through the diversified production opportunities 

(McHugh, 2003). Also, the nutrient extraction rates of cultivated macroalgae are principally 

higher than of cultivated bivalves (Shpigel & Neori, 2007). The general application of filter 

feeders within extractive aquaculture shall not excluded hereby as such organisms are also 

still able to improve the water quality successfully. Their implementation through integrated 

multi-trophic systems in connection with macroalgae and other organic (filter/deposit) 

feeders can fulfil sustainable, environmental, social and economic demands (Shpigel 

& Neori, 2007; Troell et al., 2009).  

A successful implementation of macroalgae cultivation can cause a series of environmental 

benefits and business opportunities (section 3.1.1 & 3.1.2), and even might present a 

potential alternative to proper sewage treatment systems under certain circumstances 

(section 3.1.3). However, besides the dependence of cultivated macroalgae and the 

construction on certain physical parameters (section 3.2.1), potential threat for macroalgae 

status and the growth rate by potential enemies also need to be considered (section 3.2.2). 

On the other side, increasing distribution of macroalgae due to artificial implementation 
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could cause environmental challenges for the aquatic environment (section 3.2.3). The costs 

for implementing such a farm are another important factor which needs to be taken into 

account when planning such project (section 3.3).  

3.1 Benefits from macroalgae cultivation 

3.1.1 Environmental benefits 

Macroalgae cultivation implicates many environmental benefits for the aquatic environment. 

Its ability of reaching bioremediation by absorbing nutrients and CO2 from surrounding 

water bodies and, thus, conduce to combat eutrophication and to improve the water quality 

(McHugh, 2003), is one major benefit. Successful removal of nutrients have been reported 

among others in regard to intensive mariculture (Troell et al., 1999). With regard to CO2 

absorption, researches have estimated that only 9 % of global coverage of macroalgae farms 

could already reach an annual CO2 reduction of 53 billion tonnes by replacing fossil fuel 

energy through biomethane and, thus, play a major role in combatting climate change 

(N‘Yeurt et al., 2012). 

In addition to this, macroalgae have shown to effectively remove metal ions from water 

bodies effected by industrial or urban waste (Mehta & Gaur, 2005). While algae have been 

successfully used as a biological indicator for heavy metal pollution based on natural or 

industrial sources, the removal of such toxins by algae was so far only studied in small-scale 

experiments (McHugh, 2003). In this regard, among others milled and dried Laminaria has 

shown to be able to absorb copper, zinc and cadmium ions from solutions, but also waste 

products of some algae types were able to absorb certain metals (McHugh, 2003). Further 

progress and economic feasibility of such potential absorption is needed and for example 

discussed by Mehta & Gaur (2005). 

While there are concerns regarding wild harvesting of macroalgae (Titlyanov & Titlyanova, 

2010; Troell et al., 1999), its artificial implementation does not damage natural ecosystems 

but have similar environmental benefits such as establishing nursery habitats for fish and 

locate food sources for its marine environment (Bak et al., 2018).  
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Macroalgae in general attracts a wide variation of benthic organisms due to sheltered areas 

beneath it (Wood et al., 2017). Some studies also reported on benefits for many 

zooplanktonic species as macroalgae cultivations enable more sheltered places and food 

resources (Hammer, 1981; Pakhomov et al., 2002). In wild abundance, certain Laminarians 

have found to be main drivers of species diversity in UK subtidal environments (Burrows, 

2012). On the contrary, studies about the correlation between macrofaunal abundance and 

algae biomass in North and South Iceland have reported that high algal biomass of 

Laminarians and Alaria esculenta are not in connection with high macrofaunal abundance 

as just the haptera of the algae is used as adequate refuge (Espinosa & Guerra-García, 2005). 

More observations regarding the correlation between macrofaunal and macroalgal 

abundance might be needed in order to determine specific behaviours.  

Marine mammals and sea birds near macroalgae cultivation may take advantage of the 

increasing abundance of prey provided by macroalgae cultivation (Fredriksen, 2003; 

McClanahan & Branch, 2008).  

3.1.2 Business opportunities  

Biomass potential and the specific contents of algae have created a huge variation of algal 

products in the last decades. Algae naturally contain important nutrients such as 

hydrocolloids, protein, vitamins, minerals, trace elements, and enzymes (Freitag, 2017; 

McHugh, 2003). 

Depending on natural distribution and driven by global demand (Marinho et al., 2015; van 

den Burg et al., 2016), current algae cultivations are mainly used as food supply (FAO, 

2018). Red and brown algae are especially used to extract contained substances like agar, 

alginate and carrageenan useful in food production (McHugh, 2003). Cultivated algae are 

further used as human food resource. Besides the most common edible algae Nori 

(Porphyra spp.) as deserved on sushi, Alaria esculenta is described to be very delicious, 

having the highest protein values among algae, and being rich in trace metals and vitamins 

(McHugh, 2003). Wild-harvested Saccharina latissima is sometimes contained in dried form 

as additive in the alcohol production (e.g. Isle of Harris Distillers Ltd, n.d.).  
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Brown algae are reported to be potential strong antioxidant agents through their contained 

phlorotannins associated with their unique molecular skeleton (Capasso, 2012). 

Furthermore, extracted contents like agar, alginate and carrageenan are further used as 

additives in cosmetics (McHugh, 2003). The Icelandic company SjávarSmiðjan located in 

Reykhólar in the South-Westfjords of Iceland offers algae baths and produces bath and facial 

mask powder from wild-harvested algae around the region for softening the skin, improving 

its elasticity and reducing aging signs (SjávarSmiðjan, 2017).  

The suitable nitrogen and potassium content makes it possible that algae can function as 

fertilizer and soil conditioner (McHugh, 2003). Brown algae contains large amounts of 

insoluble carbohydrates, improved aeration and soil structure, plus good moisture retention 

properties (McHugh, 2003). Contained trace elements are sometimes referred to be 

effectively regarding fertilizers (McHugh, 2003).  

Algae are sometimes also used as additive to the diet of animals for its assumed nutritional 

value, and some positive results have been reported in regard to cattle and sheep by causing 

increased meal yield and wool production (McHugh, 2003). Algae additive in fish feed is 

attributed to the binding function of contained alginate, holding wet feed together and 

avoiding its dissolution in water (McHugh, 2003). An increasing demand in this regard is 

questionable as more and more dry fish feed is used making binding functions dispensable 

(McHugh, 2003).  

Algae further play a significant role on markets for renewable and sustainable resources. 

With the aim of finding renewable source for natural gases, the potential of algae was first 

studied in the 1980’s (McHugh, 2003). Since then, several studies are taking place in order 

to find optimum biomass and content of different algae types for producing ethanol-based 

biofuels and biogas out of methane (e.g. Boonstra, 2015; Kraan, 2016; Milledge et al., 2016; 

Reitan, n.d.). In addition, algae can also provide an alternative to plastic-based products as 

proven by the Icelandic student Ari Jónsson who designed biodegradable bottles made from 

agar (Morby, 2016).  

Different cultivation techniques applicable to specific environmental conditions (Bak et al., 

2018; Buck & Buchholz, 2004) and purposes (ARPA-E Macroalgae Workshop, 2016; Doty 

& Caddy, 1987) have already been developed throughout the time. Especially farming of 
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Saccharina latissima shall be highly suited for commercial-scale cultivation in Europe and 

North Atlantic regions (van den Burg et al., 2016). However, there is only minor commercial 

cultivation in European waters, more than 90 % of global cultivation still takes place in Asian 

countries (FAO, 2018, p.25).  

To sum up, the potential of algal-based products is huge and still increases. Further potential 

and more sustainable harvest methods need to be discovered. 

3.1.3 Macroalgae cultivation as an alternative to proper sewage 

treatment systems? 

The ability of algae to absorb nutrients in water bodies and, thus, compensate their 

distribution (McHugh, 2003) can lead to the possibility of using macroalgae cultivations in 

places where sewage outlets traditionally reach the water unfiltered, and financial issues 

and/or local conditions do not allow proper treatment systems.  

Several studies have been undertaken in the past in order to observe this potential alternative 

(Schramm, 1991). Undisputable is the ability of algae to reduce nitrogen and phosphorus 

content directly linked to sewage treatment (McHugh, 2003). In most domestic and 

agriculture wastewater, ammonium as dominating form of nitrogen is known to be preferred 

by many algae types for growth absorption (McHugh, 2003). Furthermore, many algae types 

can absorb more phosphorus from the water body than needed for their maximum growth 

(McHugh, 2003). These abilities are good requirements for macroalgae cultivations used as 

alternative sewage treatment plants.  

However, cultivated algae nearby sewage outlets need to withstand specific water conditions 

such as tolerating significantly changing salinity (McHugh, 2003). While intertidal and 

estuarian green algae types are the most tolerant species regarding changing environmental 

conditions, commercially valuable brown and red species are described as only be suitable 

in (sub-)tropical regions as cold-temperature species might be too sensitive for nutrients 

removal in winter months (McHugh, 2003). Regarding the effect of sewage on algal 

distribution, Gunnarsson & Porisson (1976) observed in their study near Reykjavík that 

overall more simple community structures were found adjacent to sewage outlets than farther 

away. This might be potentially caused by several valuables such as lower salinity values, 
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increasing temperature and turbidity, and higher nutrient concentrations (Gunnarsson 

& Porisson, 1976).  

Another important factor which need to be considered is the required amount of algae and, 

thus, the required space to mitigate nutrients from sewage to be comparable with proper 

sewage treatment systems. An exceeded required marine space to actually fix eutrophication 

problems overall was reported by Myers (2015) by looking at the potential nutrient uptake 

using the 106:16:1 ratio of carbon, nitrogen and phosphorus as discovered under Redfield 

(1934) and comparing it to the nutrient composition at the study site. There are, however, 

different issues to be recognized when applying the Redfield ratio, among others that the 

proportions of nitrogen and phosphorus might be fairly constant (16:1) in phytoplankton 

biomass and dissolved nutrient pools, but can vary from 5:1 up to 100:1 in cultured algae 

and cyanobacteria depending on the nutrient supply (Geider & La Roche, 2002). A further 

approach to calculate the potential algal composition is the application of the Kjeldahl ratio 

which is universally established to determine the ratio between nitrogen and protein content 

of organic substances (Magomya et al., 2014). Early determinations defined the average 

nitrogen (N) content of proteins as to be about 16%, so that the content of nitrogen into 

protein is generally calculated as N x 6.25 (100/16 = 6.25) (Magomya et al., 2014). However, 

while the Kjeldahl ratio might only be a general approach in determine the nitrogen content, 

ratio values might highly vary between different substances due to diverse compounds 

(Magomya et al., 2014).  

Further to be considered is the threat of decomposed macroalgae which can provide low 

oxygen areas, so called “dead zones“, within the water bodies harmful to marine life (Myers, 

2015). Thus, it should be ensured that farming operations are located close to nutrient 

hotspots, but beyond oxygen-providing submerged aquatic vegetation (Myers, 2015). Well-

planned harvest timing can lead to supportive oxygen production by macroalgae biomass 

and, at the same time, can avoid decomposition of such (Myers, 2015).  

