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A B S T R A C T

Seaweed cultivation attracts growing interest and sustainability assessments from various perspectives are
needed. The paper presents a holistic qualitative assessment of ecosystem services affected by seaweed culti-
vation on the Swedish west coast. Results suggest that supporting, regulating and provisioning services are
mainly positively or non-affected while some of the cultural services are likely negatively affected. The analysis
opens for a discussion on the framing of seaweed cultivation – is it a way of supplying ecosystem services and/or
a way of generating valuable biomass? Exploring these framings further in local contexts may be valuable for
identifying trade-offs and designing appropriate policies and development strategies. Many of the found impacts
are likely generalizable in their character across sites and scales of cultivation, but for some services, including
most of the supporting services, the character of impacts is likely to be site-specific and not generalizable.

1. Introduction

Seaweed aquaculture has been pointed out as an alternative or
complement to terrestrial biomass production (Stévant et al., 2017;
Barbot et al., 2016). In contrast to land-based agriculture there is no
need for fresh water and arable land for the cultivation of seaweeds and
in most cases, fertilization is not needed. Cultivation of aquatic plants is
a large industry globally with total production at 27million tons in
2014 (FAO, 2016). However, in Europe the industry is still young and
the main part of production is in Asian countries, dominated by China
and Indonesia who together produce 91% of the world market supply
(FAO, 2016). In Sweden, seaweed cultivation is currently limited to test
sites of a few hectares.

Seaweed cultivation is an industry with the potential to contribute
to economic activity as well as the provisioning of ecosystem services.
From an industrial perspective, the biomass can potentially be used in a
variety of ways, including the development of complex materials,
pharmaceuticals, extraction of food or feed ingredients, and biofuels.
Studies have also shown that the cultivation leads to significant uptake
of dissolved nitrogen (N) and phosphorous (P) (e.g. Holdt and Edwards,
2014; Pechsiri et al., 2016), which is particularly relevant along the
eutrophicated parts of the European coasts.

Aquaculture development is increasingly gaining attention and

support by policy makers, as a means for meeting development targets
as well as sustainability targets (EU COM, 2012; EU COM, 2014). In
Sweden, the cultivation of seaweed has been identified by Swedish
Agency for Marine and Water Management (2015) as a potential means
to contribute to the program of measures to reach Good Environmental
Status (GES) according to the Marine Strategy Framework Directive
(EC, 2008).

Adequate aquaculture practices which balance economic, environ-
mental and social performance could provide a benchmark for future
development supporting political frameworks such as the MSFD and the
Marine Spatial Planning Directive (EC, 2014). However, emerging in-
dustries can result in unforeseen ecological and societal consequences
(Cottier-Cook et al., 2016). Given the early life of this industry in
Europe, careful impact studies are needed. Potentially, the cultivation
of seaweeds can have both negative and positive effects on the en-
vironment, but these effects remain to be specifically identified and
assessed.

Different perceptions of economic, social and environmental con-
sequences from various aquaculture development trajectories may lead
to controversies (Baulcomb, 2013). Such controversies may prevent a
sustainable future expansion of the sector (Krause et al., 2015). In order
to illuminate consequences of aquaculture development and facilitate
trade-offs between different interests associated with e.g. spatial

https://doi.org/10.1016/j.marpolbul.2018.05.005
Received 10 October 2017; Received in revised form 24 April 2018; Accepted 3 May 2018

⁎ Corresponding author.
E-mail addresses: plh@kth.se (L. Hasselström), wouter.visch@marine.gu.se (W. Visch), fredrik.grondahl@abe.kth.se (F. Gröndahl), goran.nylund@marine.gu.se (G.M. Nylund),

henrik.pavia@marine.gu.se (H. Pavia).

Marine Pollution Bulletin 133 (2018) 53–64

Available online 16 May 2018
0025-326X/ © 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/BY-NC-ND/4.0/).

T

http://www.sciencedirect.com/science/journal/0025326X
https://www.elsevier.com/locate/marpolbul
https://doi.org/10.1016/j.marpolbul.2018.05.005
https://doi.org/10.1016/j.marpolbul.2018.05.005
mailto:plh@kth.se
mailto:wouter.visch@marine.gu.se
mailto:fredrik.grondahl@abe.kth.se
mailto:goran.nylund@marine.gu.se
mailto:henrik.pavia@marine.gu.se
https://doi.org/10.1016/j.marpolbul.2018.05.005
http://crossmark.crossref.org/dialog/?doi=10.1016/j.marpolbul.2018.05.005&domain=pdf


allocations, ecosystem services assessment is a useful tool through its
ability to visualize the link between human well-being and the en-
vironment (Baulcomb, 2013). While a number of studies have empha-
sized individual ecosystem services such as eutrophication mitigation
(Holdt and Edwards, 2014; Kim et al., 2015, 2017) and carbon se-
questration (Chung et al., 2011; Duarte et al., 2017), studies that take
on a holistic ecosystem services assessment for seaweed cultivation are
to our knowledge not existing in the scientific literature. Cabral et al.
(2016) assess provisioning (Food provision and Raw material) and
cultural (Cultural heritage and identity, Cognitive benefits, Recreation
and Notable biodiversity) ecosystem services affected by seaweed farms
along the French Atlantic coast. The study highlights the difficulties
involved with assessing regulating and maintenance (supporting) ser-
vices. Given the data-driven method of the study, these services were
excluded from their analysis due to a lack of suitable indicators. The
study further highlights that more research is needed concerning the
“production” of (positive impact on) ecosystem services associated with
seaweed farming.

This paper makes a contribution to the field by presenting an ex-
tensive qualitative assessment of ecosystem services being positively or
negatively affected by seaweed cultivation, including regulating and
supporting services along with provisioning and cultural services. This
type of holistic ecosystem services assessment can feed into cost-benefit

analysis and builds up knowledge as part of an array of various as-
sessment tools, which together form a sustainability assessment
(Scharin et al., 2016). The study is set up using a case with active
seaweed cultivation along the Swedish west coast, in the Skagerrak
basin. The biochemical characteristics as well as the human use of this
coastal environment are similar to that of many temporal regions in the
North Atlantic and North Pacific coasts, being suitable for seaweed
aquaculture.