Overall, the potential of macroalgae cultivation as an alternative to proper sewage treatment 

systems requires appropriate environmental conditions at the respective site. The nutrient 

retention potential of cultivated algae especially depends on the amount of nutrient input 

through sewage outlets, suitable physical parameters and available marine space for the 

cultivation construction. The potential nutrient uptake rates under Redfield and Kjeldahl 
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suggest that a relatively high amount of (cultivated) macroalgae would be needed to 

counteract anthropogenic nutrient excess. Although at most locations the required algal 

biomass might exceed the available marine space, the implementation of macroalgae 

cultivations in regions threatened by nutrient excess might have at least positive impacts in 

counteracting eutrophication problems (Myers, 2015).  

3.2 Physical and biological requirements and 

challenges of macroalgae cultivations  

3.2.1 Physical challenges and requirements 

In general, macroalgae growth is constrained by nutrient-rich waters, an adequate sunlight 

exposure, the necessary temperature and salinity, and appropriate marine energy such as 

from waves, currents or tides (Freitag, 2017).  

Regarding nutrient distribution in water bodies, municipal sewage has shown to be a good 

source for algae growth (Scoggan et al., 1989). Industrial waste, on the contrary, contains 

many harmful substances, such as heavy metal or sulphides, and are enormously detrimental 

to algae growth (Scoggan et al., 1989). During the rapid grow-out period, algae of 1 to 2 m 

in length can absorb up to 6 mg m-3 of nitrogen per day. Thus, regions with dissolved 

N-nitrogen and N-nitrates lower than 10 mg m-3 require artificial fertilization for reaching 

algae growth, whereas levels less than 5 mg m-3 are unsuitable for algae growth (Scoggan et 

al., 1989). Whereas limited nutrients reduce algae growth, nutrient excess may also limit 

algal biomass particularly when other substances are present in the same water body, such 

as toxics (Lee & Jones-Lee, 1998).  

Water turbidity as an important component and inversely related to water transparency, can 

identify how far sunlight can penetrate the water body (Scoggan et al., 1989). Best locations 

for algae farming are nearshore or in deeper offshore regions with constant water turbidity 

with a Secchi depth of at least 1 to 3 m (Scoggan et al., 1989).  

Temperature is another important factor as the reaction kinetics and membrane properties 

can be changed negatively (Zhang et al., 1999). Studies about the effects of changing 
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temperature on polar algae have shown that most of algae types prefer temperatures below 

15 °C, with maximum growth rates reached at 2 to 8 °C (Bunt, 1968; Fiala & Oriol, 1990; 

Kottmeier & Sullivan, 1988).  

Another potential factor for reaching optimal algae biomass are constant salinity values. 

Studies about growth rates of Arctic-sea-ice algae through salinity changes revealed a 

variation in composition of algal communities with changing salinity (Zhang et al., 1999). 

By entering the North Icelandic shelf, salinity is more than 30 ppt (Jochumsen et al., 2016), 

which may change especially at surface and nearshore due to freshwater inlets. In moderate 

volume, freshwater can enrich seawater with beneficial nutrients and be acceptable for algae 

farming (Scoggan et al., 1989). However, an excess of freshwater inlet may reduce the 

salinity and gravity of seawater, causing negative impacts on algae culture (Scoggan et al., 

1989). As reported by Gunnarsson & Porisson (1976), changing salinity values near sewage 

outlets may cause limited algal distribution in these areas.  

Potential impacts of marine energy at the cultivation site further needs to be recognized 

which can negatively impact the cultivation and the construction. Especially currents causing 

constant water circulation are necessary for algae growth (Freitag, 2017). Water bodies with 

less than 10 m in depth are not affected by upwelling water masses or currents, but seriously 

by winds (Scoggan et al., 1989). Currents in these areas are often less than 10 m/min, the 

culture construction can even break them down to 2 to 5 m/min, meaning that the required 

water circulation of minimum 10 m/min cannot be ensured (Scoggan et al., 1989).  

3.2.2 Potential enemies 

Besides the previous mentioned potential physical factors causing the loss and minor growth 

of algae, certain natural predators abundant in the aquatic environment may limit algae 

growth. 

Natural grazers of macroalgae include a variety of benthic invertebrates, such as snails, sea 

urchins and small crustaceans (Wood et al., 2017). Although hanging culture methods might 

be not accessible for them, larvae of such grazers might settle and then grow to grazing 

juveniles (Wood et al., 2017). This can cause significant loss on the algal biomass, especially 

during early summer months, as demonstrated by previous studies regarding 
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Saccharina latissima cultivation grazed by Lacuna vincta (Montagu, 1803) snails of 1-5 mm 

(Kerrison et al., 2015). Threat of changing harvest times can be caused by grazing epiphytes 

(Kerrison et al., 2015; Marinho et al., 2015). Biofouling as accumulation of algae caused by 

epiphytes especially occurs in more sheltered and nearshore waters (Peteiro & Freire, 2013). 

On the contrary, offshore cultivation with strong currents, higher water levels and more 

distance to natural populations could lead to low biofouling density on macroalgae (Bak et 

al., 2018). Also, the presence of mussel cultivation near algae farming may be important 

contributors (Peteiro & Freire, 2013).  

Further undetectable grazers could also occur. Grazing fish on cultured algae was reported 

by Peteiro & Freire (2012), but only with limited adverse impacts. Additionally, whole algae 

cultivation is vulnerable through potential outbreaks of diseases, non-indigenous pests and 

pathogens, as happened in the Philippines causing a major for the concerned community of 

US $ 310 million (McPherson et al., 2016). With regard to changes in benthic richness on 

holdfasts of wild algae and cultivated algae, studies have reported increased numbers of 

species on cultivated holdfasts, although differences do not occur at feeding types (Walls et 

al., 2016). 

As an overall threat, global decline of algae in the aquatic environment could be observed in 

the past decades (Norwegian Institute for Water Research [NIVA], 2018). The increasing 

replacement by resistant turf algae, a genetically diverse group of macroalgae which covers 

whole sea floors, makes algal reproduction more difficult (Filbee-Dexter & Wernberg, 2018; 

NIVA, 2018). Furthermore, with increasing water temperate macroalgae get less resilient to 

stress factors like eutrophication, pollution or extreme weather events (Husa et al., 2014; 

NIVA, 2018).   

3.2.3 Challenges caused by macroalgae farming 

Macroalgae cultivation might not only have positive impact for the environment and society, 

but can also cause certain challenges to the aquatic environment and concerned communities. 

In general, environmental effects from small cultivation farms might be minimal. Larger 

farms, however, could have increasing environmental effects on several receptors (Wood et 

al., 2017). 
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Organic material within natural algae areas is utilized by macrofauna in the benthic layer 

under the algae (Duggins & Eckman, 1994). Sedimentation of fragments under macroalgae 

farms could cause that organics are limited at the sediment layers within this area (Wood et 

al., 2017). The range of biodeposition was researched in the context of mussel farms in 

similar environments as algae cultivation, localizing effects of up to 50 m from the farm 

(Callier et al., 2008; Giles et al., 2009).  

Additionally, while biomass of macroalgae provides the aquatic environment with further 

oxygen, its decomposition outcompetes microalgae which excess is the major cause for so 

called “dead zones“, oxygen-enriched water bodies eliminating habitat especially during 

high metabolism periods (Myers, 2015). Macroalgae cultivations can thus contribute to 

hypoxia within the waters through their eventual death or failed harvest timing (Myers, 

2015).  

When algae are subject to stress, they release volatile gas into the water and air. Especially 

during harvest seasons, the values of released gases into the atmosphere could shortly 

increase depending on the farm’s size and the stored containers (Wood et al., 2017). 

Atmospheric occurrence of these gases could lead to cloud condensation nuclei which could 

cause local/regional climate and radiative forcing (Küpper et al., 2008; La Barre et al., 2010).  

Impacts due to macroalgae cultivation can also include social issues. Acceptance of the local 

community may be influenced by visible impacts (Wood et al., 2017). However, unlike 

visual impacts of offshore wind farms or aquaculture farms, visible factors of macroalgae 

cultivation only include buoys and navigational markers which have less impact to the 

aquatic environment (Wood et al., 2017).  

3.3 Potential costs of macroalgae cultivation 

When implementing macroalgae cultivation, several costs occur and should be considered 

within the cost-benefit analysis and preparation process. In general, following cost factors 

should be considered (Bak et al., 2018; BIM, 2011a; Krost et al., 2011): setup and operational 

costs (such as ropes, buoys, anchors, storage tanks, measurements, machines, boats, 

protecting clothes, electricity), maintenance costs, labour costs, insurance costs, potential 

costs for permissions, potential costs for algae treatment. Depending on whether algae shall 



 

 

43 

 

be deployed in hatchery facilities, the respective costs also need to be considered. Potential 

factors in this regard are (BIM, 2011a): laboratory material (e.g. microscope, autoclave, 

scales, gloves, tanks, pipework), electricity, insulated room, labour costs.  

Costs of macroalgae cultivation can vary depending on the location, applied design, desired 

biomass and cultivation methods. Large-scale cultivation with high algal biomass and 

multiple partial harvest can improve the economic viability of macroalgae cultivations (Bak 

et al., 2018).   

4 Case Study: Implementation of a 

macroalgae farm within Ísafjörður 

4.1 The purpose of the case study 

The national implementation of the WFD into Icelandic law requires the country to show 

“good status” of all water bodies within the River Basin District by 2034 the latest. About 

90 % of Icelandic population lives at the coast (Jónsson et al., 2014) with a comprising 

surface area of 38,162 km² (Ólafsson, 2012). Appropriate sanitation systems are established 

around the capital area, but are missing in more rural areas affecting 1/3 of the population 

(Ólafsson, 2012; see Fig. 1.1). Although investments for proper sewage systems especially 

in coastal regions are advised (Ólafsson, 2012), significant pressures on concerned water 

bodies through bacterial or chemical pollution were generally excluded in the past (Jónsson 

et al., 2014; Ólafsson, 2012). However, ongoing nutrient input through infiltrated sewage 

might lead to eutrophic problems within the concerned water bodies in the near future.  

The probably most effective solution to avoid nutrient excess caused by municipal 

wastewater might be through a proper filtration system, however, its implementation causes 

high investments and requires certain soil conditions. Thus, the nutrient absorption of 

macroalgae cultivation adjacent to sewage outlets shall be observed in order to mitigate the 

eutrophic threat, improve the water quality and support the achievement of good water status 
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required under the WFD. The inclusion of macroalgae cultivation within inner coastal 

management measures is recognized as being an effective opportunity to counteract 

eutrophic problems (Lindahl et al., 2005; Myers, 2015; Stybel et al., 2009). Further algae 

biomass potential for creating business opportunities could make such implementations as 

being a cost-effective alternative or at least additive to proper sewage treatment plants, 

dependent on the required marine space to absorb abundant nutrients.  

4.2 Preparation and setup process  

The implementation of the macroalgae farm requires a very complex preparation and setup 

process. Before the farm could be implemented, a location well-suited for the experiment 

had to be found and permitted by the local authority (section 4.2.1). In addition, the design 

of the farm and material needed for its setup were researched and collected (section 4.2.2). 

The actual algae selection and sampling required literature reviewed sampling methods and 

available species around the region (section 4.2.3). Another major factor was the ability of 

necessary measurement tools to be able to implement local bathymetry and environmental 

factors (section 4.2.4). Different setup approaches had to be discussed based on local 

environmental conditions and available setup opportunities before the final installation of 

the farm could take place (section 4.2.5).  

4.2.1 Selecting an appropriate cultivation site 

In general, an appropriate cultivation area should comply the objectives of sustainable 

development, by being compatible with the ecosystem, social acceptance and economic 

feasibility of the respective region (IUCN et al., 2009).  

In the present study, the choice of an appropriate study site was mainly based on local 

infrastructure and environmental conditions. Described by Scoggan et al. (1989), an ideal 

location for cultivating macroalgae should generally have a minimum water depth of five 

meters, moderate water movement, access to nutrient-rich water and constant physical 

parameters such as salinity, water temperature and transparency. A flat sea floor with sandy, 

muddy or sludge-covered substratum ensures a good fixture of the construction’s anchors 

(Krost et al., 2011; Scoggan et al., 1989).  
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For study purpose, Ísafjörður was chosen which is located in the Northern Westfjords of 

Iceland (GPS: N66° 4' 29.962" W23° 7' 31.437"), and is the largest town in this region with 

a population of around 2,600 people (Visit Westfjords, n.d.). The area is connected to the 

North Atlantic Ocean through the outer fjord Skutulsfjörður. The town consists of residential 

areas adjacent to the fjord and a populated spit projected into the fjord which forms the inner 

semi-closed fjord Pollurinn (see Fig. 4.1). With its hospital centre, municipality building, 

university centre, community centre, retirement homes, bars, cafés, supermarkets, petrol 

stations and several other companies, Ísafjörður has a well-structured infrastructure.  

However, lacking proper sewage treatment systems within the town lead to the assumption 

of increasing eutrophication risk. In total, twenty sewage outlets are situated around the 

town, leaving unfiltered domestic and industrial waste into the water bodies (see Fig. 4.2). 

Based on the specific shape of the town’s spit, water movement and exchange within the 

inner fjord (Pollurinn) is assumed to be minor compared to water bodies outside the fjord 

with direct contact to open waters. Lacking circulation might be also supported by the 

abundant pollution at the seafloor within Pollurinn, as demonstrated on Figure 4.3 and 

Figure 4.4. This leads to the threat of raising eutrophic problems within this area due to 

increasing nutrient inlet. A study conducted by Gharibi (2011) about the macrofaunal quality 

status within Pollurinn under WFD criteria reported “moderate status“ for the habitats close 

to the sewage outlets with deterioration of the biodiversity of about 21% over thirteen years. 

Further pressure on the water body is to be expected due to increasing population and/or 

tourism and ongoing input of unfiltered sewage. The installation of proper sewage treatment 

systems or any point source filtration within Ísafjörður are not planned in the near future 

(R. Trylla, Umhverfisfulltrúi Ísafjarðarbær, personal communication, March 11, 2019). 

Thus, additional deterioration of the aquatic environment and significant increase of 

eutrophic risk have to be assumed in the future. Due to the population size of Ísafjörður and 

the potential exorbitant nutrient excess within Pollurinn, the study’s purpose of applying 

Figure 4.1: Ísafjörður from North-East. 
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macroalgae cultivation as an alternative for proper sewage treatment systems might be more 

applicable for smaller communities. Nonetheless, the researched results at the chosen 

location can support future research in this field. 

Figure 4.4: Seafloor conditions within Pollurinn     

(photo credit: Jake Maruli Thompson, 2018). 

 

The local bathymetry within Pollurinn with varying water depths (see Fig. 4.5) made it 

possible to choose the exact location more flexible, although the existing significant slope 

posed a potential risk for slipping off. The mud and sandy substratum within Pollurinn 

(Gharibi, 2011) allowed potential anchorage for the construction. Further environmental 

Figure 4.2: Overview of sewage outlets around Ísafjörður with respective population size to each outlet 

(source: Ísafjarðarbær, 2016). 

Figure 4.3: Sewage pipe within Pollurinn (ø 40 cm) 

(photo credit: Jake Maruli Thompson, 2018). 
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requirements were assumed at this stage, but were monitored during the study. Following 

the aim of the case study to test whether the set macroalgae are able to reduce potential 

nutrients excess within the inner fjord, the site should be located as close as possible to 

sewage outlets.  

 

Figure 4.5: Map of the bathymetry around Ísafjörður (source: Icelandic Hydrographic Service, 2001). 

Besides appropriate environmental conditions for its development, planning of marine 

aquaculture facilities has to include potential administrative interference and other marine 

activities (IUCN et al., 2009). An important point of the construction for the present study 

was the avoidance of any disturbance of shipping traffic and water sport activities, Within 

Pollurinn, there are two harbours being the contact point for commercial and research 

vessels, piers for cruise ships and a kayak centre. The planned small-scale experiment might 

not pose a high risk in this regard, nonetheless, the future potential of such cultivation on a 

commercial-scale should be demonstrated as realistic as possible. Another influencing factor 

was the possibility of having easy access to the farm by land to allow regular monitoring and 

farm activities independent of water and weather conditions.  
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By taken all these factors into account, a traffic-calmed area in front of an old and no longer 

used wooden jetty and parallel to the shoreline was selected, providing access to the 

construction and being close to some sewage outlets (see Fig. 4.6). The cultivation site was 

approved by the responsible committee of the municipality.  

4.2.2 Construction design 

In order to find a well-suited construction design for the experiment, respective studies and 

researches were reviewed and compared with the present conditions and purposes.  

During the past decades, a variety of designs for successful macroalgae cultivation were 

studied and developed. Designs are primarily influenced by the environmental conditions at 

the cultivation site and desired purposes, but also by available material and financial support. 

Several designs have been developed to accommodate local issues. Probably the most 

common method consists of one or more horizontally hanging “floating ropes“ to which 

cultivated or harvested algae are either attached horizontally or vertically through 

“cultivation ropes“, altogether floated by buoys at the surface and fixed by anchors at the 

sea floor (Flavin et al., 2013). These designs might work in shallow and calm waters, but 

their application offshore needs further stability in the design to withstand strong wave and 

wind action. A floating design was constructed by the Faroe company Ocean Rainforest Sp/f 

which has reported first success in cultivating macroalgae at sites with 50 to 200 m depth by 

Figure 4.6: Approved location for macroalgae cultivation within Pollurinn, 

marked with red circle (source: Google Maps). 
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using four steel anchors (Bak et al., 2018). Further stabilizing designs were successfully 

applied, like the developed offshore ring within the study of Buck & Buchholz (2004).   

Regarding the requirements on component material, Scoggan et al. (1989) recommend very 

strong floating ropes made of durable, noncorrosive synthetic fibre (e.g. nylon) with 2 to 

2.5 cm in diameter. The cultivation ropes shall be of around 3 cm in diameter, and light-

coloured polyester should be avoided as its potential light reflection can affect the needed 

photosynthesis process for algae growth (Scoggan et al., 1989). Weights of around 0.5 kg 

attached at the end of each cultivation rope ensure a swaying movement in the seawater 

(Scoggan et al., 1989). Anchor weights could either consist of cement or old metal pieces, 

taking into account the changing surface weights (2.5 g cm-3 for cement, 7.8 g cm-3 for iron) 

(Krost et al., 2011). A proportion ratio of 1:3 between height and width ensures low gravity 

and improves the anchors’ stabilizing force (Scoggan et al., 1989). Large-scale cultivation 

designs in areas with extremely strong water energy (including 500-m long floating ropes) 

use 1-1.5 t anchor weights (Bak et al., 2018; Krost et al., 2011). Floating of the construction 

can be supported by plastic buoys (1.6 kg weight gives 12.5 kg buoyancy) which are attached 

on each site of the floating rope with polyester ropes of 0.2 to 0.7 mm in diameter (Scoggan 

et al., 1989).  

The length of the anchor ropes depends on the applied angle to the main floating rope. 

Anchor ropes should generally ensure good elasticity to be applicable for strong wave 

actions stretching them and for calm weather conditions relaxing them (Scoggan et al., 

1989). While too short ropes might break or submerge the construction, longer ropes than 

needed allow too much free play of the construction (Scoggan et al., 1989). A good ratio is 

to have anchor ropes twice as long as the water depth of the construction site which gives an 

angle of 30° between water surface and anchor rope (Scoggan et al., 1989). The ratio should 

be changed to 3:1 in areas with high wave action, and can be reduced to 1.5:1 in more 

protected areas (Scoggan et al., 1989). The minimum water depth for cultivations is 

recommended by Scoggan et al. (1989) to 5 m during neap tide.  

Purpose of the study was also to test whether the selected construction design is suited for 

this location. Although studies on physical parameters within Pollurinn are rare, the selection 

of the design was based on the known sea floor substratum (Gharibi, 2011) which allows 
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anchorage for a hanging culture design, and available material. The chosen design (see 

Fig. 4.7) included the following components: 

▪ 10 nylon cultivation ropes (white-green colour), each 1 m long and 27 mm in diameter,  

▪ 10 metal chain pieces of each around 0.4 kg, 

▪ One 12 m long horizontal floating rope of 15 mm in diameter (polyester), 

▪ Two anchor weights of old metal chains with 117 kg and 119 kg (surface unit),  

▪ Two anchor ropes of 15 mm in diameter and each 14 m in length, marked at 12 m 

(polyester), 

▪ Four buoys with a volume of 17 litre for the outer ends of the main floating rope, and 

one smaller buoy for supporting the floating rope in the middle, 

▪ Two additional 10 m safety ropes of 15 mm in diameter (polyester), made visible by 

two further small buoys, 

▪ Polyester attachment ropes of 15 mm (for big buoys) and 8 mm (for small buoys and 

anchor pieces) in diameter, 

▪ Cable ties and tape for stabilizing the knots and attachments. 

Figure 4.7: Illustration of construction design, including the following components: (1) main floating rope, 

(2) big buoys, (3) anchor weights, (4) anchor ropes, (5) safety ropes, (6) cultivation ropes, (7) weights at 

cultivation ropes, (8) attached algae. Dotted lines with stated measurements show the calculation of the 

required distance between anchor weights, and the applied angle between anchor rope and water surface. 

(not to scale). 
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Most of the construction was prepared on land. The cultivation ropes were attached about 

one meter apart from each other by tangling one end through the main floating rope and 

fixed with tape (see Fig. 4.8). Metal chain pieces were tangled through each end of 

cultivation rope and fixed by three cable ties (see Fig. 4.9).  