2. Method

Ecosystem services can be defined as the ecosystem's direct and
indirect contributions to human well-being (TEEB, 2010). The assess-
ment frameworks around the term have developed over the last decade.
Our method is based on:

1) Using a specific classification scheme (e.g. MA, 2005; TEEB, 2010;
CICES – EU COM, 2013); in our case, a gross list of marine eco-
system services in Kattegat and Skagerrak from Bryhn et al. (2015)
is used. This list is based on supporting, regulating, provisioning and
cultural services, in line with MA (2005) and TEEB (2010) but with
specific services pointed out for the marine ecosystems of the
Swedish coast.

Table 1
Ecosystem services in Kattegatt/Skagerrak, status of the service; good (G), moderate (M), and poor (P) (Bryhn et al., 2015).

Ecosystem service Status Motivating factors for status classification

S
u

p
p

o
r
ti
n

g

S1. Biogeochemical cycling M Oxygen cycle, nutrient status, carbon cycle (low Ph).

S2. Primary production M
Elevated phytoplankton concentrations, loss of eelgrass and

macroalgae.

S3. Food web dynamics P Fish populations, bottom fauna, habitats.

S4. Biodiversity M Habitats, species abundance.

S5. Habitat P
Biological oxygen demand, bottom fauna, physical

disturbance.

S6. Resilience M Observed regime shifts, loss of habitats and biodiversity.

R
e

g
u

la
ti
n

g

R1. Climate and atmospheric regulation M
Marine regulation of climate has good potential, but not

sufficient given human greenhouse gas emissions.

R2. Sediment retention M
Pressures from bottom trawling and shipping, coastal zone

vegetation.

R3. Regulation of eutrophication M Coastal and pelagic nutrient concentration.

R4. Biological regulation M

Deterioration of top-down food web dynamics, increased

transport of parasitic microorganisms from agricultural land to

marine systems due to climate change (precipitation patterns).

R5. Regulation of toxic substances M

Seafloor activities release embedded toxic substances,

observed concentrations in commercial fish species and sea

birds.

P
r
o
v
is

io
n
in

g

P1. Food P Current status of commercial fish species abundance.

P2. Raw material P
Current status of commercial fish species abundance (e.g. for

feed).

P3. Genetic resources G
Genetic material from within and between species biodiversity.

Potential supply exceeds demand.

P4. Chemical resources G
Resources for e.g. pharmaceuticals and food ingredients.

Potential supply exceeds demand.

P5. Ornamental resources G
Current use is mainly sustainable. Potential supply exceeds

demand.

P6. Energy (from biomass only) G
Current production is mainly sustainable. Potential supply

exceeds demand.

P7. Space and waterways* G
Space is currently abundant but increased competition

expected.

C
u
lt
u
r
a
l

C1. Recreation M
Eutrophication status, abundance of recreational fish species,

satisfaction of recreationists (survey), bathing water quality.

C2. Aesthetic values M Litter abundance, probability of oil spills.

C3. Science & education G Increasing scientific interest in marine environments.

C4. Cultural heritage M Loss of culturally important activities in coastal villages.

C5. Inspiration G Inspiration to e.g. culture. Loose connection to water quality.

C6. Natural heritage M Related to current water quality status.

*Not included in Bryhn et al. (2015) due to its abiotic character. Classification from Swedish EPA (2008).
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2) Constructing conceptual linkages in a chain-of-events type of cas-
cade from ecosystem structures to processes and functions, eco-
system services and values (Haines-Young and Potschin, 2010);

3) Dividing services into intermediate or final (Boyd and Banzhaf,
2007), where intermediate services lead to final services, which in
turn generate benefits; and.

4) Concluding on the types of values being generated based on the
denotation of Total Economic Value (TEV) as being the sum of use-
and non-use values (TEEB, 2010), including existence value
(Krutilla, 1967).

Given the above frameworks, our assessment thus represents an
analytical pathway from systems ecology to impacts on human well-
being. While the end-objective of an assessment may be a cost-benefit
analysis where monetary valuation is preferred, also the qualitative
structuring of components in the assessment provides important in-
formation, for example by illuminating the dependence of benefits on
the underlying ecosystem processes (Swedish EPA, 2015). Valuation of
ecosystem services can thus be synonymous with monetization, but may
also be conducted qualitatively or through quantitative metrics other
than money (Chan et al., 2012).

In Table 1, ecosystem services in the area are presented along with
their status classification according to Bryhn et al. (2015), and a sum-
mary of their motivations to the respective status classes. The status
classification is a semi-quantitative judgment based on the services'
relation to operative descriptors and indicators for the Swedish im-
plementation of a number of policy frameworks (e.g. MSFD, EC, 2008;
WFD, EC, 2000). For some ecosystem services, the link to physical in-
dicators is indirect. For these services, the status classification is based
on other criteria such as assessments made in relation to the environ-
mental quality objectives or insights from other literature. Three status
classes are used: Good (green), Moderate (yellow) and Poor (red). Good
status was defined as “the condition for marine ecosystem services in which
they are produced and used based on their inherent capacity at a level that is
sustainable which allows use for present and future generations”. Moderate
status as “the condition which neither can be classified as poor, nor good
status”, and poor status as “the condition in which immediate attention,
increased protection and careful management is needed” (freely translated
from Bryhn et al., 2015, p.22). Although Kattegat and Skagerrak are
two different basins with somewhat different characteristics, they have
here been grouped.

For each of the services in Table 1, we then assess expected positive
or negative impact from the studied seaweed cultivation site and dis-
cuss whether these respective impacts are likely to be site-specific or
not. This assessment is based on data from the cultivation site and on
deliberations from relevant literature sources. For the affected services,
a cascade (sensu Haines-Young and Potschin, 2010; Swedish EPA,
2015) is constructed to clarify: a) how various impacts from the culti-
vation affect ecosystem services, b) how ecosystem services interact
(e.g. intermediate and final services), and c) what types of economic
values, i.e. impacts on human well-being, are affected as a result.