For each outer end of the main floating rope, two bigger buoys were tied together by 

attachment ropes and fixed by cable ties. The main floating rope and the two safety ropes 

were attached to these attachment ropes using an “anchor hitch” and cultivation cable ties 

(Grog LLC, n.d.). For visibility purpose, two smaller buoys were attached in the middle of 

the safety ropes by the thinner attachment ropes and cable ties. A further smaller buoy was 

similarly attached in the middle of the main floating line to control its depth position. Single 

metal chain pieces were tangled together to two anchor weights of 117 kg and 119 kg 

(surface unit) by the thinner attachment ropes (see Fig. 4.10). The anchor ropes were each 

attached to the anchor weights by using an “anchor hitch“, and fixed by cable ties. Their 

attachment to the main floating rope took place in the later final setup in water.  

 Figure 4.8: Cultivation rope tangled between main 

floating rope and fixed with tape. 

Figure 4.9: Fixed metal chain pieces to 

the end of a rope. 
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The actual distance between the anchor weights at the construction site was calculated to 

facilitate the later setup. By applying the Pythagorean theorem, given an anchor rope length 

of 12 m, water depth of 5 m, plus a 12 m main floating rope, the distance was calculated as 

33.8 m (see Fig. 4.7). The distance between both anchor weights were assumed as being 

32 m, giving a certain free play for the main floating rope and anchor ropes. The angle 

between anchor ropes and water surface was calculated as being 24.6°. 

  

Figure 4.10: Metal chains tangled together to two anchor weights. 



 

 

53 

 

4.2.3 Algae selection and sampling strategy  

Macroalgae cultivation can either include nursery or laboratory of young sporophytes for 

later out-placement to the farm (Flavin et al., 2013), or the attachment of wild-harvested 

algae (Scoggan et al., 1989) which is less cost- and time-intensive and does not require 

specific laboratory equipment and knowledge (ARPA-E, September 21, 2017; Flavin et al., 

2013). Depending on the species, algal morphology mainly consists of a frond, a stipe and 

an often root-like holdfast (Creed et al., 1998; Preston-Mafham, 2004). Algae growth is 

visible at the meristematic region adjacent to the stipe (Creed et al., 1998), while the natural 

purpose of the holdfast is to fix the algae to their environment. This purpose can be replaced 

by putting the stipe through the twisted cultivation ropes to actually attach the algae to the 

construction, thus the holdfast can be cut during the wild-harvest collection.  

The selection of cultivated algae types primarily depends on the respective marine ecosystem 

of the cultivation site. For example, in Asian countries the main naturally occurring species 

are red algae species like Porphyra tenera (FAO, 2001). In contrary, dominant algae species 

within European countries and around North Atlantic coastal regions are brown algae due to 

the rocky coastal areas which provide ideal bottom for extensive algae forests (Buck 

& Buchholz, 2004; Espinosa & Guerra-García, 2005; Preston-Mafham, 2004). The general 

abundance pattern of the brown algae types Laminaria hyperborea and Laminaria digitata 

within the Southern Westfjords region of Iceland was reported by Gunnarsson (1991). The 

selection for the present study was based on the current presence of algae types within the 

region during the sampling period, their potential growth and ingredients of interest for later 

algal products. While within Iceland, about 269 different benthic marine algae species occur 

in the littoral and sublittoral zone (Gunnarsson & Jónsson, 2002), Table 4.1 gives an 

overview about the visibly occurring littoral algae species around Ísafjörður, their preferred 

depth, growth potential and interesting ingredients. For comparison purpose of testing which 

algae type might be best suited for bioremediation, two to three different species should be 

collected.  
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Table 4.1: Overview of commonly occuring algae species in littoral zones around Ísafjörður. 

Species Group Potential 

growth 

Interesting 

ingredients 

Literature 

Alaria esculenta 

(Linnaeus) Greville 

Brown algae 0.66 kgdw m-1 rich in 

protein, 

trace metals, 

vitamins 

Bak et al., 

2018; 

McHugh, 

2003  

Ascophyllum nodosum 

(Linnaeus) Le Jolis 

Brown algae 1.94 kgdw m-2 rich in 

phlorotannin 

Dutot et al., 

2012; Gollety 

et al., 2011 

Fucus vesiculosus 

Linnaeus 

Brown algae ? rich in Mg,  

K,  Ca,  Na,  

halogens  

Truus et al., 

2001 

Laminaria digitata 

(Hudson) J.V. 

Lamouroux 

Brown algae 1.05 kgdw m-1 phenolics BIM, 2011a; 

D’Este et al., 

2017 

Palmaria palmata 

(Linnaeus) F.Weber & 

D.Mohr 

Red algae 0.83 kgww m-1 rich in 

potassium, 

protein, 

vitamins 

BIM, 2011b; 

USDA, 2017 

Saccharina latissima  

(Linnaeus) C.E. Lane, C. 

Mayes, Druehl & G.W. 

Saunders 

Brown algae 0.29 kgdw m-1 sugar 

alcohol 

mannite, 

vitamin C, 

iodine, 

protein, 

calcium 

Bak et al., 

2018; Sept, 

2008 

 

Rocky shores near Hnífsdalur (GPS: N66° 6' 36.880" W23° 7' 7.929") and Arnanes 

(GPS: N66° 5' 49.904" W23° 2' 25.482") were selected as being appropriate collection sites 

with common occurrence of different algae species. On the 16 July 2018, three different 

algae species could be sampled at these sites during low tide, with similar biological status 

such as length and visible imperfections (see Fig. 4.11). The first two species were collected 

near Hnífsdalur, namely Alaria esculenta (Linnaeus) Greville, and Laminaria digitata 

(Hudson) J.V. Lamouroux. These species commonly occur within North Atlantic regions on 

exposed rocks, at low intertidal zones to shallow subtidal depths (Sept, 2008). Cultivation 
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techniques of both species are well developed (Bak et al., 2018; Creed et al., 1998). The 

species Alaria esculenta, also known as “winged kelp“, consists of an up to 2 m long 

elongated brown frond with a distinct midrib, and reproductive sporophylls on the lower 

stipe (Sept, 2008). This species is known as being very delicious, having the highest protein 

values among algae, and being rich in trace metals and vitamins (McHugh, 2003). Laminaria 

digitata is also called “finger kelp“ due to its up to 4 m long dark brown to olive frond with 

six to thirty finger-like sections (Gibbons et al., 2016; Sept, 2008). This species prefers cold 

water temperatures and strong currents (Sept, 2008). Due to its content of total phenolics, 

biomass of Laminaria digitata can be useful biofuel source (D’Este et al., 2017). The third 

species, Saccharina latissima (Linnaeus) C.E. Lane, C. Mayes, Druehl & G.W. Saunders 

(formerly classified as Laminaria saccharina, L. agardhii), was collected at a rocky shore 

near Arnanes. Saccharina latissima consists of an up to 4 m long brown to yellowish-brown 

frond and occurs around the Arctic region on rocks at low intertidal zones to shallow subtidal 

depths (Sept, 2008). The appearance of its frond changes with development, showing a 

midrib only during summer (Preston-Mafham, 2004; Sept, 2008). The species is also known 

as “sugar kelp“, attributed to the contained sugar alcohol mannite which has a sweet taste 

(Sept, 2008). Saccharina latissima is often used as stabilizer in human food production and 

is rich of vitamin C, iodine, protein and calcium (Sept, 2008). Cultivation of Saccharina 

latissima is described as being well-suited for commercial-scale cultivation within Europe 

and North Atlantic regions (van den Burg et al., 2016). In total, 30 species were collected 

for the case study by cutting the holdfast, resulted in 10 individual fronds from each species. 

The algae were carried in a bin covered with ocean water (see Fig. 4.12), before they were 

attached to the cultivation farm on the next day (July 17, 2018).  



 

 

56 

 

Figure 4.11: Sampled algae species (from left: S.latissima, A.esculenta, L.digitata). 
 

Figure 4.12: Sampled algae stored in bin covered with ocean water. 
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4.2.4 Measurement tools for physical parameters  

To ensure macroalgae biomass during cultivation, the respective water body need to consist 

of nutrient-rich waters, an adequate sunlight exposure, the necessary temperature and 

salinity, and appropriate marine energy such as from waves, currents or tides (Freitag, 2017). 

In order to determine appropriate values of such physical parameters at the study site, 

different tools and data had to be collected and applied (see Fig. 4.13).  

Figure 4.13: Measurement tools carried to and applied at cultivation site (from left: scissors, different colored 

cable ties, HOBO Pendant® data loggers, measuring tape, scale (accuracy 10g), Secchi Disk, salinity meter, 

additional tape and ropes). 

Appropriate nutrient occurrence within Pollurinn was assumed by the fact that several 

unfiltered sewage outlets are directly connected with the water body (see Fig. 4.2).  

The water temperature at the cultivation site could be measured throughout the whole 

experiment in one-hour intervals by two HOBO Pendant® Temperature/Light 8K Data 

Loggers. The data loggers were attached on two different depths and places (at the upper 

and lower part of two different cultivation ropes) to receive an overall average of the 

temperature.  

Water transparency as being essential for appropriate photosynthesis was reported in one-

hour intervals by the attached HOBO Pendant® data loggers. Further measurements of the 

transparency took place during the measurement phases by a self-made Secchi Disk under 

the description of the New Hampshire Department of Environmental Services (n.d.).  
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Salinity concentration at the study site was measured by the aim of the salinity meter 

Salintest HI 98203® by Henna instruments.  

Proper measurements of the currents within the inner fjord are so far not available. First 

measurements regarding velocity at the water surface took place in August 2017 by Verkís, 

by setting the tidal constituents on the boundary of the fjord (see Fig. 4.14 a)-c)). However, 

the results only represent a simplified simulation of Skutulsfjörður (total fjord of Ísafjörður) 

and were not compared or calibrated with the actual streams in the fjord (H. Örn, Verkís, 

personal communication, July 3, 2018).  

Further influencing factors for the cultivation site, not at least for potential currents at the 

surface water, are the range of tides within the area as well as wind direction and speed. 

Tides were recorded by using data provided by Meteo365.com Ltd (2018/2019). Data about 

wind speed and direction within the area were recorded by using data provided by Vista Data 

Vision (n.d.) 

The bathymetry of the fjord and the study site was basically estimated using Figure 4.5. 

4.2.5 Setup approaches and installation 

Different approaches on how to set up the construction were discussed and envisaged, before 

the actual setup took place. Especially the anchorage of the construction had to be planned 

in detail, and was highly influenced by the availability of appropriate setup tools. With the 

aim of the local diving instructor (from Dive Westfjords ehf), different practical opportunities 

were discussed. One idea was to set the anchor weights with the aim of a boat by pulling 

them to the respective site and let them sink, but the actual weight of the anchors made a 

Figure 4.14 a)-c): Simplified simulation of the horizontal flow velocity in layer 1 (top layer/ocean surface) 

within Skutulsfjörður on August 9-10, 2017 by setting the tidal constituents on the boundary of the fjord 

(astronomic boundary): a) (left) movement from open water into the fjord (07:00 pm), b) (centre) circulation 

within the fjord (10:00 pm), c) (right) movement back to towards open water (02:00 am).  

(Copyright by Verkís. Reprinted with permission.) 
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successful setup unsure. A further approach was to attach inflatable buoys to the anchor 

weights on land, drop them into the water and then cut the buoy from the anchor weight at 

the respective area. A similar approach was actually implemented.  

On July 12, 2018 (05:00 pm to 07:00 pm), the actual setup of the farm construction took 

place by a team of one diver, three swimmers and one additional observer on land. 

Beforehand, all team members got procedure and safety instructions. First, the two anchor 

weights attached to the anchor ropes were put onto the wooden jetty. To achieve their 

floating at the surface, two 30 litre buoys and one 17 litre buoy were attached to the first 

anchor weight by ropes and one smaller buoy to the end of the anchor rope. The anchor 

weight and rope then were dropped into the water in front of the jetty, and floated at the 

surface. The diver first checked the sea floor conditions and potential slopes at the setup 

area. Afterwards, the exact needed depth and position for the first anchor weight was 

measured by using a mobile depth meter. Based on the minimum required water depth of 

5 m during neap tide (Scoggan et al., 1989) compared to the current tide (̴ 2.2 m – 2.6 m), 

the anchor weight was pulled by the swimmers to a position parallel to the shoreline with a 

depth of around 6 m. While one swimmer measured the depth, the second swimmer gave a 

signal to the diver who was positioned under water besides the floating anchor weight and 

reattached the floating buoys by cutting the rope (see Fig. 4.15). Afterwards, the diver went 

down to the sunken anchor weight and checked again the sea floor conditions at the spot, 

and pulled the anchor weight a bit to a flatter plateau. The exact position depth was measured 

again at   ̴ 6.2 m. The still floating anchor rope was straightened parallel to the jetty until the 

12 m mark, and from there additional 22 m were measured with a measuring tape to get to 

the position of the second anchor weight. The previous anchor setup steps were repeated, 

and the second anchor weight was set at  ̴ 6.4 m depth (on a slope with the next plateau at 

7.5 m depth).  
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The prepared main construction (main floating rope, cultivation ropes, safety ropes, buoys) 

was dropped into the water, and the two straightened anchor ropes were attached to the outer 

ends of it by using an “anchor hitch“ and cable ties. One safety rope was attached to the 

wooden jetty the same way (see Fig. 4.16), while the second safety rope has shown to be too 

short. This rope was extended to a length of 12 m and attached in September 2018, right 

before the storm season started in the region.  

Figure 4.16: Attachment of the first safety rope to the wooden jetty (photo credit: Catherine Chambers, Ph.D.). 

Figure 4.15: Positioning process of the anchor weights (photo credit: Catherine Chambers, Ph.D.). 
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After the whole construction was set, the diver checked again the position and attachment of 

the dropped anchor weights as well as the approximate depth of the cultivation ropes ( ̴ 1 m). 

Later followed checks during low and high tide periods have shown a cultivation rope depth 

of 0.5 m to 1 m during high tide, and 1.5 m to 2 m during low tide.  

On July 17, 2018, selected algae (see section 4.2.3) were attached to the cultivation ropes 

(05.30 pm – 06:00 pm). The attachment pattern was chosen randomly (see Fig. 4.17). In 

doing so, first the different algae species were numbered per type (L. digitata 1-10, 

A. esculenta 11-20, S. latissima 21-30), and then each alga was assigned a certain place on 

the cultivation ropes using the software Research Randomizer® (Urbaniak & Plous, 2018) 

(while places ranges from 1 to 30, starting from the upper left rope place downwards to the 

lowest right rope place, perspective from the shore; see Appendix B).  

The algae were carried with a boat and a team of three people to the cultivation site. Before 

the actual attachment took place, measurements of each algae were recorded including its 

wet weight, the maximum frond length and the maximum frond width. Each alga was then 

attached to its assigned place by putting the stipe through the twisted cultivation rope and 

additionally fixed by different colored cable ties (L. digitata - green, A. esculenta - black, 

S. latissima - white).  

Figure 4.17: Illustration of random attachment pattern of selected algae, perspective parallel from shoreline. 

S=S.latissima, A=A.esculenta, D=L.digitata (not to scale). 
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4.3 Measurement and monitoring process 

4.3.1 Measurement process 

The study should take place between July 2018 and spring 2019, the end was intended to 

end with the final harvest of the algae. For the measurement process, the following timetable 

was set: 

July 17, 2018       -  first measurements of algae and certain physical parameters 

(salinity, tide, water transparency, wind speed and direction) 

September 2018   -  Second measurements of algae and certain physical parameters  

December 2018    -  Third measurements of algae and certain physical parameters  

Spring 2019          -  Last measurements of algae and certain physical parameters, 

harvest of the algae 

Throughout study -  Measurements of water temperature (and water transparency) 

Measurements of the algae were planned to happen randomly each time, reporting ten 

randomly assigned algae by using Research Randomizer® (Urbaniak & Plous, 2018). 

Potential nutrient absorption through algae biomass should be calculated by either using the 

106:16:1 ratio under Redfield (1934) or the Kjeldahl ratio to determine the nitrogen content 

within protein content (Magomya et al., 2014).  

Physical parameters (salinity, tide, water transparency, wind speed and wind direction) were 

measured during each algae measurement phase, while water temperature and a second 

source for water transparency were measured throughout the study. Applied HOBO 

Pendant® data loggers were renewed during each measurement phase. Average wind speed 

throughout the study was calculated with the aim of reported data by Vista Data Vision  

(n.d.). The study should be completed with the harvest of the algae.  
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4.3.2 Monitoring process 

The construction was monitored during the whole study from the shoreline and wooden jetty. 

Special attention to the construction was given during and after significant weather 

conditions, like storms or ice. The completeness of the construction components was 

checked regularly, as far as obvious, from the shore. A detailed check of the integrity of the 

algae, knots, ropes and further construction components took place during each measurement 

phase.  
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4.4 Results  

While the first measurement phase could be implemented as set under the timetable (see 

section 4.3.1; Appendix C), unexpected limited algae biomass and lost algae were reported 

during the second measurement phase on September 7, 2018 (05:00 pm – 06:00 pm). Thus, 

divergently to the previous plan, all still existing algae were measured during the second 

phase.  

In total, only 13 out of 30 algae were still attached to the cultivation ropes (see Fig. 4.18, 

Appendix D). The majority of algae was dead, meaning that only small pieces of the frond 

or even only the stipe were still present (see Fig. 4.19). Mortality rate between the algae 

types were almost similar (S:D:A – 4:5:4). Other algae were totally disappeared. From the 

still existing and mainly intact algae, many algae were covered with snails and/or epiphytes 

(see Fig. 4.20). Only limited algae biomass could be reported, with a slightly dominating 

growth rate of Saccharina latissima (4:1:1, see Appendix E). Major algae growth could be 

observed at lowest water depth with four individual algae (see Fig. 4.18, Appendix D). 

Figure 4.18: Illustration of first algae measurement results on September 7, 2018, perspective parallel from 

shoreline. S=S.latissima, A=A.esculenta, D=L.digitata. Red colored blades demonstrate lost or dead algae, 

green colored blades show remained algae. Yellow stars mark algae with measurable growth. Blades marked 

with a cross demonstrate highly damaged algae, blades marked with a bolt demonstrate algae afflicted with 

epiphytes and/or snails (not to scale). 
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Figure 4.19: Primary discovered status of algae during measurement in September 2018. 

Figure 4.20: Observed L.digitata infested with epiphytes and Lacuna vincta  

snails during measurement in September 2018. 
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In order to exclude potential season-depending limitation reasons, a second algae attachment 

phase took place. Available amounts of the three previous used algae species were picked 

again at the rocky shores of Hnífsdalur and Arnanes on September 8, 2018 (01:45 pm – 

03:00 pm), carried in an ocean water covered bin, and measured before they were randomly 

attached to the construction on the September 9, 2018 (11:15 am) (see Appendix F). In total, 

the number of algae attached to the construction was reduced to 23 algae due to limited 

availability in the surrounding wildlife.  

A third measurement phase, planned for December 2018, could not take place as the 

construction got wrecked overnight on December 7, 2018. Main parts of the construction 

were found floating to the right side of the previous site (GPS: 66°4’3.90”N, 23°9’13.30”W). 

The local rescue team removed most of the construction with a boat, but had to leave an 

anchor weight with attached rope and buoy at the site. Later observations of the remains of 

the construction have shown that the second anchor weight with anchor rope was completely 

reattached from the construction and might still be at the sea floor. One safety rope was 

reattached from the jetty and washed away with the construction, while the second safety 

rope broke and was only partly attached to the construction (see Fig. 4.21).  In addition, no 

algae or only algae stipes were attached to the ropes (see Fig. 4.22). 

 

Figure 4.21: Ruptured safety rope after construction got wrecked in December 2018. 
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Regarding the measured physical parameters during the study, measurements taken by the 

two attached HOBO Pendant® data loggers reported an average water temperature of 

10.38 °C and an average light intensity of 94.9 Lux between July and September 2018, and 

between September and December 2018 an average water temperature of 6.03 °C and an 

average light intensity of 342.6 Lux. The measured water turbidity at the study site during 

each measurement phase was at a Secchi depth of between 2.9 m and 3.7 m (see Appendices 

C, D + F). Salinity values ranged from 31-31.5 ppt at the setup day, to 22 ppt and 18.5 ppt 

during the measurement phases (see Appendices C, D + F).  

Wind speed (gust) and direction were reported to be 1 m/s (2.6 m/s) from 122.1° at the setup 

day (July 17, 2018), 4.3 m/s (4.8 m/s) from 54° on the second measurement day (September 

7, 2018), 0 m/s (0 m/s) from 169.8° on the second attachment day (September 9, 2018), and 

on an average of 18.5 m/s (26.3 m/s) from 50° on the day the construction got wrecked (see 

Appendices C, D + F) (Vista Data Vision, n.d.). Average wind speed during the first 

measurement period (July – September 2018) was about 6 m/s, and during the second 

measurement period (September – December 2018) 7.5 m/s (Vista Data Vision, n.d.).  

Figure 4.22: Remains of A.esculenta after construction got wrecked in December 2018. 
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4.5 Discussion 

The aim of the case study was to demonstrate if and to what extent the implementation of a 

macroalgae farm could reach the requirements of the WFD by achieving bioremediation 

through algae growth and, thus, might be the solution for communities with lacking sewage 

treatment systems. Furthermore, the experiment could have been starting point for potential 

business opportunities in the algal sector. Contrary to the expectations, only very limited 

algae growth could be reached. A slightly dominating growth rate of Saccharina latissima 

could lead to the assumption that this algae type would be best suited for commercial-scaled 

cultivation at the study site. The wrecked farm construction has shown to not be appropriate 

for the site’s environmental conditions. Altogether, these results could be resulted from 

various physical parameters and potential biological enemies.  

In the following, challenges which occurred during the case study and potentially caused the 

overall loss of macroalgae and the construction are discussed and recommendations for 

future research are listed (section 4.5.1). In addition, a preliminary analysis determining the 

potential nutrient retention of cultivated macroalgae within Pollurinn takes place 

(section 4.5.2). 

4.5.1 Challenges occurred during the case study 

Physical parameters influencing algae growth 

As the results of the experiment have shown, only a few attached algae survived, even less 

of them could reach growth (see section 4.4, Fig. 4.18). Reason for the major loss of algae 

may be the influence of present physical parameters at the study site.  