The assessment presented in this paper is narrowly delimited to
impacts from seaweed cultivation as such, thus not including secondary
effects from the post-harvest use of biomass products or impacts that
result in earlier life stages of material and energy inputs to the culti-
vation, e.g. associated with hatchery processes and raw material for
physical constructions.

3. Description of the case study site and species

The case study site is located in the Koster archipelago on the
Swedish west coast within the Skagerrak, which is the most species rich
marine area in Sweden, with over 6000 marine species of which about
200 are found nowhere else in Sweden (Morf, 2010). The area is used
for recreation all year and hosts around 500,000 visitors each year
(Ekoturismföreningen, 2015). The Kosterhavet National Park, in which

the cultivation takes place, was formed in 2009 and constitutes the first
and so far, only marine national park in Sweden. The responsible
County administrative board (Västra Götaland) have pointed out three
purposes with the establishment (County Administrative Board Västa
Götaland, 2009): 1) The environments and species in the area should be
conserved while the biological resources in the area can be used in a
considerate way, 2) it should be easier for visitors to experience and
learn about environmental and cultural values in the area, and 3) it
should facilitate research and education concerning how to best con-
serve and sustainably use marine and land-based ecosystems.

The Swedish coasts are intensively used for recreation in all forms. A
national survey conducted in 2010 indicates that 78% of Swedes had
visited the coast for recreation at least once during the last 12-month
period (Ahtiainen et al., 2013). Recreational boating is a common ac-
tivity in Sweden and one of six households on the west coast owns a
leisure boat (Transportstyrelsen, 2016). An aerial photo from a summer
day in 2009 shows approximately 800 boats in the Kosterhavet national
park (Pechsiri, 2009).

The roughly 400 km long Swedish west coast is geographically si-
milar to many other coastal areas in temporal and cold-water regions.
The northern coastal part consists of primarily rocky shores with is-
lands, skerries and fjords, locally with high coastal hills and steep cliffs.
The southern part gradually changes into a more open and mostly flat
coastline, with sandy low-laying beaches and bays. At the northern
rocky shores kelp is present from a depth of about 1m and at the
southern part of the coast it can be found down to 10–15m, due to a
distinct halocline and sandy substrate. The coastline experiences a re-
latively small tidal range (< 0.3m), but differences between high and
low water levels up to 2m still occur due to changes in atmospheric
pressure and wind (Johannesson, 1989). The surface water salinity in
the eastern Skagerrak is highly variable (15 to 30 psu) due to the
northwards circulation and inflow of low saline water from the Baltic
enters from the Kattegat into the Skagerrak and locally due to river
runoff. Annual mean salinity at the cultivation site is about 26 psu
(SMHI, 2017). Like many coastal waters, the Swedish west coast ex-
periences pressures from anthropogenic stressors. The most widespread
anthropogenic stress is eutrophication, driven by nutrient discharge
from mainly land-based activities. Swedish inshore waters have been
identified as problem areas with regard to eutrophication (Wesslander,
2016), even though in the period 1985–2005 total emissions, dis-
charges and losses of nitrogen and phosphorus decreased by 20% and
19% respectively (Håkansson, 2007).

Recently a large-scale disappearance of sugar kelp (Saccharina la-
tissima) was observed in the Norwegian part of the Skagerrak (the
cultivation site is located approximately 20 km from the Norwegian
border), and the kelp was replaced by opportunistic and ephemeral
filamentous algae (Moy and Christie, 2012). However, recently local
populations of kelp are showing an increased abundance since 2015
(Miljødirektoratet, 2017).

The sugar kelp, which is the focus of this study, is native to Swedish
waters and only strains from wild local populations are used for culti-
vation in Kosterhavet. The cultivation process begins in the fall and
harvest is in the late spring/early summer. The seaweeds grow on fabric
long lines attached to buoys with an anchor at each end, with 4m be-
tween each long line. The substrates are situated at a depth of around
2m. The cultivation site is two ha (100×200m) and is located
southeast of Sydkoster (see Fig. 1). The depth at the site is approxi-
mately 10m, with a primarily muddy benthic bottom substrate. There
is no evidence of red-listed species at the cultivation site, and the spe-
cies richness is relatively low compared to surrounding areas in the
national park. There is no competition with fisheries at the site and the
location is less used for recreation compared to other areas in the na-
tional park.

The cultivation site is visually marked with alternating grey and
white buoys, a compromise between the needs for clear marking and
the visual appearance in the landscape (see Fig. 2). The marking follows
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standards by the Swedish Transport Agency.

4. Affected ecosystem services

Given the identification of services in the area presented in Table 1,
this section presents an assessment of how the respective services are

affected by the cultivation. Sections 4.1–4.4 describe impacts on sup-
porting, regulating, provisioning and cultural services and Section 4.5
summarizes the impacts.

Fig. 1. The location southwest of Stora Brattskär (rectangle marker in the lower right panel).

Fig. 2. Visual marking of the cultivation site. (Photo: Wouter Visch).
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4.1. Supporting services

Supporting services include biogeochemical cycling, primary pro-
duction, food web dynamics, biodiversity, habitat, and resilience. There
are several biogeochemical cycles influenced by a seaweed farm, such
as the oxygen-, carbon-, nitrogen-, and phosphorus cycles (Swedish
EPA, 2008). All cycles are linked. For example, the photosynthetic
conversion of CO2 and other inorganic dissolved nutrients into organic
material and oxygen by primary producers like algae has a bearing on
several of the cycles. A seaweed farm could influence the dynamic food
web interactions organisms have with the ecosystem. The long-term
ability to cope with a changing environment is reflected in the resi-
lience of an ecosystem. It is expected that resilience is affected by the
biodiversity in terms of e.g. species richness (Tilman et al., 1998).

S. latissima is native to the Swedish west coast and is an important
perennial primary producer in temperate waters (Lüning, 1990). On the
macro level, natural populations of kelp species such as S. latissima
serve key ecosystem functions in sublittoral marine ecosystems and is
an important contributor to biodiversity in the coastal ecosystem
(Smale et al., 2013). They provide shelter, feeding and nursery areas for
a very high diversity of associated organisms in these ecosystems such
as; other seaweeds, invertebrates, crustaceans and echinoderms, and a
variety of fish species (Christie et al., 2009). On a plant level, the
holdfast, the stipe and the lamina form three different habitats for a
range of species, of which the holdfast is typically the most species-rich
and species-diverse part of the plant (Thiel and Vásquez, 2000; Arroyo
et al., 2004). Farmed suspended holdfasts have shown to have a similar
total species abundance as naturally occurring benthic holdfasts, al-
though species richness was higher in the farmed suspended samples
(Walls et al., 2016), suggesting possible supporting ecosystem services
provided by seaweed farms. Additionally, the farm is an attractive ha-
bitat for fish species; e.g. Lumpfish (Cylopterus lumpus) which is an in-
teresting fish species for sea-lice control in salmon farming (Powell
et al., 2017). This species has been observed at the site by two of the
authors of this paper (Visch and Nylund) during seaweed harvest in
2014–2017, and has also been observed at other seaweed farms
(Stamenic, 2015). Cultivated kelp is however likely to differ from wild
kelp in terms of its habitat provision, and the biodiversity impacts are
not yet fully understood. It is here assumed that the cultivation will
have positive biodiversity impacts through habitat formation, bene-
fiting e.g. fish populations. Lobster and crab populations may be posi-
tively affected by the habitat provided by the anchors, which are fun-
daments of concrete. Previous studies on the Swedish west coast have
showed that artificial reefs contribute to strengthening lobster popu-
lations (County Administrative Board Västra Götaland, 2006).

Shading effects of a seaweed farm may result in changes to benthic
communities and primary production in the water column (FAO, n.d.).
At the present cultivation site there are no macrophytes at the sea floor,
hence shading is unlikely to lead to any major negative effects. Ad-
ditionally, an assessment of the impact of an 18 ha. kelp farm on
benthic habitats showed that there was no effect on infaunal commu-
nity structure and eelgrass (Zostera marina) biomass underneath the
farm (Walls et al., 2017).

Fig. 3 shows a cascade representing a causal chain from the culti-
vation's habitat-generation to the effects on human well-being through
ecosystem services. The habitat generated by kelp supports biodiversity
as well as other supporting and regulating services, which also interact.
While these interactions are not fully known, these intermediate ser-
vices (see box in Fig. 3) can potentially generate increased food pro-
vision, which can benefit fisheries or recreational fishing. Further, al-
though the effects may be very small, aesthetic values may be positively
affected by habitat creation, which in turn may imply positive impacts
on recreation in nearby areas (e.g. use values for divers) or non-use
values related to the natural heritage (although aesthetic values may
also be negatively affected by the cultivation as such, see Section 4.4).

According to the status classification by Bryhn et al. (2015)

(Table 1), Habitat and Food web dynamics in Skagerrak are in a poor
state, whereas the other supporting services are in a moderate state.
Given the expected impacts from cultivation, habitat creation might
provide significant value in relation to this status classification.

4.2. Regulating services

Regulating services as presented by Bryhn et al. (2015) include
climate and atmospheric regulation, sediment retention, regulation of
eutrophication, biological regulation, and regulation of toxic sub-
stances. Several of these services may be positively affected locally by
seaweed cultivation given that seaweed is removed from the system
upon harvest.

Seaweeds can serve as a sink for anthropogenic carbon emissions
(“Blue Carbon”) (Nellemann et al., 2009). Emissions of CO2 imply
welfare consequences through a number of dynamic ecosystem inter-
actions, resulting in e.g. human health risks, loss of biodiversity, in-
creased risk of extreme weather events, loss of agricultural pro-
ductivity, etc. (Isacs et al., 2016). Seaweed cultivation can potentially
serve as a carbon sink and play an important role in the marine carbon
sequestration (Chung et al., 2011, 2013; Duarte et al., 2017), which also
has a positive impact on ocean acidification status (Krause-Jensen et al.,
2015). However, given harvest and subsequent use of the biomass, the
long-term storage effects are dependent on the life-length of the specific
product. For example, biofuel-production can be expected to have a
short carbon-upholding life length whereas the production of materials
such as plastics can be expected to uphold carbon during a longer
period. Additionally, the total climate impact is dependent on energy
requirement in post-harvest processes as well as whether they lead to
substitution of other energy, food, and materials with a higher carbon
footprint (Duarte et al., 2017). Hence, the total impact on CO2 balance
is dependent on a) temporary storage in growing biomass, b) storage in
products, c) the energy requirement in different production stages, and
d) substitution of other products.

Kelps are also known to be important global producers of a wide
range of trace gases that contain sulphur or halogens, such as volatile
brominated and iodated halocarbons. These gases play an important
role in global biochemical cycles, cloud formation, depletion of atmo-
spheric ozone and the lifetime of other greenhouse gases (Lovelock,
1975; Laturnus, 1996; Carpenter and Liss, 2000; Leedham et al., 2013;
Giese et al., 1999). The production of halogenated compounds is related
to various biotic and abiotic stresses i.e. physiological-, mechanical- and
oxidative stress (Mehrtens and Laturnus, 1997; Manley, 2002; Palmer
et al., 2005; Leedham et al., 2015). Since most studies use wild algae
material under controlled laboratory conditions the relative contribu-
tion of the seaweed farm remains unknown. Reliable estimates for how
much volatile halocarbons farmed S. latissima emits during its cultiva-
tion period (i.e. autumn until spring) are thus far not available.
Leedham et al. (2013) concluded that the contribution of current tro-
pical seaweed aquaculture to halocarbon emissions is relatively small
when compared to natural populations (Leedham et al., 2013). How-
ever, in addition to natural populations farmed seaweeds may be an
important source of these compounds (Phang et al., 2015).

Sediment retention can be positively affected as farmed seaweeds
dampen wave energy which may help protect shorelines subject to
erosion (Mork, 1996). This phenomenon has however not been ob-
served at the case study site and the role of this function is likely to be
site-specific, depending on wave energy and currents as well as the
local sensitivity to erosion.