One influencing factor might be the exceeded amount of nutrients at the study site. The study 

site was located within an inner fjord with several unfiltered sewage outlets (see Fig. 4.2). 

Analyses about nitrogen and phosphorus contents within Pollurinn were not performed in 

this study. Studies from 1997 have shown that the mean value of N-nitrogen within Pollurinn 

was 0.59 mg/l (590 mg m-3) and of phosphorus 0.0675 mg/l (67.5 mg m-3) (Helgason et al., 

2002). Since in the last decades improvements of proper sewage treatment systems did not 

take place and sewage might have been raised through increased tourism and/or population, 

the present values are most likely still similar or even higher. Furthermore, it should be 
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pointed out that the measures in 1997 were taken during summer where nitrogen and 

phosphorus are usually at their lowest levels due to increased phytoplankton growth (Loebl 

et al., 2008). Thus, it is more likely that the study site contains more than enough nutrients 

to be absorbed by algae. The problem may rather be the excess of nutrients present at the 

study site, as such can limit algal biomass in connection with the presence of other 

substances, such as toxics (Lee & Jones-Lee, 1998). As industrial traffic, the harbour and 

artificial landfilling are present at the study site, it cannot be excluded that limited algae 

growth was caused by the presence of some toxic substances. 

Required algae exposure to sunlight was guaranteed by the setup of the construction ensuring 

that the cultivation rope could not hang deeper than 2 m below water surface (see section 

4.2.5). Furthermore, the reported average light intensity was 94.9 Lux between July and 

September 2018, and 342.6 Lux between September and December 2018 (see section 4.4).  

The measured water turbidity at the study site during each measurement phase (Secchi depth 

of 2.9 m and 3.7 m, see section 4.4) was below the maximum possible depth of the cultivation 

rope. The minor growth and the loss of attached algae due to lacking sunlight exposure can 

therefore be most likely excluded. The observed major growth rate at lowest water depth 

cannot be argued by lacking sunlight exposure for other algae. 

Potential negative impact to the cultivation through inconstant water temperature can 

probably also be excluded. The used algae types Laminaria digitata, Alaria esculenta and 

Saccharina latissima are commonly distributed in Arctic water regions (Sept, 2008), and 

prefer temperatures below 15 °C, with maximum growth rates reached at 2 to 8 °C (Bunt, 

1968; Fiala & Oriol, 1990; Kottmeier & Sullivan, 1988). Water temperature at the study site 

was on an average of 10.38 °C during the first measurement period, and on an average of 

6.03 °C during the second measurement period. These adequate temperatures therefore 

cannot explain the minor growth rates at the study site. 

In contrary, potential inconstant salinity values present at the study site might have had a 

significant impact to the results. Salinity measured at the study site ranged from 31-31.5 ppt 

at the setup day, to 22 ppt and 18.5 ppt during the followed measurement phases (section 

4.4). It should be pointed out that values in between these phases were not measured, thus, 

the results only reflect certain moments. The difference in salinity at the same area could 

result from the addition of freshwater through sewage outlets. Furthermore, the area is also 
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subject to some freshwater runoffs from nearby mountains and melting ice during winter 

months which may dilute salinity rich water. Although the attached algae in the present 

experiment were collected from locations just outside Pollurinn (namely Hnífsdalur and 

Arnanes), it may be possible that less freshwater runoffs and minor or no ice melting occur 

in these areas. The potential difference in salinity between the collection sites and the study 

site could explain the different algal growth and distribution. Saccharina latissima was found 

to be occurring in waters with higher temperatures and lower salinity values than 

Alaria esculenta (Bak et al., 2018). Nevertheless, during the experiment Saccharina 

latissima was not highly dominating at survival or growth rates (see Fig. 4.18).  

Furthermore, present marine energy in this area could be a potential physical reason causing 

the loss of the majority of attached algae. While at cultivation sites with depths of less than 

10 m wind is the more influencing factor (Scoggan et al., 1989), the loss of attached algae 

in the present study could result by the reattachment through wind force which even 

overcame the fixed cable ties. Between the setup of the farm in July and the first 

measurement phase in September, the average wind speed in the region was about 6 m/s, 

and in the second measurement phase, average wind speed was about 7.5 m/s (Vista Data 

Vision, n.d.). Negative impact caused by occurred wind speed during the study cannot be 

proved but might be possible.  

Algae could have also been disappeared or got more intolerant to environmental conditions 

due to lacking current movements at the study site. The existing data about current 

circulation and speed (max. 0.2 - 0.4 m/s (= 12-24 m/min), see Fig. 4.14 a)-c)) only present 

first trial simulations and are not reliable data. For the study site, the currents speed may be 

even more reduced with incoming movement, and even more minimized through the 

construction (Scoggan et al., 1989). Lacking current circulation might be also supported by 

the abundant pollution at the seafloor within Pollurinn, as demonstrated on Figure 4.3 and 

Figure 4.4. Thus, assumed limited current circulation cannot be excluded and might be a 

potential factor for the limited algal biomass.  

In conclusion, the loss of the majority of attached algae and the limited growth of remained 

algae could be caused by several physical factors: the nutrient excess in connection with 

other present toxics, the volatile salinity values due to freshwater inlets, and/or by strong 

winds and limited currents presented at the construction site. The slight dominance of grown 
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Saccharina latissima in the first measurement period (July – September) could be caused by 

the fact that this species might be more tolerant for the given environmental conditions, also 

supported by previous studies showing that farming of Saccharina latissima is well-suited 

for commercial-scale cultivation within European and North Atlantic regions (van den Burg 

et al., 2016). Specific reasons for the dominating growth rate at lowest water depth are not 

known.  

Further research is needed in order to determine better attachment methods and/or more 

suited locations with appropriate nutrients. In addition, more reliable measurements need to 

be taken, not only before selecting the cultivation site but also regularly during the whole 

cultivation phase. This should especially include potential water pollution extent and 

freshwater inlets near the site.  

Further threat through grazers, diseases and global warming 

The majority of algae was found to be lost or dead (17 algae out of 30, Fig. 4.18, Appendix 

D). Moreover, on five of the remained algae epiphytes and/or snails were reported (see 

Fig. 4.18, Appendix D).  

The observed significant decline of macroalgae can therefore also be a result of snail and 

larval grazing as well as epiphytic biofouling detected on some algae. The detected marks 

on concerned algae (see Fig. 4.20) would comply with the sharp-pointed teeth of the snail 

Lacuna vincta which are used to bite deeply into macroalgae (Cowles, 2014). The species is 

commonly occurring in the North Atlantic (Cowles, 2014) and its grazing behaviour on 

Saccharina latissima cultivation were already be observed by Kerrison et al. (2015). The 

time of infestation by the snail/its larvae and epiphytes cannot be determined, and might 

have happened during the cultivation (as observed by Wegeberg (2010) during cultivation 

studies in Denmark) or even already before at the selecting sites and then carried to the study 

site later. To exclude the latter, potential infestation could be avoided by chemical treatments 

under laboratory conditions, such as the application of hypochlorite or eliminating CO2 to 

increase the pH value (Wang et al., 2017). Furthermore, potential biofouling of the attached 

algae could be caused by the first deployment during summer, attributed to the purpose of 

observing algae behaviour during each season. Biofouling can be avoided with deployment 

during autumn and harvest during late May/early June, as observed by Mols-Mortensen et al. 
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(2017) during cultivation studies of Saccharina latissima in the Faroe Islands showing high 

nutritional value and no biofouling. 

Further undetected threats as resulted from diseases, pathogenic impacts or global 

temperature increase are also possible. Again, the slightly dominating presence of grown 

Saccharina latissima in the first measurement period could demonstrate that this species 

might be more tolerant for the given environmental conditions. Cultivation in deeper water 

could avoid or at least minimize such threats, which was positively applied on eucheumatoid 

algae (Pang & Liu, 2018) and could be also successfully implemented for other algae types. 

In this regard, further research is needed. Deeper analyses of potential grazer occurrence at 

the construction location before the actual installation could help to mitigate the risk of 

grazing hazards. Future research should focus on the potential risk reduction of biofouling 

when deployments happen in autumn/winter. Also, different algae species might be applied 

to observe their tolerance levels to the given environmental conditions.  

Challenges regarding the construction 

With regard to the wrecked construction, it is most likely that the reattachment was a result 

of the presented marine energy during this time. Right before the construction got wrecked, 

the case site was subject to ice covering the construction by at least 2 cm in depth (Fig. 4.23), 

followed by strong winds (max. wind speed of 18.9 m/s, max. wind gust of 26.3 m/s on 

December 6, 2018) with warmer temperatures (from -4°C on December 5, 2018 to +4 °C on 

December 6, 2018) reaching the site (Vista Data Vision, n.d.). This combination constitutes 

an enormous environmental force.  
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Without taking into account potential damages and reduced load by knots, each used anchor 

rope of 15 mm in diameter might had a minimum breaking strength of around 25 kN 

(2.550 kg) (Engineering ToolBox, 2009). Additionally, the underwater weight of the used 

anchors was about 100 kg on each site. Thus, the used anchor weight was more than the 

quadruple weight of the peer-reviewed and recommended weight (Bak et al., 2018; Krost et 

al., 2011). Additionally, the implemented angle between anchor ropes and water surface was 

24.6°, thus even less than recommended 30° under Scoggan et al. (1989). Further safety 

ropes attached to a nearby jetty should secure the construction. Nonetheless, the construction 

could not resist the enormous force constituted by the local environmental conditions of 

wind and ice. Sediment conditions, water depth and bathymetry at the study site are 

important factors to be recognized for a suitable anchorage (Krost et al., 2011). The used 

metal chain anchors are usually suited for the mud-sandy sediment within Pollurinn (Krost 

et al., 2011). In correlation with the lower depth of 5 m vulnerable to winds and the sloping 

bathymetry at that site (see Fig. 4.5), however, the ground might be too unstable to resist 

local marine energy. Ropes with more minimum breaking strength might be needed. The 

chosen location might not be suited for the implementation of such macroalgae farm design. 

Figure 4.23: Ice-covered construction in December 2018. 
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Different types of construction/material or more sheltered and deeper locations might be 

more suited. Regarding further needed research, the following aspects should be included: 

• Application of ice-buoys to avoid that the construction gets stuck and wrecked by the 

force of ice; 

• Application of more robust ropes (e.g. flexible material, attached eyelets and 

shackles at the end of each rope) to maintain certain elasticity of the construction 

during heavy weather conditions; 

• Application of different construction designs, such as floating frames, to make the 

cultivation more flexible for wave actions and heavy weather.  

4.5.2 The nutrient retention potential of cultivated macroalgae within 

Pollurinn  

The aims of the case study were to observe potential nutrient retention rates of different 

cultivated algae species based on their reached biomass. Unfortunately, macroalgae biomass 

could not be clearly reported (see section 4.4). Thus, comprehensive retention rates of 

nutrients cannot be made on the basis of the observed results. Instead, potential retention 

was calculated based on peer-reviewed algal biomass and nutrient input. This comparison 

analysis shall detect the general potential of macroalgae farming for a significant 

improvement of the water quality within Pollurinn and shall further identify the algae type 

best suited in this region.  