Nitrogen (N) and phosphorus (P) sequestration can have an im-
portant role for eutrophication mitigation in eutrophicated coastal
areas worldwide (Conley et al., 2009; Holdt and Edwards, 2014; Kim
et al., 2015). Bioremediation of N is of special interest, since it is gen-
erally considered to be the major contributor to the eutrophication
problem in coastal waters (Conley et al., 2009). Furthermore, con-
sidering the depletion of current phosphorus reserves predicted in
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50–100 years, recovery of P by seaweeds can be a potential future
source of phosphorus (Cordell et al., 2009). For the Swedish case, the
uptake has been estimated at 16 g N and 2.4 g P per kilo of biomass (dry
weight) (Pechsiri et al., 2016). Assuming a production of 22.5–27.5
tons (wet weight) per hectare year and a dry weight corresponding to
22.1% of wet weight (Pechsiri et al., 2016), this implies sequestration of
79.5–97 kg N and 12–14.5 kg P per year for a 1-ha cultivation. Given
that the cultivated biomass is removed from the system upon harvest,
the nitrogen and phosphorus content is also removed. Water areas close
to the coast in the northern part of Swedish Skagerrak, including the
cultivation site, are typically classified as having moderate ecological
status, where eutrophication is an important factor for not reaching
good status. Further from the coast, status has been reported as good
(VISS, 2017). The nutrient loading into the Skagerrak is a complex
process and varies between years. Nutrients are coming not only from
the surrounding land through nutrient-rich river runoff water (e.g. the
rivers Göta älv and Glomma) and atmospheric deposition, but also from
the adjacent water bodies (i.e. Kattegat and the North Sea) (Boesch
et al., 2006). Due to high water exchange, N & P uptake on a local scale
can be expected to lower the concentrations within a larger area.

A number of benefits are associated with a less eutrophicated state,
but the linkages between ecosystem functions, processes, intermediate
services, final services and benefits is complex. For example, the eu-
trophication status is affecting fish stocks and reproduction, habitat
availability and underwater vegetation (Paulsen, 2007). Regarding
underwater vegetation this concerns for example naturally growing
kelp (Moy and Christie, 2012) and bladder wrack density (Kautsky
et al., 1986). Also, water clarity is affected (Kautsky et al., 1986; Svane
and Gröndahl, 1988), which is of crucial importance for photosynthetic
species and many other associated species. These effects in turn may
affect provisioning services (e.g. food) and cultural services (recreation,
aesthetic values, natural heritage).

Fig. 4 illustrates schematically the how uptake of N and P results in
benefits through a cascade including ecosystem services. The cultiva-
tion leads to uptake, which affects supporting and regulating services
including the regulation of eutrophication. These services in turn affect
food provisioning, recreational values, aesthetic values and the natural
heritage. This in turn results in impacts on use and non-use values.

Additionally, brown algae are known to passively remove heavy
metals such as Cd2+, Cu2+, Zn2+, Pb2+, Cr3+, and Hg2+ from their
environment (Sánchez-Rodríguez et al., 2001; Davis et al., 2003).
Seaweeds have the capacity to accumulate trace metals in their tissue in
higher concentrations compared to ambient seawater concentrations
(Foster, 1976; Melhuus et al., 1978; Bryan and Langston, 1992). Kelps
(e.g. S. latissima) are an important seaweed group for biosorption, due
to the metal binding properties of their cell wall constituents such as the
polysaccharide alginate (Davis et al., 2003). The capacity of seaweeds
to accumulate metals can be exploited to remediate contaminated

coastal waters and wastewater by harvesting the biomass, or seaweeds
can be used as bioindicator. However, when seaweeds are used for
human consumption or animal feed high quantities of heavy metals in
toxic concentrations may pose a negative effect (Holdt and Kraan,
2011). More specifically, the accumulation of inorganic arsenic (As),
cadmium (Cd) (Besada et al., 2009) and iodine (I) (Lüning and
Mortensen, 2015) in kelp can be problematic for commercial use of
kelp.

Regulating services in the area are all in a moderate status according
to Bryhn et al. (2015) (Table 1). The uptake of nutrients in the biomass
is thus a potential contribution to strengthening these services locally.

4.3. Provisioning services

Provisioning services include food, raw material, genetic -, chemical
- and ornamental resources, and energy. Kelp has several current and
potential industrial uses, such as food and feed, health products, ad-
vanced fuels and chemicals, biogas, etc. (Sintef, 2014), and the market
values of these products vary to a large extent. Hence, the type of use of
the biomass will affect the overall socioeconomic results of cultivation.
A more indirect effect concerning provisioning of food is that the cul-
tivation site may stimulate the provisioning of e.g. lobsters and crabs
due to the habitat creation. Excluded from the Bryhn et al. (2015) list
compared to an earlier ecosystem services overview by Swedish EPA
(2008) is space & waterways, i.e. the provision of physical space for
various activities. This service was removed in Bryhn et al. (2015) since
it is abiotic. However, the cultivation occupies space, which means that
this ecosystem service is negatively affected (Swedish EPA, 2008).

So far, the Swedish authorities have only permitted seaweed culti-
vation when local strains are cultivated. Improving and optimizing of
the biomass by selective breeding using local strains is therefore ne-
cessary in order to develop high performing varieties. A diverse local
gene pool is therefore vital. A challenge will be to maintain a certain
genetic diversity, avoid inbreeding within the cultivars, and prevent
genetic pollution of the wild population by detaching and reproducing
cultivated individuals. However, a recent study investigated genetic
pollution effects of farmed kelp cultivars on Chinese wild populations
(introduced in the 1930s to Chinese waters) and no serious genetic
disturbance on the wild populations were found (Zhang et al., 2017).

Bryhn et al. (2015) conclude that Food and Raw material are two
provisioning services that are both in a poor state in the area, which is
motivated by depleting commercial fish stocks. While seaweed culti-
vation may not significantly improve the fish stocks, the biomass can
provide an alternative source for seafood and raw material.