The calculation demonstrated in Table 4.2 includes the following assumptions: algal biomass 

for Saccharina latissima of 0.29 kgdw m-1 (Bak et al., 2018), for Alaria esculenta of 

0.66 kgdw m-1 (Bak et al., 2018) and for Laminaria digitata of 1.05 kgdw m-1 (BIM, 2011a); a 

cultivation design at 1 ha water surface including 11 main floating ropes with a total 95 

cultivation ropes of 2 m length each; dry weight/wet weight ratio of 5-15% (Adams et al., 

2011); Kjeldahl ratio of N*6.25 to determine the nitrogen content into protein content; mean 

nitrogen content of dry Laminaria digitata of 1.94% (Kregting et al., 2016); phosphorus 

content of dry algae of 3.0/4.8/5.7 g kgdw m-1 (Misurcová, 2012); nutrient input through urine 

and/or feces of 12.8 g/cap/day nitrogen and 1.8 g/cap/day phosphorus (Rose et al., 2015), 
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related to around 1,255 people whose sewage is directly connected to sewage outlets within 

Pollurinn (based on Fig. 4.2, sum of station 1-15).  

The calculation compares the three cultivated algae species by concentrating on their nutrient 

retention potential and the required marine space within Pollurinn based on individual and 

overall nutrient input through municipal sewage. As a result, cultivation of 

Laminaria digitata would require about 221 ha to be able to absorb the assumed yearly 

nutrient input of 6,687.9 kg y-1 through human urine/feces of the total population connected 

to the sewage outlets within Pollurinn. The cultivation of Saccharina latissima would require 

around 907 ha for absorbing this nutrient input value, while cultivation of Alaria esculenta 

would need an area of around 399 ha. For comparison, total water surface area of the inner 

fjord (Pollurinn and Skipeyri) comprises 3.41 km², thus 341 ha (Veðurstofa Íslands, 2013).  
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Table 4.2: Calculations regarding potential nitrogen retention by macroalgae cultivation of S.latissima, 

A.esculenta and L.digitata, comparing potential biomass rates with daily/yearly nitrogen input within 

Pollurinn through human feces to determine required marine space. 

 

_________________________________________________________________________ 

POTENTIAL ALGAL RENTENTION OF NITROGEN AND PHOSPHORUS

Unit S.latissima A.esculenta L.digitata Source:

ALGAE PRODUCTION

Biomass kg * ha
-1

 * y
-1

606.1 1379.4 Bak et al., 2018

2,194.5 BIM, 2011a

ALGAL COMPOSITION

Protein Content of dry weight 5 - 15% 5-15% 5-15% Adams et al. (2011)

Protein Content of dry weight mean 10% 10% 10%

Protein / N ratio Kjeldahl ratio 6.25 6.25

N content of dry weight (mean) 1.6% 1.6%

1.94% Kregting et al. (2016)

Biomass / N (dw/w) 62.5 62.5 51.5

P Content of dry weight g kgdw m
-1 

3.0 / 4.8 / 5.7 Misurcová (2012)

P Content of dry weight (mean) 0.45% 0.45% 0.45% Misurcová (2012)

Biomass / P (dw/w) 222.22 222.22 222.22

N / P (w/w) 3.56 3.56 4.31

POTENTIAL RETENTION

N retention kgN * ha
-1

9.70 22.07 42.57

P retention kgP * ha
-1

2.73 6.21 9.88

STUDY SITE

Population at sewage outlets 1,255 Figure 4.2 (station 1-15)

Input N

Daily input through urine/feces g Person
-1

 d
-1

12.8 Rose et al., 2015

Annual input through urine/feces kg Person
-1

 y
-1

4.67 Rose et al., 2015

N Input of total population kg y
-1

5,863.36 Rose et al., 2015; Fig.4.2

Input P

Daily input through urine/feces g Person
-1

 d
-1

1.8 Rose et al., 2015

Annual input through urine/feces kg Person
-1

 y
-1

0.66 Rose et al., 2015

P Input of total population kg y
-1

824.54 Rose et al., 2015; Fig.4.2

Overall N+P input of total population kg y
-1

6,687.90

Required marine space for nutrient compensation of 1 Person (year)

N compensation ha 0.48 0.21 0.11

P compensation ha 0.24 0.11 0.07

Overall compensation ha 0.72 0.32 0.18

Required marine space for nutrient compensation within Pollurinn (year)

N compensation ha 604.6 265.7 137.7

P compensation ha 302.3 132.8 83.5

Overall compensation ha 906.9 398.5 221.2



 

 

77 

 

The above calculated nutrient retention values and required marine space are based on peer-

reviewed algal biomass rates reported from cultivation studies within the North Atlantic 

region. It should be pointed out that the underlying rates of Saccharina latissima and 

Alaria esculenta are presenting an optimal biomass reached during an offshore cultivation 

study near Faroe Islands by Bak et al. (2018). This provided optimum could probably be 

reached by limited biofouling risk due to offshore conditions with longer distance to 

naturally established populations, larger water column and high currents (Bak et al., 2018). 

Furthermore, the applied multiple partial harvesting could have further reduced the risk of 

biofouling as relatively young algae were cut and thus, potentially fouled portions were 

removed constantly from the cultivation (Bak et al., 2018). The underlying biomass rate of 

Laminaria digitata, on the contrary, as reported by BlM (2011a) shows an average value of 

reached biomass through multiple harvesting from February to June 2009 (7 kgww m-1 

applied to dry weight ratio of 15%) and different cultivation design approaches. Significant 

higher biomass was reached in the following years. Similar results with just one single 

harvest per year are unknown and cannot be fully ensured. Although the used biomass rates 

result from different applied harvest methods and locations, the given growth rates 

demonstrate a general average of potential algal biomass within the North Atlantic region. 

Insofar, the reported biomass rates from the Faroe Islands might geographically even more 

comparable with Icelandic conditions. Specific environmental conditions at the respective 

cultivation site might influence the rates and result in high variations of biomass. Especially 

seasonal variations in growth need to be recognized.  

Due to non-existing current nutrient values within Pollurinn, the calculation is further only 

based on potential daily nutrient input by human feces, but neither on the already existing 

concentration nor on other potential nutrient sources reaching the water body. The calculated 

potential nutrient input within Pollurinn through human feces is laid down on average values 

reported by Rose et al. (2015) which can however highly vary depending on e.g. diet, age 

and gender. In addition, the underlying population connected to sewage outlets is based on 

references provided by Figure 4.2 which does neither include public and industrial facilities 

(R. Trylla, personal communication, January 10, 2019) nor seasonal differences (e.g. during 

the tourist season). Comprehensive nutrient concentrations could only be ensured through 

proper analyses, considering further factors such as currents, temperature, salinity and other 

marine plants absorbing or carrying away nutrients and thus could highly influence the 



 

 

78 

 

content of nutrients. Detailed analyses over a long-term period are necessary to determine 

concrete contents of nutrients within Pollurinn to be able to evaluate good balance of 

macroalgae cultivation and nutrient distribution. Furthermore, seasonal variations of nutrient 

concentration also need to be recognized as its depletion might lead to decreased algal uptake 

rates and reduced biomass (Doty & Caddy, 1987). As reported by Kregting et al. (2016), 

concentration of nitrogen and phosphorus can highly vary reaching maximum levels during 

winter and is at its lowest during summer months. Thus, the measured average values of 

nitrogen of 590 mg m-3 and of phosphorus of 67,5 mg m-3 around Ísafjörður during summer 

months in 1997 (Helgason et al., 2002) are not comprehensive enough to be included in the 

calculation.  

In addition, as mentioned before the relation between nitrogen and protein might be indeed 

highly different from the applied Kjeldahl ratio of N*6.25 due to varying compounds within 

the different organic substances (Magomya et al., 2014). A comprehensive ratio can only be 

determined through respective analyses of the algae types, as realized by Kregting et al. 

(2016) for Laminaria digitata. Further, in practice differences may also occur regarding the 

applied mean of protein content and phosphorus content of dry weight.  

Overall, the calculation might not be precise enough to demonstrate realistic algal 

composition results for the study site as it is only based on peer-reviewed biomass values 

and nutrient concentration. However, the calculation gives a first idea of potential nutrient 

retention by macroalgae cultivation within this region. Insofar, it can be used as a 

preliminary analysis to determine the potential amount of cultivation space and algae with 

regard to the respective site.  

Macroalgae cultivation within Pollurinn might not be able to absorb all nutrient 

concentration and further daily input due to unenforceable but required space (e.g. about 2/3 

of the whole inner fjord for cultivating Laminaria digitata). Therefore, it probably cannot be 

applied as an alternative to a proper sewage treatment system. Smaller communities with 

less nutrient input might be more suited in this regard. However, the implementation within 

Pollurinn will at least positively affect the aquatic environment. As reported by Myers 

(2015), the implementation of macroalgae cultivations in regions threatened by nutrient 

excess might have at least positive impacts in combatting eutrophication problems. Besides 

other effective measures such as dredging of sediment, dumping on land, extended 



 

 

79 

 

submersed macrophyte areas (Stybel et al., 2009), or absorbing wetland areas (Kolkata 

Wetlands, 2012), macroalgae and mussel cultivations are recognized additions to control 

nutrient concentrations in coastal waters (Lindahl et al., 2005; Stybel et al., 2009). Further, 

macroalgae cultivation within Pollurinn could be applied to remove potential toxic metals 

caused by industrial wastewater. 

Proper sewage treatment systems, on the contrary, come with high implementation and 

maintenance costs, and further need certain geographical requirements to be implemented. 

According to the national transposition of the Urban Waste Water Treatment Directive 

(91/271/EU), the authority of implementing sewage treatment systems within Iceland is 

given to the local municipalities with the aim of governmental granting (Environment 

Agency of Iceland, 2013). However, underground cables and pipelines within Ísafjörður 

pose the problem that necessary requirements and needed space for the implementation of a 

proper sewage treatment system are not given (R. Trylla, personal communication, 

December 2018). The above-mentioned measures for combatting eutrophication could 

become realistic and cost-effective alternatives, not only for Ísafjörður but also for similar 

concerned communities. Nonetheless, the implementation and application of those measures 

also need to include required environmental conditions and economic feasibility of the area 

concerned. In so far, more detailed research and comparison studies are needed in order to 

check whether these measures might be suitable for Ísafjörður.  