4.4. Cultural services

Cultural services include recreation opportunities, aesthetic values,

Fig. 3. Cascade representing a causal chain from the cultivation's provisioning of habitat to ecosystem services to benefits.

L. Hasselström et al. Marine Pollution Bulletin 133 (2018) 53–64

58



science and education, cultural heritage, inspiration, and natural heri-
tage. Concerning science and education, inspiration and natural heri-
tage, these may be indirectly affected in the Swedish case: For example,
a recent (July 2017) exhibition in the national park1 showcased the
cultivation to visitors from the public, schools and researchers, and the
cultivation stimulates many new research questions and potentially
industry innovations, some of which are related to seaweed and some of
which are not. Concerning the cultural heritage, economic activity in
Swedish coastal villages has since many decades been in decline due to
a change in the structure of the fishing industry from small- to large
scale (Swedish EPA, 2017). New activity in coastal villages is likely to
partly counteract this trend.

A seaweed farm may cause negative impacts on recreational values
(Cabral et al., 2016). First, through physical hindrances; second,
through an impact on aesthetic values; and third, through disturbing
temporary activities around the site, which may lead to e.g. noise from
boats. A number of choices made in relation to the Swedish farm
however reduce these impacts, such as the usage of the white and grey
buoys instead of e.g. orange ones to reduce the visual impact, and the
choice of a location within the national park which is not a hotspot for
recreation. Further, after the harvest in late spring, the buoys attaching
to the longlines are removed, and all that remains visible is the end
buoys until a new cultivation cycle begins during fall. This corresponds
well with the Swedish outdoor recreation season, which is peaking in
summer.

Other more abstract values may also be affected, such as the non-use
values held by individuals for coastal nature. Previous studies have
shown that the public holds non-use values towards the marine en-
vironment on the Swedish west coast (Östberg et al., 2012; Ahtiainen
et al., 2014). These can be values associated with e.g. the knowledge
that others, or future generations, have access to an unexploited en-
vironment. It is possible that even a small-scale exploitation impacts
these values. On the other hand, there may be positive non-use values
associated with the knowledge that the cultivation also provides posi-
tive effects for the local ecosystem and the local economy.

A cascade with respect to recreation, aesthetic values and natural
heritage is illustrated in Fig. 5. The cultivation activities affect inter-
mediate services space & waterways and aesthetic values, including
noise from boats. This in turn has an effect on final services like re-
creation and natural heritage, which has consequences for the benefits
flowing from the location – both use and non-use values are potentially
negatively affected.

The majority of cultural services, including Recreation, are classi-
fied as having moderate status (Bryhn et al., 2015) (Table 1). Water
quality related to eutrophication, littering and hazardous substances, as

well as populations of target species for recreational fishing, are main
factors behind this classification. While seaweed cultivation may im-
prove water quality due to e.g. uptake of nutrients, two counteracting
factors may be impacts on aesthetic values and space conflicts.

4.5. Summary of impacts to ecosystem services

A general pattern for ecosystem services impact can be seen from
the analysis: supporting, regulating and provisioning services are typi-
cally positively affected or non-affected in the Swedish case while ne-
gative impacts can be expected for some of the cultural services
(Table 2).

Concerning supporting services, the habitat provisioning from cul-
tivation is a direct impact while other supporting services are possibly
positively affected indirectly, and no particular negative impacts to
supporting services are found. Provisioning services are mainly affected
through the biomass production of cultivation, otherwise; no significant
impacts are expected, except for the provisioning of space and water-
ways which is negatively affected. Regulating services are positively
affected through the sequestering of dissolved nutrients, primarily ni-
trogen, phosphorus, carbon (which has a positive impact in relation to
ocean acidification) and trace metals. Cultural services are likely to be
negatively affected through e.g. aesthetic values of the area and the
space occupation, which may impact recreational values. Science &
education, Cultural heritage and Inspiration are likely positively af-
fected in the Swedish case.

Of the total of 24 marine ecosystem services assessed, fourteen
services are positively affected by the farm, five services are unaffected,
and four services are negatively affected. Additionally, Climate and
atmospheric regulation is positively affected through carbon uptake but
negatively through halocarbon release and we do not currently have
data to conclude whether the net climate impact is positive or negative.

The positive and negative ecosystem services impacts represent a
quite complex web of interactions in the ecosystem and in the interface
between ecosystem and socioeconomics. Typically, the affected eco-
system services except for provisioning services represent values that
are not visible on markets for goods or services, i.e. non-market values.
These are of both use-value and non-use value character.

In relation to the existing status classification of ecosystem services
in the Skagerrak (Bryhn et al., 2015), it can be concluded that several
impacts from seaweed farming may contribute to strengthening these
services in the area. This is particularly evident for regulation of eu-
trophication through uptake of nitrogen and phosphorus. However,
seaweed farming may also further degrade some ecosystem services
such as recreation, due to space conflicts.

Fig. 4. Cascade representing a causal chain from the cultivation's uptake of N & P to ecosystem services to benefits.

1 http://extra.lansstyrelsen.se/kosterhavet/Sv/nyheter/Pages/default.aspx
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5. Discussion

The assessment identifies key impacts on ecosystem services and
opens for a range of questions. Below, we discuss the findings in rela-
tion to system boundaries and generalizability, measures to reduce
negative and improve positive impacts, and possibilities for monetary
valuation.

5.1. Impacts from a life cycle perspective

The scope of the assessment is narrowly selected to include only
consequences from the cultivation as such. Material and energy inputs
in pre-cultivation activities and post-harvest treatment are not in-
cluded. For example, energy use for drying of the biomass may be an
important factor in the life cycle carbon budget (Leedham et al., 2013).
Additionally, a number of potential uses are possible, each a) possibly
involving impacts associated with product refinement, and b) possibly
substituting other material usage and affecting ecosystem services re-
lated to production of these substitutes. The assessment of ecosystem
service impacts from usage of the products requires an understanding
for the system dynamics, including e.g. secondary market analysis. For
example, biofuel produced by seaweed biomass (Pechsiri et al., 2016)
can be a substitute for other energy production, including other sources
of biofuel, but it could also lead to price effects on the market through
increased supply, which may affect supplied and demanded quantities
of other energy sources.

The delimitation is a possibility for trying various framings of the
project. Is seaweed cultivation an industrial project with environmental
side-benefits, or is it a measure to reach environmental goals with the
side-benefit of providing commercially valuable biomass, or is it both?
While it may not be necessary to decide on any of these (or other)
framings, such models for thought may provide additional insights. The
assessment in this paper has shown that many ecosystem services are
likely to be positively affected, which signals that industrial projects
and environmental measures can go hand-in-hand. A follow-up ques-
tion is whether or not the activity is socioeconomically beneficial in
itself, i.e. disregarding the sales value of biomass, or what level of
market profitability would be needed in order for the activity to be
socioeconomically profitable on total.

5.2. Generalizability

The assessment is rooted in a single case, and while the character of
impact is likely to be generalizable in many cases, the magnitudes and
manifestation of impacts may differ largely between sites and scales.
The studied site is relatively small compared to other existing sites,
especially in east Asia. This implies that also the consequences from the
cultivation are likely to be small. On an ecosystem level, the con-
sequences may be even negligible. Given a possible scaling up however,
assessing also the “small” consequences is crucial, as this is input to
assessing long-run cumulative effects. The impact on supporting ser-
vices is to a large degree site-specific and dependent on the scale of

cultivation. While impacts on biogeochemical cycling and primary
production can be expected to manifest similarly across sites and scales
(e.g. effects of photosynthesis), the consequences for biodiversity, food
web and resilience are dependent on the specific ecosystem and the
specific cultivation practices. The benefits from habitat generation from
seaweed cultivation is site-specific in terms of e.g. which species ben-
efit, when, and how much.

Identified impacts on regulating services are to a large extent de-
pendent on the physical uptake and removal of nutrients (including
carbon) and of trace metals. The location, size and density of the farm
will have a substantial effect on the amount of nutrients and trace
metals extracted from the seawater and whether or not this extraction is
beneficial in relation to the local ecosystem. While there are many site-
specific factors involved concerning the exact nature and magnitude of
this uptake, and the need for various types of regulating ecosystem
services is different in different ecosystems, the character of impacts to
regulating services are likely generalizable across sites and scales.
Biological regulation impact (e.g. the ecosystem's capacity to regulate
pathogens and epiphytes), however, is more likely to function well in
small-scale cultivation such as in the Swedish case than in a large scale,
large density farm (Stévant et al., 2017).

Provisioning services are mainly referring to the biomass provision
from cultivation, which has many potential uses, with highly variable
market potential and values. While other studies have elaborated on
different products in the seaweed market (e.g. Bixler and Porse, 2011;
Sintef, 2014; van den Burg et al., 2016), it is still an open question
which market segment would be the most relevant for new cultivation
in Europe. Site selection, timing and cultivation technique may affect
the qualities of the biomass in relation to the desired characteristics for
different products (see e.g. Kerrison et al., 2015 on bioenergy). Con-
cerning more indirect effects on provisioning services associated with
habitat provisioning for fish or shellfish species, the local contexts are
likely to vary significantly between sites concerning both species being
attracted to the cultivation structure and the value of harvesting these
species in fishery. Additionally, the design of physical structures such as
the anchor fundaments is likely to affect the possibilities to attract fish
and shellfish species to the location.

The local context is key to the degree of impacts on cultural services.
To its nature however, competition for space and negative impacts on
the aesthetics and natural heritage of coastal and marine areas can be
expected generally. The impact on recreation and other cultural eco-
system services are affected by the size and geographic location. The
public's participation in planning is vital for safeguarding the values of
these services and avoiding NIMBY (“Not In My Back Yard”) issues. For
example, a key question is whether to aim for many small farms or
fewer large farms. This discussion involves trade-offs between cost-ef-
fectiveness and local impacts on e.g. recreation. Concerning science and
education, inspiration and cultural heritage, a positive or negative (or
zero) impact is likely an effect of location and the specific cultivation
setup.

Fig. 5. The cultivation affects use values connected to recreation and non-use values associated with the natural heritage.
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5.3. Strengthening positive impacts and reducing negative impacts

Measures to strengthen positive impacts and reduce or offset ne-
gative impacts could be further assessed. Concerning potential negative
impacts, the so-called mitigation hierarchy (BBOP, 2012) is a useful
framework. According to this framework, measures should be taken to
(in turn) avoid, minimize, restore or compensate the damage. For re-
creation, avoiding damage could imply locating new cultivation sites to
areas without conflicts with recreational interests. Minimizing damage

could be (as in the studied case) to improve the aesthetics of the cul-
tivation through using grey and white instead of e.g. orange buoys.
Restoring could imply removing the infrastructure during summer.
Compensating remaining impact could be done in various ways such as
improving recreational opportunities at nearby sites (Enetjärn et al.,
2015). Similar approaches are also possible for other ecosystem services
through biodiversity offsets (Quétier and Lavorel, 2011; Enetjärn et al.,
2015).

Regarding positively affected services, it is possible that measures to

Table 2
Impacts on ecosystem services from the cultivation.

Ecosystem service, current status Impact Explanation to impact Key references
S

u
p

p
o

r
ti
n

g

S1.

Biogeochemical

cycling

M +

Attractive habitat for fish and small

mobile species, although temporary.

Provides a surface for non-mobile

species. Anchoring devices provide

habitat for lobster and crabs. 

Christie et al. (2009), Smale et al.,

(2013) Walls et al. (2016),

County Adm. Board V.G (2006).

S2. Primary

production
M +

S3. Food web

dynamics
P +

S4. Biodiversity M +

S5. Habitat P +

S6. Resilience M None

R
e

g
u

la
ti
n

g

R1. Climate and

atmospheric

regulation

M +/-

Carbon uptake by cultivation (also

affecting ocean acidification positively).

Climate impact depends on use of

biomass. Halocarbon emissions.