Regarding the question about the algae type best suited in the region to reach bioremediation, 

the preliminary calculation shows that cultivation of Laminaria digitata would theoretically 

be most suited as it needs less required marine space than the other two algae species due to 

higher biomass. Nonetheless, these results only base on the quantitative advantage of the 

cultivation. What should also be considered is the economic value of the cultivation over 

time. Macroalgae cultivation ideally achieves a good proportion of environmental as well as 

economic advantages. While cultivating Laminaria digitata might reach more biomass and 

thus requires less space for bioremediation, the economic value of cultivated 

Saccharina latissima or Alaria esculenta might proportionally much higher than the value 

of Laminaria digitata. In this regard, before starting with the setup, a detailed cost-benefit 

analysis applied for the respective region should take place in order to compare 

environmental advantages and economic benefits with the occurring costs to decide which 
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algae species might be best-suited overall. This should also include the analysis of costs and 

needed time for algal products, such as potential extraction methods to extract useful 

contents of the used algae. 
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5 Conclusion 

The WFD might be seen as an ambitious policy by managing all water bodies within Europe 

through the implementation of national RBMP’s and requiring its contracting parties to reach 

good water status within 15 to 27 years. In practice, however, its implementation and 

application cannot fulfil these obligations so far. According to the latest European waters 

assessment in 2018, only limited improvement of water bodies could be achieved in the last 

years, while major concern is given to surface waters (European Environment Agency, 

2018). Reasons for this might be late pressure identification, improved quality standards as 

well as better monitoring and reporting measures, but also the required adoption time for 

effective policy measures and the required time by nature for an effective response 

(European Commission, 2019). Within this study, several issues concerning the 

interpretation and application scope of objectives, principles and exemptions under the WFD 

were demonstrated and discussed. Especially the interpretation of “good status“ and 

“deterioration“ might be challenging, but also to fulfil the optimistically set timeframe. 

Successful implementation of the WFD will depend on future studies, experience and 

improvements by policies, guidance and case law.  

After some delays and stagnation at the beginning, Iceland is now in progress of 

implementing and applying first measures of the WFD (Environment Agency of Iceland, 

personal communication, 2018/2019). Under preliminary analyses, major pressures to the 

water bodies within the country are caused by sewage discharge, increasing aquaculture and 

plastics (Agustsson, 2018; Halleraker et al., 2013). Comparing the current progress and 

water status within other required States, so far, it seems doubtful that Iceland can reach 

good water status within the first deadline (by 2022). However, reliable and long-time 

analyses need be remained to be able to make a statement about whether the set objectives 

might at least be reached by the year 2034.  

Not at least to achieve the objectives of the WFD, major concern needs to be given to the 

risk of eutrophic waters, primarily caused by nutrient excess from anthropogenic activities 

(Ministry of the Environment Iceland et al., 2004). While preventive methods such as 

filtration techniques might be most effective to prevent or minimize such threat (Marinho-

Soriano et al., 2009), the bioremediation potential of macroalgae could be also supportive in 
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this regard (McHugh, 2003; Myers, 2015). Main purpose of this study was to observe 

whether the implementation of a macroalgae cultivation adjacent to sewage outlets could be 

applied as an alternative or at least additive to cost-effective proper sewage treatment 

systems. A successful implementation could not only support the achievement of good water 

status as required under the WFD, but could also create potential business opportunities 

based on a variation of algal products.  

A cultivation trial with three native algae species was implemented within the inner fjord of 

Ísafjörður, capital town of the Westfjords of Iceland, which water body is assumed to be 

threatened by infiltrated (domestic) sewage causing significant nutrient excess. Expected 

algal biomass over a period of nine month could not be reached, instead, the majority of 

algae disappeared or got weakened during the study. These results are assumed to be caused 

by the fluctuation of several physical parameters, such as salinity, currents and an overload 

of nutrients in connection with toxic substances, but also due to potential grazers and 

epiphytic biofouling. The destruction of the construction during winter season is assumed to 

be caused by heavy weather conditions and inappropriate material. It is suggested that further 

research will be intended to optimize macroalgae cultivation in this region, including reliable 

grazers and parameters analyses beforehand, potential precedent algal treatment and the 

application of different construction designs and material. 

In order to get a preliminary analysis of potential algal nutrient retention, a calculation based 

on peer-reviewed algal biomass, nutrient retention rates and potential nutrient inlet at the 

study site through human feces was conducted. The results demonstrate that with assumed 

optimum biomass rates Laminaria digitata would be best suited for absorbing most nutrients 

at the site. However, in future research, a cost-benefit-analysis and reliable measurements at 

the site are suggested to be able to determine which algae species has the most environmental 

and economic benefit for the region.  

Overall, a macroalgae cultivation within the inner fjord of Ísafjörður might not be able to 

replace proper sewage treatment systems due to the assumed nutrient excess and the thereby 

required marine space. Still, such implementation will at least support improving the water 

quality (Myers, 2015), and might be even more applicable in smaller communities.  
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Appendix A 

Student’s research ethics training and clearance certificate, issued by the University Centre 

of the Westfjords, Ísafjörður, Iceland.   
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Appendix B 

Result of random attachment pattern for algae using the software Research Randomizer®. 
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Appendix C 

First measurement of algae and physical parameters on July 17, 2018. 

 

  

FIRST MEASUREMENT - 17 JULY 2018, 05:30 - 06:00 pm

Algae type No. Length (cm) max. width (cm) wet weight (g) damage

S 1 56.0 11.0 51.0 no

S 2 43.0 13.0 54.0 no

A 3 35.0 8.0 14.0 no

S 4 45.0 15.0 61.0 no

S 5 51.0 11.0 38.0 no

A 6 43.0 5.0 7.0 no

D 7 33.0 19.0 45.0 no

S 8 67.0 11.0 56.0 no

A 9 29.0 5.0 12.0 no

A 10 15.0 6.0 16.0 no

D 11 58.0 22.0 67.0 no

D 12 50.0 24.0 56.0 no

D 13 41.0 16.0 59.0 no

D 14 40.0 33.0 91.0 no

A 15 43.0 8.0 22.0 no

A 16 39.0 9.0 25.0 no

D 17 30.0 16.0 28.0 no

D 18 46.0 23.0 80.0 no

D 19 44.0 17.0 36.0 unbalanced fingers

S 20 53.0 12.0 35.0 no

A 21 39.0 7.0 10.0 no

S 22 76.0 10.0 45.0 no

D 23 29.0 14.0 25.0 no

A 24 37.0 9.0 19.0 no

S 25 42.0 12.0 54.0 no

S 26 64.0 15.0 67.0 no

S 27 35.0 14.0 43.0 no

A 28 47.0 6.0 6.0 no

A 29 50.0 8.0 18.0 no

D 30 38.0 22.0 62.0 no

Legend A = Alaria esculenta

D = Laminaria digitata

S = Saccharina latissima

salinity (ppt) water turbidity (m) wind speed (m/s) [gust] wind direction tide (m)

31-31.5 (36.5) 3.40 1 [2.4] 122.1 ° ~ 0.26

(lowest tide)
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Appendix D 

Second measurement of algae and physical parameters on September 7, 2018. 

 

  

SECOND MEASUREMENT - 7 September 2018, 05:00 - 06:00 pm

Algae type No. Length (cm) max. width (cm) wet weight (g) damage

S 1 0.0 0.0 0.0 dead/lost

S 2 0.0 0.0 0.0 dead/lost

A 3 0.0 0.0 0.0 dead/lost

S 4 53.0 13.0 13.5 epiphytes 1 m below surface

S 5 0.0 0.0 0.0 lost

A 6 0.0 0.0 0.0 lost

D 7 0.0 0.0 0.0 dead 

S 8 0.0 0.0 0.0 dead

A 9 0.0 0.0 0.0 dead

A 10 0.0 0.0 0.0 dead/snails

D 11 44.0 15.0 55.0 highly damaged

D 12 0.0 0.0 0.0 dead

D 13 35.0 25.0 100.0 no 1 m below surface

D 14 0.0 0.0 0.0 dead

A 15 0.0 0.0 0.0 dead

A 16 12.0 5.5 <10 no

D 17 10.0 12.0 <10 almost dead

D 18 0.0 0.0 0.0 lost

D 19 0.0 0.0 0.0 dead

S 20 48.0 11.0 45.0 snails 1.5 m below surface

A 21 17.5 6.5 20.0 no 2 m below surface

S 22 62.5 10.0 80.0 epiphytes, snails 1 m below surface

D 23 20.0 12.0 20.0 epiphytes, snails

A 24 23.5 7.0 <10 epiphytes, snails

S 25 35.0 12.0 70.0 no 1 m below surface

S 26 0.0 0.0 0.0 lost

S 27 0.0 0.0 0.0 lost

A 28 0.0 0.0 0.0 lost

A 29 16.0 4.0 <10 almost dead

D 30 26.5 22.0 60.0 epiphytes

Legend exists growth

A = Alaria esculenta

D = Laminaria digitata

S = Saccharina latissima

salinity (ppt) water turbidity (m) wind speed (m/s) [gust] wind direction tide (m)

22.00 2.90 4.3 [4.8] 54 ° 2.16 - 2.47

(high tide)
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Appendix E 

Growth of individual algae between July 17, 2018 and September 7, 2018. 

 

Growth between 17 July - 7 September 2018

Algae type No. Length (cm) max. width (cm) wet weight (g)

S 1 -56.0 -11.0 -51.0

S 2 -43.0 -13.0 -54.0

A 3 -35.0 -8.0 -14.0

S 4 8.0 -2.0 -47.5

S 5 -51.0 -11.0 -38.0

A 6 -43.0 -5.0 -7.0

D 7 -33.0 -19.0 -45.0

S 8 -67.0 -11.0 -56.0

A 9 -29.0 -5.0 -12.0

A 10 -15.0 -6.0 -16.0

D 11 -14.0 -7.0 -12.0

D 12 -50.0 -24.0 -56.0

D 13 -6.0 9.0 41.0

D 14 -40.0 -33.0 -91.0

A 15 -43.0 -8.0 -22.0

A 16 -27.0 -3.5 > -15

D 17 -20.0 -4.0 > -18

D 18 -46.0 -23.0 -80.0

D 19 -44.0 -17.0 -36.0

S 20 -5.0 -1.0 10.0

A 21 -21.5 -0.5 10.0

S 22 -13.5 0.0 35.0

D 23 -9.0 -2.0 -5.0

A 24 -13.5 -2.0 > -9

S 25 -7.0 0.0 16.0

S 26 -64.0 -15.0 -67.0

S 27 -35.0 -14.0 -43.0

A 28 -47.0 -6.0 -6.0

A 29 -34.0 -4.0 > -8

D 30 -11.5 0.0 -2.0
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Appendix F 

Measurements of algae and physical parameters during second attachment on 

September 8/9, 2018.  

 

 

 

 

 

 

 

 

 

 

 

SECOND MEASUREMENT (new algae) - 8 September 2018, 01:45 - 03:00 pm

Algae type No. Length (cm) max. width (cm) wet weight (g) damage

D 31 18.5 5.0 <10 no

D 32 14.0 5.0 <10 no

A 33 25.0 2.5 <10 no

A 34 21.0 4.5 <10 no

A 35 22.0 3.0 <10 no

S 36 30.0 8.5 25.0 no

S 37 21.0 9.0 15.0 no

S 38 16.0 7.0 <10 no

S 39 22.0 6.5 15.0 no

Legend A = Alaria esculenta

D = Laminaria digitata

S = Saccharina latissima

salinity (ppt) water turbidity (m) wind speed (m/s) [gust] wind direction tide (m)

18.50 3.70 0 [0] 169.8 ° 1.43



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 