Nellemann et al. (2009), Chung

et al. (2011; 2013), Duarte et al.

(2017), Leedham et al. (2013),

Phang et al. (2015).

R2. Sediment

retention
M None Not affected locally. Mork (1996).

R3. Regulation

of eutrophication
M + N and P uptake by cultivation.

Pechsiri et al. (2016), Holdt &

Edwards (2014), Kim et al. (2015).

R4. Biological

regulation
M None Not affected locally. Stévant et al. (2017).

R5. Regulation

of toxic

substances

M + Uptake by cultivation.

Sánchez-Rodrígues et al. (2001),

Davis et al. (2003), Besada et al.

(2009).

P
r
o
v
is

io
n
in

g

P1. Food P +
Production by cultivation. Potential

positive effects from habitat provision.
Sintef (2014).

P2. Raw

material
P + Production by cultivation. Sintef (2014).

P3. Genetic

resources
G None

Not affected (as long as local gene

pool is used)
Zhang et al. (2017).

P4. Chemical

resources
G + Production by cultivation. Sintef (2014).

P5. Ornamental

resources
G None Not affected. No evidence of impact.

P6. Energy

(from biomass

only)

G + Production by cultivation. Pechsiri et al. (2016).

P7. Space and

waterways*
G −

Competes with other activities for

space.
Swedish EPA (2008)

C
u
lt
u
r
a
l

C1. Recreation M −
Through aesthetic values and

noise.
Cabral et al. (2016)

C2. Aesthetic

values
M − Disturbance to view. Cabral et al. (2016)

C3. Science &

education
G +

Indirect contributor to science and

education.
Conclusion from this study.

C4. Cultural

heritage
M +

Contributing to active coastal

villages.
Conclusion from this study.

C5. Inspiration G +

Provides inspiration to research,

business ideas and sustainability

solutions.

Conclusion from this study.

C6. Natural

heritage
M − Through e.g. aesthetic values. Conclusion from this study.

P = Poor status

M = Moderate status

G = Good status

(According to Bryhn et al., 2015)

+ = Positive impact expected

+/- = Positive and negative impact expected

- = Negative impact expected

None = No impact expected

*Not included in Bryhn et al. (2015) due to its abiotic character. Classification from Swedish EPA (2008).
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improve nutrient uptake or habitat creation can be taken. In this, the
timing of harvest in spring may be a factor to consider. Lengthening the
growing period would imply greater nutrient uptake but potentially
more impacts on recreation during early summer and a lower quality of
the biomass due to on-growth of biofouling organisms during late
spring and early summer. Here, the framing of the purpose of seaweed
farming at the specific location may be a particularly relevant factor to
consider given such trade-offs.

5.4. Quantification and monetary valuation

In order to assess costs and benefits in monetary terms, quantitative
data on effects from the cultivation are needed. The valuation of en-
vironmental benefits is a rather mature field of research, and for some
environmental impacts there already exist ‘standard’ values to use for
certain (quantified) impact categories. (Isacs et al., 2016; Noring, 2014;
Swedish EPA, 2009). For some benefits however, primary studies or
benefits transfer (Kriström and Bonta Bergman, 2014; Navrud and
Ready, 2007) may be needed.

Avoiding double-counting is a typical challenge in environmental
valuation (Boyd and Banzhaf, 2007; Fisher and Turner, 2008). Many of
the identified impacts on ecosystem services are interacting, hence a
monetary valuation of each affected service, adding up the results, is
not a feasible method. Instead, valuation studies should consider the
interactions between ecosystem services, many of which have been
identified in this paper, and valuation studies should be designed to
account for these interactions by valuing the final services provided.

While the core of a cost-benefit analysis is based on a utilitarian
perspective, assessing total benefits and total costs, also the distribu-
tional impacts are of importance. The assessment in this paper suggests
that the non-market costs are local (e.g. recreational impacts) while
some of the non-market benefits are realized on a larger geographical
scale, ranging from local (e.g. potential habitat for crab) to regional
(nitrogen and phosphorus) and global (CO2). There is thus a risk that
the local cost-benefit calculation would be less satisfying than the total
calculation. Given the need for a) sound economic trade-offs between
costs and benefits on total, and b) local acceptance and fairness, this
calls for two things when formulating incentivizing policy and dis-
cussing permits for development: First, one should consider all the
benefits of development of the sector, including off-site benefits, when
taking decisions. Purely local cost-benefit thinking may be insufficient
and underestimate benefits of development. Second, in order to spur
acceptance, ways to capture benefits locally should be addressed.
Except from avoiding too significant a negative local impact, this might
for example mean prioritizing small-scale local farms which generate
jobs and activity in coastal villages. Additionally, internalizing public
benefits from e.g. nutrient capture (eutrophication mitigation) through
schemes for payments for ecosystem services (Engel et al., 2008; Sattler
and Matzdorf, 2013; Wunder, 2015) or other means may be another
way to capture benefits locally.

6. Conclusions

The study shows that supporting, regulating and provisioning ser-
vices are likely to be mainly positively affected by the cultivation while
some of the cultural services are likely to be negatively affected. Some
of the key benefits except from the provisioning of biomass for various
goods relate to habitat provisioning and nutrient sequestration.
Considering the specific ecosystem, these are also services that are in a
less than good state in status quo, making these impacts particularly
important in the local setting. Negatively affected cultural ecosystem
services such as recreation and aesthetic values may contribute to fur-
ther degradation. For the particular location, such impacts are likely
small due to the scale and choice of location, but in a future scaling up
of seaweed farming, it is critical that these services are considered.

Given that many of the negative impacts to ecosystem services are

local and many of the positive impacts are regional or even global,
decision-makers should particularly consider the distribution of bene-
fits and costs when formulating policies for this sector in Europe and
elsewhere. This includes internalizing not only negative but also posi-
tive externalities, applying the mitigation hierarchy, and potentially
also prioritizing local small-scale development which generates benefits
from jobs and local activity in coastal villages and towns. Such devel-
opment may be more likely to lead to acceptance given the possible
local negative impacts.
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